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Abstract Organic fertilizers can improve soil health while pro-
viding nutrients for perennial grass growth for bioenergy feed-
stock, particularly under marginal soil conditions. The impact of
organic fertilizer application on perennial grass composition
needs clarification. Our objective was to evaluate feedstock com-
position, and N, P, and K dynamics of switchgrass (Panicum
virgatum L.), tall fescue [Lolium arundinaceum (Schreb.)], and
reed canarygrass (Phalaris arundinacea L.) provided with either
inorganic or organic fertilizer sources. Grasses were established
on a sandy soil and a clay soil at the Cornell UniversityWillsboro
Research Farm in Willsboro, NY. The experiment was a split-
split plot randomization of a randomized block design with six
replicates. Sites were whole plots, grass species were subplots,
and fertility treatments were sub-subplots. Six treatments were
(1) 168 kg ha−1 of N fertilizer for cool-season grasses; 84 kg ha−1

for switchgrass, (2) 56 kg ha−1 of 0-46-0 P fertilizer plus N (#1),
(3) 112 kg ha−1 of 0-0-60 K fertilizer plus N (#1), (4) 89.6 Mg
dairy manure ha−1, (5) 44.8 Mg dairy manure compost ha−1, and
(6) a control without fertilizer. Organic fertilizers produced a net
positive P and K balance, while other treatments had negative
balances. Organic fertilizer treatments resulted in lower lignin
and gross energy values, and higher total ash and Cl, compared
to inorganic fertilizer treatments. Switchgrass biomass had higher
fiber and gross energy, lower total ash, and much lower Cl

content under organic fertilizer applications than cool-season
grasses, making switchgrass a more desirable feedstock regard-
less of conversion process.
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Abbreviations
N Nitrogen
P Phosphorus
K Potassium
Ca Calcium
Mg Magnesium
Cl Chloride
GCV Gross calorific value or high heating value
ANR Apparent N recovery
TF Tall fescue
RC Reed canarygrass
SW Switchgrass
IN Inflorescence
LB Leaf blade
LS Leaf sheath
ST Stem

Introduction

It is advantageous to produce biomass crops on marginally
productive cropland not well suited to food or feed production
[1]. Herbaceous biomass feedstock variability can lead to sig-
nificant biofuel conversion consequences [2], and organic fer-
tilizers have the potential to significantly alter biomass com-
position. Total ash and fiber content can impact most
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conversion processes, while specific elements such as K and
Cl can have a major impact on direct combustion [3]. Soil
contamination of herbaceous biomass feedstocks can also di-
rectly impact conversion [4].

Mineral content of switchgrass was strongly impacted by
soil environment in a New Jersey study [5]. Nitrogen fertiliza-
tion had a much greater impact on N concentration in
Miscanthus spp. than switchgrass [6]. Concentrations of P, K,
Ca, and Mg in standing switchgrass in fall did not consistently
increase or decrease with increased inorganic N fertilizer rate
[7]. Apparent N recovery of inorganic N fertilizer applied to
cool-season grass was as low as 36.5% [8], but typically ranges
from 45 to 60% in cool-season grasses [9–14].

Compostingmanure provides numerous benefits for soil and
the environment in general [15] but also provides slow release
of organically bound N, P, and K. With multiple rates of dairy
manure compost applied to tall wheatgrass [Thinopyrum
ponticum (Podp.) Barkworth & D.R. Dewey], N, P, and K
removed in the biomass were quadratically related to manure
application rate [16]. However, total N and ash concentrations
in switchgrass were greater when fertilized with an inorganic N
source, compared to cattle manure [17], and dairy manure ap-
plication resulted in a similar response in reed canarygrass,
compared to inorganic N fertilizer [12]. Apparent N recovery
from dairy manure compost applied to cool-season grass was
estimated at 15.1% [8], and only 5.7% when lime-stabilized
biosolids were applied to switchgrass [18].

