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ORIGINAL ARTICLE Open Access

Root biomass and soil carbon response to
growing perennial grasses for bioenergy
Leonard C. Kibet1*, Humberto Blanco-Canqui1, Robert B. Mitchell2 and Walter H. Schacht1

Abstract

Background: Dedicated bioenergy crops such as switchgrass (Panicum virgatum L.), miscanthus [Miscanthus x
giganteus (Mxg)], indiangrass [Sorghastrum nutans (L.) Nash], and big bluestem (Andropogon gerardii Vitman) can
provide cellulosic feedstock for biofuel production while maintaining or improving soil and environmental quality.
To better understand bioenergy crop effects on soils, we studied changes in soil properties of a Tomek silt loam
under inorganic fertilization of switchgrass after 4 years and warm-season grass monocultures and mixtures after
6 years in eastern Nebraska.

Methods: The first experiment had two study factors: two switchgrass harvest dates (August and November) and
nitrogen (N), phosphorus (P), and potassium (K) fertilization rates. Nitrogen fertilizer levels (0, 60, and 120 kg N ha−1)
were the main plots, while P levels (0, 22, and 44 kg P ha−1) were the split plots and K levels (0, 11, and 22 kg K ha−1)
were the split-split plots. The second experiment included six bioenergy feedstocks comprised of four monocultures
[switchgrass (cv. Shawnee and an experimental strain tracked as Kanlow N1), indiangrass (Chief), and miscanthus (Mxg)]
and two mixtures [big bluestem (Goldmine) + indiangrass (Warrior) + switchgrass (Shawnee) and big bluestem
(Bonanza) + indiangrass (Scout) + switchgrass (Shawnee)]. Soil samples were analyzed for root biomass, soil organic C
(SOC), total N, bulk density, aggregate stability, and pH.

Results: In the first experiment, inorganic fertilization and harvest dates had no effect on switchgrass root biomass,
SOC pools, soil aggregate stability, and other properties. In the second experiment, cumulative root biomass under
Chief indiangrass monoculture was lower than that under other grass monocultures and mixtures except miscanthus.
These results suggest that inorganic fertilization and harvest dates do not affect soil properties in the short term, but
Chief indiangrass monoculture may have lower root biomass than other grasses.

Conclusions: Overall, fertilization management did not induce changes in root biomass and soil properties, but Chief
indiangrass monoculture had lower cumulative root biomass compared with mixtures and switchgrass monocultures,
suggesting that cultivar selection will affect root biomass accumulation. Further monitoring is needed to determine
long-term changes in root biomass and soil properties under these bioenergy crop systems.

Keywords: Bioenergy, Perennial warm-season grasses, Monocultures, Mixtures, Root biomass, Soil organic carbon, Total
nitrogen
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Background
Dedicated bioenergy crops such as native perennial
warm-season grass monocultures and mixtures may pro-
vide abundant biomass for biofuel production. However,
their effects on soil ecosystem services have not been
widely documented under different soil types, manage-
ment scenarios, and climatic conditions. Although per-
ennial bioenergy crops generally improve soil properties
such as soil organic C (SOC), and soil structural proper-
ties compared with row crops [3, 9], little information is
available on the differences in soil properties between
perennial grass monocultures and mixtures and among
inorganic fertilization levels. This knowledge is crucial
for the development of sustainable bioenergy cropping
systems as soil properties are an integral component of
soil productivity.
Perennial warm-season grasses may improve soil prop-

erties by virtue of their fibrous and extensive root net-
work. Warm-season grass species and varieties may,
however, differ in their root biomass and distribution.
Some studies have suggested that species in diverse
communities might alter the depth distribution of roots
in response to the density and uniqueness of neighbor-
ing roots [9, 28, 32]. In pot experiments, von Felten and
Schmid [48] found that mixtures of grass species in-
creased root biomass in deeper soil depths than mono-
cultures. Also, Cong et al. [8] reported that a mixture of
eight grasses that consisted of four grass species (Agrostis
capillaris L., Anthoxanthum odoratum L., Festuca rubra
L., and Holcus lanatus L.) and four forbs (Centaurea jacea
L., Leucanthemum vulgare Lam., Plantago lanceolata L.,
and Rumex acetosa L.) increased root biomass more than
their monocultures (6.85 versus 4.33 Mg ha−1).
One potential impact of bioenergy production systems

is SOC accumulation. This is important because SOC
can enhance soil ecosystem services and increase soil
productivity [2]. Perennial grasses may have different
impacts on above- and belowground biomass production
and SOC accumulation, depending on grass species, var-
ieties, and mixtures, but such impacts have not been
widely studied. Accumulation of C and N in the soil can
be complex and depends on many variables such as soil
type, management practices, residue quality, precipitation
input, and harvest treatments [1, 10]. For example, soils
with low initial SOC concentration may have greater po-
tential to accumulate SOC under perennial energy crops.
Perennial grass monocultures and mixtures may affect