One method of improving feedstock quality is to leave bio-
mass in the field allowing it to leach over the winter, either
standing or mowed, followed by harvest in the spring [19].
Total ash content and some mineral nutrients were reduced in
concentration in switchgrass, both due to leaching and to selec-
tive loss of morphological components [6, 20], and reed
canarygrass feedstock quality also improved after overwintering
in the field, followed by spring harvest [21–23]. The primary
concern with overwintering of biomass in the field is, however,
whether any increase in feedstock quality can offset the loss of
DM yield.

The impact of organic fertilizer application (dairy manure
or dairy manure compost) to perennial grasses in marginal
environments on biomass composition needs clarification.
Our objective was to evaluate feedstock composition, and N,
P, and K dynamics of switchgrass and cool-season grasses
provided with either inorganic or organic fertilizer sources.

Materials and Methods

Treatments Applied

Experimental methods are described more completely in
Cherney et al. [24]. Thirty-six species blocks were established
in 2006 [12 blocks each of switchgrass (Cave-in-Rock), reed

canarygrass (Rival), and tall fescue (KY-31)], each 6 m × 18m.
Eighteen blocks were on a sandy soil and 18 blocks were
located on a clay soil, on the Cornell University Research
Farm at Willsboro, NY. The sandy soil was a Stafford loamy
fine sand (Mixed, mesic Typic Psammaquents), and the clay
soil was a Kingsbury silty clay (Very-fine, mixed, active, me-
sic Aeric Endoaquepts). Each site was a factorial experiment
with three grass species and six fertility treatments. Each ex-
periment was arranged in a split-split-plot randomization of a
randomized block design with six replicates. Sites were whole
plots, grass species were subplots, and fertility treatments
were sub-subplots. Sub-subplot size was 5.5 m × 3 m.
Fertility treatments were applied to a 5.5 m × 2m area, leaving
a 2-m unfertilized buffer strip between sub-subplots. At the
start of the experiment, the Sand site was low in soil P and
high in soil K, while the Clay site was medium in soil P and
low in soil K. Initial soil pH and organic matter levels were
adequate for perennial grass production.

Six treatments were applied to each subplot: (1) 168 kg ha−1

of N fertilizer for cool-season grasses, split-applied, and
84 kg ha−1 for switchgrass, no P or K fertilizer (N treatment);
(2) recommended rate of P at 56 kg ha−1 of 0-46-0 (same N rate
as #1) (NP treatment); (3) recommended rate of K as KCl
(112 kg ha−1 of 0-0-60) plus P at 56 kg ha−1 of 0-46-0 (same
N rate as #1) (NPK treatment); (4) dairy manure, 89.6 Mg ha−1

wet-basis, late April application (Manure treatment); (5)
composted dairy manure, 44.8 Mg ha−1 wet-basis, late April
application (Compost treatment); and (6) a control treatment
without any fertilizer (control treatment). Dairy manure and
dairy manure compost were applied to sub-subplots by
weighing the quantity required and spreading by hand on the
soil surface. The goal was to apply similar quantities of organic
N for both Manure and Compost [24]. Nitrogen fertilizer was
applied to cool-season grasses in late April and after first har-
vest, with a single application to switchgrass in mid-May.
Treatments were applied annually from 2009 to 2012.

Sample Collection and Analysis

Cool-season grasses were harvested twice per season, in early
July and early October, while switchgrass was harvested once
per season in early October [24]. Plots also were harvested in
2013 without any fertility treatments applied, to evaluate re-
sidual effects of previous fertility treatments. Samples were
collected from each sub-subplot and dried at 65 °C for 48 h
for dry matter determination. In addition, samples from two
replicates of each site were cut at a 10.2-cm stubble height and
collected in 2012 and separated into IN, LB, LS, and ST. The
relationship between ash content and GCVof morphological
components was determined.

Biomass samples from three of the six field replicates were
analyzed by Dairyland Laboratories, Inc. (Arcadia, WI), for
elemental composition using microwave nitric acid digestion
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and inductively coupled plasma spectroscopy (AOAC Method
985.01) [25]. For chloride, samples were extracted in water,
filtered, and measured by way of Corning 926 Chloride
Analyzer. Nitrogen, NDF, ADF, ADL, and ash were deter-
mined using NIRS techniques by Dairyland Laboratories, Inc.
Gross calorific value was determined using a Parr 6200 bomb
calorimeter (Parr Instrument Co., Moline, IL).

Apparent N recovery (ANR) for inorganic N treatments
was calculated by subtracting the total amount of N in the
biomass when no N was applied from the amount of N in
the biomass when N was applied, and dividing that value by
the actual amount of inorganic N applied. Due to the assump-
tions required concerning loss of applied ammonia N, with an
average of 20-fold more ammonia N in fresh Manure vs.
Compost [24], and rate of decay assumptions for conversion
of organic N to available N for plant uptake, we did not at-
tempt to calculate apparent N recovery from organic fertil-
izers. Phosphorus and K balances were calculated by
subtracting the quantity of the nutrient removed in biomass
from the actual amount of nutrient applied.

Statistical Analyses

Data were analyzed using mixed model, split-split plot ar-
rangement of treatments, with repeated-measures analysis
[26], with sites, grass species, and fertility treatments consid-
ered as fixed effects and with blocks and years as random
effects. Year-by-treatment terms were considered fixed ef-
fects, and years were treated as repeated measures. Reponses
to species and fertility treatments and their interactions were
analyzed using orthogonal contrasts. Levene’s test to check
the assumption of homogeneous variances was not significant
(p > 0.05). In all cases, Bsignificant^ in the following discus-
sion refers to p < 0.05. BSand^ and BClay^ will be used
throughout to refer to the sites with sand and clay soil types.
Because Sand and Clay were not replicated, differences be-
tween sites cannot be tested in any way to make a conclusion
about the main effect of Sand vs. Clay sites.

Results and Discussion

Biomass N

In general, N concentration of cool-season grass at both har-
vests was double that of switchgrass harvested in the fall
(Table 1). While inorganic N treatments tended to result in
greater N concentration for Cut 1, compared to organic fertil-
izer or the Check, there were significant interactions between
treatment and species for both cuts (Fig. 1). Tall fescue did not
respond as well as RC to organic N. Nitrogen concentration in
cool-season species responded similarly to treatments in both
Cuts 1 and 2 (Fig. 1). There was a significant interaction

between site and species for Cut 1, because N concentration
in RCwasmuch greater than in TF on the Sand site, but not on
the Clay site. This was partly due to the fact that RC yield was
significantly smaller than TF on the Sand site [24]. Nitrogen
concentration in SW was not very responsive to N fertiliza-
tion, regardless of the form of N (Fig. 1). High rates of N
fertilizer do not guarantee a significant yield response in
switchgrass [27], but are more likely to increase N concentra-
tion [7, 28]. A site × treatment interaction for Cut 2 was caused
by greater N concentrations for organic fertilizer treatments on
Clay compared to Sand, but slightly smaller N concentrations
for inorganic N treatments on Clay compared to Sand.

Apparent N recovery for the three inorganic N treatments
was similar (Table 2), although calculated ANR data were
considerably more variable than yield and composition data.
No interaction terms were significant for ANR. Cool-season
grasses had significantly greater ANR than SW, in spite of the
fact that cool-season grasses received twice the application
rate of inorganic N fertilizer. Cool-season grasses in past stud-
ies had similar or larger ANR than this study [10–12]. Low
ANR for SW was caused by a combination of very low N
concentration in SW biomass and relatively large Check
yields for SW, which could not be overcome by large yields
of SW in inorganic N treatments.

Biomass P

As with N, cool-season grass P concentrations in biomass for
Cut 1 were double that of SW, on average (Table 1). There
were no significant differences among inorganic N treatments
for P concentration, and biomass in inorganic N treatments
averaged 74% less P than organic N treatments for Cut 1.
The site × treatment interaction was significant for Cut 1, with
greater P concentrations in organic fertilizer treatments on
Clay vs. Sand. This was likely caused by high soil P availabil-
ity on the Sand site vs. relatively low soil P on the Clay site,
with the Sand site relatively unresponsive to the large amounts
of P provided by the organic fertilizers. The species × treat-
ment interaction also was significant for Cut 1, with cool-
season grasses responding more to organic fertilizers than
SW, although species ranking for biomass P remained the
same for all treatments. The site × species × treatment inter-
action was significant for Cut 1, primarily due to greater bio-
mass P in organic fertilizer treatments on the Clay site, com-
pared to the Sand site (Fig. 2).

For Cut 2, NP and NPK treatments did result in significant-
ly more biomass P than the N treatment, with no difference
between TF and RC. The study × treatment interaction was
significant with greater P concentrations in organic fertilizer
treatments on Clay vs. Sand, following an identical pattern as
Cut 1. The species × treatment interaction for Cut 2 also was
significant, with slightly greater P concentrations for RC
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compared to TF for all treatments except the Check, which
had slightly greater P for TF.

Inorganic fertilizer P inputs did not offset biomass P re-
moval (Table 2). Phosphorus balance with SW was slightly
but significantly greater than the balance for cool-season
grasses. Because the compost treatment provided the most P,
it had a large positive P balance, followed by the Manure
treatment. The NP and NPK treatments produced a signifi-
cantly smaller negative P balance than the N treatment. The
significant site × species × treatment interaction shows that P
inputs for SW came very close to balancing biomass P remov-
al for both sites, and for all three grasses for the Clay site
(Fig. 3). The larger quantity of P provided by Compost

resulted in a larger P balance compared to Manure. A signif-
icant species × treatment interaction for P balance may be due
to SW removing slightly more P than cool-season grasses for
the Check treatment (Fig. 3). A significant site × treatment
interaction primarily was due to differences in magnitude; P
balance for the Clay site was greater than the Sand site for all
treatments.

Biomass K

Similar to P concentrations, K concentration was over twice as
great for both cuts of cool-season grasses compared to SW
(Table 1). Because the Manure treatment provided over 2-fold
more K than the Compost treatment, K concentration was
significantly greater for Manure than the rest of the treatments
for both cuts. Biomass from the Compost treatment also was
greater than the inorganic fertilizer treatments for both cuts.
However, all interaction terms were significant for K for Cut
1. The site × species × treatment interaction (Fig. 4) helps to
explain the two-factor interactions.

For study × treatment, organic and Check treatments pro-
duced greater biomass K content on the Sand site, compared to
Clay, but the three inorganic fertilizer treatments produced great-
er K content on the Clay site, compared to Sand. This was the
case, even though soil Kwas consistently greater on the Clay site
compared to Sand, except for the Manure treatment. A species ×
treatment interaction for Cut 1 resulted fromTF exceeding RC in
K content under NPK and organic treatments only. Reed
canarygrass was considerably smaller in K concentration than
TF on the Clay site, but greater in K concentration than TF on
the Sand site for Cut 1, partly due to the relatively poor yield of
RC on the Sand site. Reed canarygrass responded to inorganic N
fertilization in a previous study with decreasing P and K content
as N fertilizer rate increased [29]. The study × treatment interac-
tion for Cut 2 followed the same pattern as that interaction in Cut

Table 1 Biomass N, P, and K concentrations, main effect means, 2009 to 2012

Treatment Species

N NP NPK Manure Compost Check TF RC SW

Cut 1 g kg−1

N 12.09a 12.04a 11.70ab 11.39ab 10.67bc 10.59c 13.48a 13.64a 7.12b

P 1.62 e 1.85d 1.79d 2.25a 2.48b 2.06c 2.35a 2.46a 1.21b

K 12.13de 11.57 e 13.55c 17.94a 15.70b 12.54cd 17.73a 16.49b 7.25c

Cut 2

N 17.98a 16.82b 16.17bc 15.58cd 15.19d 15.78cd 14.47b 18.04a

P 2.38c 2.59bc 2.56bc 3.23a 3.33a 2.72b 2.70a 2.72a

K 14.46c 12.93 d 14.45c 17.85a 16.78b 14.33c 16.94a 14.33b

Different letters within rows among treatments, species, or sites denote significant differences at p ≤ 0.05 level of probability

NN fertilizer,NPN and P fertilizer, NPKN, P, and K fertilizer,Manure fresh dairy manure, Compost dairy manure compost, Check no fertilizer applied,
TF tall fescue, RC reed canarygrass, SW switchgrass

Fig. 1 Nitrogen concentration of biomass in one or two harvests, species
× treatment interactions, 2009 to 2013. Means were calculated from
four years, two sites, and three blocks (n = 24), and error bars are ± 1
standard error of the mean
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1, with inorganic fertilizer treatments resulting in biomass with
greater K concentrations on the Clay site compared to Sand, but
smaller K concentrations on organic and Check treatments on
Clay compared to Sand. Both P and K concentrations in switch-
grass were within the range of a set of switchgrass standard
samples, which had a 3.7- and 2.2-fold range among only five
samples for P and K [30].

As with P, inorganic K inputs did not offset biomass K
removal (Table 2). The Manure treatment resulted in a very
high K balance, as Manure provided 2.4-fold more K than
Compost. The NPK treatment produced a significantly smaller
negative K balance than the N and NP treatments. A significant
site × treatment interaction for K balance was due to differences

in magnitude of response. A species × treatment interaction for
K balance may have been due to a similar response of species
for the Check treatment, while TF was lowest and SW highest
for other treatments. The site × species × treatment interaction
(Fig. 5) exhibited a consistent species response for K balance
for NP, NPK, and Manure treatments, but a slightly different
pattern for N, Compost, and Check treatments. In a 4-year study
comparing inorganic N fertilizer with dairy manure applied to
tall fescue, grass uptake of K over the season was greater in the
inorganic N fertilizer treatment in the first 2 years, while smaller
than K uptake in the dairy manure treatment in the last 2 years
[31]. In tall wheatgrass fertilized with dairy manure compost, it
required 40 Mg ha−1 for P and 35 Mg ha−1 for K to equal the

Table 2 Apparent N recovery for inorganic N treatments, and P and K balance of nutrients added minus nutrients removed, 2009 to 2012

Treatment Species

N NP NPK Manure Compost Check TF RC SW

%

ANRa 46.9a 47.0a 49.8a 53.6a 52.2a 37.9b

kg ha−1

P balanceb −17.09 e −7.18c −9.15c 54.61b 62.78a −11.91d 10.59b 9.89b 15.54a

K balance −104.9d −101.2d −72.0c 253.2a 54.6b −70.2c −30.9c −12.7b 23.4a

Different letters within rows among treatments, species, or sites denote significant differences at p ≤ 0.05 level of probability

NN fertilizer,NPN and P fertilizer, NPKN, P, and K fertilizer,Manure fresh dairy manure, Compost dairy manure compost, Check no fertilizer applied,
TF tall fescue, RC reed canarygrass, SW switchgrass
a Apparent N recovery
b P balance = fertilizer P inputs minus biomass P removal, K balance = fertilizer K inputs minus biomass K removal

Fig. 2 Phosphorus concentration in Cut 1 of biomass, species × treatment
× site interaction, 2009 to 2012.Means were calculated from four years and
three blocks (n = 12), and error bars are ± 1 standard error of the mean

Fig. 3 Fertilizer P inputs minus biomass P removal, species × treatment
× site interaction, 2009 to 2012. Means were calculated from four years
and three blocks (n = 12), and error bars are ± 1 standard error of the mean
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removal of P and K due to an inorganic N fertilizer rate of
224 kg ha−1 [16].

Other Biomass Components

Species × treatment interactions were significant for all com-
ponents in Table 3, except ADL for Cut 1 and Ca for Cut 2.
Some site × species and site × treatment interactions also were
significant. Interactions not simply due to changes in magni-
tude of response are discussed. Site × species × treatment

interactions were significant only for NDF, ADL, and Ash
for Cut 2, with no noticeable trends to explain these three-
way interactions. Fiber components were relatively consistent
among treatments, although there were significant differences,
particularly for Cut 2 (Table 3). Acid detergent lignin concen-
tration was consistently smaller in organic fertilizer treatments
compared to inorganic fertilizer treatments in both cuts. Fiber
concentrations were greater in cool-season grasses fertilized
with dairy manure, compared to inorganic N fertilizer [11, 12].
Fiber concentration also increased in reed canarygrass with
increasing inorganic N fertilizer [29]. Switchgrass had much
greater fiber and lignin concentrations, compared to TF and
RC, while RC had greater lignin content than TF in both cuts.
All three grass species increased in lignin concentration as a
result of inorganic N fertilization. Mature reed canarygrass
under inorganic fertilizer treatments averaged 63.5 g kg−1

ADL, similar to that found by Casler et al. [32] across Iowa,
New York, and Wisconsin, but much greater than the
20 g kg−1 [33] and 25 g kg−1 [34] averages in the
Midwestern USA. Concentrations of fiber constituents did
not differ due to N fertilizer rate on switchgrass [7].

Biomass fromManure and Compost treatments was similar
in ash content, but approximately 13% greater in ash than
inorganic fertilizer treatments for both cuts. Switchgrass ash
concentration was considerably smaller than the cool-season
grasses, even though upland ecotypes such as Cave-in-Rock
are known to accumulate more ash compared to lowland eco-
types [35]. Switchgrass ash content was considerably smaller
than that found by Johnson and Gresham [20], but similar to
switchgrass in a Canadian study [6]. Locations were signifi-
cantly different in total ash content, and elemental concentra-
tions can vary greatly due solely to location [5].

Magnesium and Ca concentration in biomass responded
similarly to treatments, with generally greater concentrations
in biomass from inorganic fertilizer treatments compared to
organic fertilizers (Table 3). For Cut 1, species were different
from each other inMg and Ca, with TF highest and SW lowest.
For Cut 2, RC had greater Ca concentration than TF. The sig-
nificant species × treatment interaction for both Mg and Ca was
primarily caused by considerably greater concentrations for TF
in the inorganic fertilizer treatments, compared to other treat-
ments (Fig. 6). In a 5-year study on the impact of N and K
fertilization on reed canarygrass, increased N fertilization in-
creased Ca and Mg content of the biomass, and increased K
fertilization decreased Ca and Mg content of biomass [29].

Significant site × treatment interactions for both cuts were
all due to greater concentrations of Mg and Ca in inorganic
fertilizer treatments on the Sand site compared to Clay, with
similar or smaller concentrations in the remaining treatments
on Sand vs. Clay. Calcium, Mg, and S concentrations for RC
with inorganic fertilizer treatments were similar to those found
in Sweden by Burvall [21] and in Wisconsin by Dien et al.
[34]. Sulfur concentration in biomass was significantly greater

Fig. 4 Potassium concentration in Cut 1 of biomass, species × treatment
× site interaction, 2009 to 2012. Means were calculated from four years
and three blocks (n = 12), and error bars are ± 1 standard error of the mean

Fig. 5 Fertilizer K inputs minus biomass K removal, species × treatment
× site interaction, 2009 to 2012. Means were calculated from four years
and three blocks (n = 12), and error bars are + 1 standard error of the mean
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in Compost and the Check, compared to the rest of the treat-
ments, for both cuts (Table 3), with no meaningful interac-
tions. Switchgrass, as with other elements, had significantly
smaller S concentration than cool-season grasses.

Chloride Issues

For the two years that chloride was measured in organic fer-
tilizers, the amount of Cl applied in the Manure treatment was
twice that of Compost, and the amount of Cl applied in
Compost was approximately 50% greater than with KCl fer-
tilizer application for the NPK treatment [24]. Because Cl is
very soluble, it is typically immediately available for plant
uptake and that was reflected in the biomass. Cut 1 of the first
year of treatment applications contained a large concentration
of Cl in cool-season grass biomass, averaging 13.22 g Cl kg−1

for Manure. The three treatments that included Cl application
to soil were significantly different from one another in both
cuts, and resulted in significantly greater Cl in biomass than all
other treatments in both cuts (Table 3). Switchgrass Cl

Table 3 Biomass composition, main effect means, 2009 to 2012

Treatment Species

N NP NPK Manure Compost Check TF RC SW

Cut 1 g kg−1

aNDF 683ab 689a 689a 690a 686a 676b 625c 654b 778a

ADF 432b 436ab 439ab 440a 436ab 424c 397c 413b 494a

ADL 66.7a 67.4a 67.1a 63.0b 62.5b 61.9b 56.6b 60.4b 77.3a

Ash 75.7c 73.9c 76.8bc 87.0a 84.5a 79.9b 91.9a 90.7a 56.3b

Mg 1.89ab 1.94a 1.79bc 1.51d 1.59cd 1.69c 2.10a 1.68b 1.42c

Ca 4.08ab 4.16a 3.97ab 3.14d 3.44c 3.88b 4.22a 3.70b 3.41b

S 1.19b 1.18b 1.15b 1.23b 1.45a 1.42a 1.52a 1.62a 0.67b

Cl 2.08d 1.75d 4.77c 7.68a 6.09b 2.35d 4.93a 5.24a 2.19b

MJ kg−1

GCV 18.7a 18.7a 18.6b 18.3d 18.3d 18.4c 18.2c 18.4b 18.9a

Cut 2 g kg−1

aNDF 578bcd 584ab 588a 580abc 573cd 570d 600a 558b

ADF 349bc 353ab 359a 352ab 348bc 344c 360a 342b

ADL 50.4a 51.7a 52.1a 46.0b 45.1b 46.0b 46.5b 50.5a

Ash 95.1bc 91.8c 92.5c 104.8a 105.3a 97.8b 92.6b 103.2a

Mg 2.34ab 2.38a 2.31abc 2.22bc 2.18c 2.24bc 2.43a 2.13b

Ca 5.49abc 5.73a 5.37ab 4.58d 5.11bc 5.61ab 4.99b 5.65a

S 2.24bc 2.17bc 2.10c 2.39b 2.82a 2.76a 2.14b 2.76a

Cl 2.15d 1.88d 3.79c 7.18a 5.86b 2.63d 3.67a 4.16a

MJ kg−1

GCV 18.6a 18.6a 18.5a 18.3b 18.2b 18.3b 18.5a 18.4a

Different letters within rows among treatments, species, or sites denote significant differences at p ≤ 0.05 level of probability

NN fertilizer,NPN and P fertilizer,NPKN, P, and K fertilizer,Manure fresh dairy manure,Compost dairy manure compost,Check no fertilizer applied, TF tall
fescue, RC reed canarygrass, SW switchgrass, aNDF neutral detergent fiber, ADF acid detergent fiber, ADL acid detergent lignin, GCV gross calorific value

Fig. 6 Magnesium and Ca concentration in Cut 1 of biomass, species ×
treatment interaction, 2009 to 2012. Means were calculated from
four years, two sites, and three blocks (n = 24), and error bars are + 1
standard error of the mean
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concentration was much less than that of cool-season grasses,
and SW responded much less to Cl applications than cool-
season grasses. Cool-season grasses exhibited luxury Cl up-
take, and RC had consistently greater Cl than TF in both cuts.
Species × treatment and site × treatment interactions were
significant for both cuts, and were due to changes in magni-
tude of response; species ranking was consistent over treat-
ments (Fig. 7).

It was only possible to compare quantity of Cl applied vs.
plant Cl uptake in 2010 and 2012 (Fig. 8), the two years that
organic fertilizers were analyzed for Cl content. Switchgrass
Cl concentration increased by 0.011 g kg−1 for every 1 kg ha−1

of Cl applied to soil. Although Cl recovery from compost
application was more variable, Cl concentration in biomass
was highly correlated with Cl application to soil. Because Cl
applications were in early spring, the response was greater for
Cut 1 compared to Cut 2 for cool-season grasses (Fig. 8).
Chloride concentrations here under NPK fertilization were
similar to those found in reed canarygrass [21] and in switch-
grass [20], although Cl content of cool-season grasses will be
strongly influenced both by Cl fertilization events and by na-
tive Cl status of the soil.

Energy Value

Gross calorific value was greatest for SW in Cut 1, followed by
RC and TF (Table 3). Average GCV for switchgrass was
18.9 MJ kg−1, very similar to the 18.8 MJ kg−1 for fall-
harvested switchgrass in a Canadian study [6], and the
18.7 MJ kg−1 in fall-harvested Cave-in-Rock switchgrass from
Nebraska [34], but greater than the 17.7 MJ kg−1 for fall-
harvested switchgrass in Minnesota [20]. A large selection of
reed canarygrass germplasm sources grown using commercial
N fertilization ranged in GCV from 17.9 to 18.1 MJ kg−1 [32],
and mature reed canarygrass from Wisconsin was 17.7 MJ kg−1

[34], compared to an average of 18.6MJ kg−1 for N-fertilizedRC
in this study. Gross calorific value was significantly smaller for
organic fertilizer treatments compared to inorganic fertilizer

treatments in both cuts; however, the species × treatment interac-
tion was significant in both cases (Fig. 9). For Cut 1, GCV
dropped much more for TF and RC vs. SW, when using organic
fertilizers compared to inorganic fertilizers. In Cut 2, TF was
greater in GCV than RC for the inorganic fertilizers, but not for
the organic fertilizers.

There was a relationship between GCV and ash content in
morphological components of switchgrass in 2012 (Fig. 10).
Distinct point clouds for this relationship in each morphological
component were apparent, with a consistent relationship between
ash and GCV for each component. Points representing the
Manure treatment were typically on the lower half of this point
cloud, and points representing inorganic N treatments were on
the upper half of the point clouds. On a whole plant basis, ash
content will be negatively correlated with GCV [4, 20].

Summary

Fresh manure or compost application can provide sufficient
nutrients for grass growth while at the same time improving

Fig. 8 Concentration of Cl in grass biomass as influenced by Cl
application (KCl, compost, or manure) to soil in early spring at two
sites in 2010 and 2012. Means of three replicates

Fig. 7 Chloride concentration in Cut 1 biomass, species × treatment
interaction, 2009 to 2012. Means were calculated from four years, two
sites, and three blocks (n = 24), and error bars are + 1 standard error of the
mean
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soil health, but on the other hand can result in excessive quan-
tities of undesirable elements in biomass from a feedstock
conversion standpoint. Switchgrass biomass maintained a
low concentration of N, P, and K upon fertilizer addition com-
pared to cool-season grasses, and this resulted in a relatively
low apparent N recovery for switchgrass. Organic fertilizers
resulted in a net positive P and K applied to soil, while all
other treatments had negative P and K balances. The greater
yield of switchgrass overcame the smaller P and K concentra-
tion in switchgrass and produced a more positive net P and K
balance compared to the cool-season grasses when fertilized
with fresh dairy manure. Grass species differed significantly
in most fiber and elemental components, with switchgrass
being greater in fiber and lignin, and smaller in total ash and
mineral concentrations, compared to the cool-season grasses.
Biomass from organic fertilizer treatments was similar in fiber,

but contained less lignin than inorganic N treatments. Organic
treatments produced biomass greater in total ash than inorgan-
ic N fertilizer treatments, primarily due to high P and K con-
centrations. Feedstock Cl concentration was extremely high
for the fresh dairy manure treatment, very high for the
Compost treatment, and high for the NPK treatment, reflecting
the quantities of Cl applied as fertilizer. Organic fertilizer treat-
ments resulted in feedstock with smaller gross energy values
compared with inorganic fertilizers, particularly for cool-
season grasses. We conclude that the combination of greater
fiber and gross energy content, smaller total ash, much smaller
N, P, and K content, and much smaller Cl content under or-
ganic fertilizer applicationsmake switchgrass a more desirable
feedstock regardless of the conversion process.
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