SOC and other soil properties differently. Blanco-Canqui
[4] reported that mixtures of perennial warm-season
grasses have the potential to store more SOC than mono-
cultures. In a 12-year study in Minnesota, Fornara and
Tilman [12] reported that high-diversity mixtures of per-
ennial grass species can store, on average, 500 % more
SOC and 600 % more N than monocultures of the same

species. In an 11-year study, perennial warm-season grass
mixtures increased SOC stocks by 18 % and N stocks by
16 % compared with monocultures of the same species
[8]. The large increase of SOC under perennial mixtures
may be due to the greater grass diversity, more abundant
root biomass, and deeper distribution of C-enriched roots
relative to monocultures. In a 3-year study, Bonin et al. [6]
showed, however, no effect of multiple species mixtures of
perennial warm-season grasses on SOC, suggesting that
perennial mixtures may not increase SOC stocks in the
short term relative to monocultures.
Additionally, since aboveground biomass is harvested

for bioenergy, growing perennial grasses may deplete soil
nutrients. Nutrient removal from the soil may vary be-
cause of differences in biomass production, cultivars,
weather, soil type, and management practices [42]. For
example, Newton et al. [36] showed that grasses have
greater ability to absorb soil nutrients than broadleaf
forages, implying that grasses differ in their potential to
remove nutrients from the soil. Also, in a study compar-
ing nutrient removal rates by perennial grasses, giant
reed (Arundo donax L.) had the highest aboveground
biomass yield and the highest nutrient (N, P, and K) con-
centrations and removal rates compared to switchgrass,
giant miscanthus, weeping lovegrass [Eragrostis curvula
(Shrad.) Nees], kleingrass (Panicum coloratum L.), and
Johnsongrass [Sorghum halepense (L.) Pers.] [23], sug-
gesting that aboveground biomass is correlated with soil
nutrient removal.
Production of perennial warm-season grasses for bioe-

nergy consumes soil nutrients and needs constant supple-
mentation of nutrients through inorganic fertilization [23].
Inorganic fertilization increases aboveground biomass pro-
duction of perennial warm-season grasses [19, 25, 47]; how-
ever, its effect on root biomass, SOC stocks, and other soil
properties is unclear [19]. Root biomass response to N
application is variable. Ma et al. [28] found that fertilization
(224 kg N ha−1) of 4-year-old switchgrass stands in Ala-
bama had no effect on root biomass relative to control
(0 kg N ha−1). Garten et al. [15] also reported no effect of N
fertilization on switchgrass root biomass in a 5-year study.
In contrast, Heggenstaller et al. [19] found that high rates
of fertilization (220 kg N ha−1) reduced root biomass in 3-
or 4-year-old stands of switchgrass in Iowa. Similarly,
fertilization-induced changes in SOC storage are inconsist-
ent. Previous studies indicated that SOC increased [20, 39],
decreased [24, 30], or were unaffected [29, 33] following
fertilization of perennial grasses.
The objectives of this study were to assess the follow-

ing: (1) the impact of different rates and mixtures of N,
P, and K fertilization and harvest date on switchgrass
root biomass, SOC, total N, and other soil properties,
and (2) soil-profile distribution of root biomass, SOC,
bulk density, and total N under perennial warm-season
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grass monocultures and mixtures. Our first hypothesis
was that fertilization of switchgrass increases root bio-
mass, SOC, and total N pools relative to non-fertilized
plots. Our second hypothesis was that perennial warm-
season grass mixtures increase root biomass, SOC, and
total N pools compared with warm-season grass mono-
cultures. Perennial warm-season grasses need to be in
production for at least 5 years to be economically feasible
[37]. Therefore, our study was designed to assess soil re-
sponse to growing perennial grasses during the above
timeframe. Soil response to perennial grasses in the short
term (<5 years) may not be measurable until the grasses
reach their full potential at about 5 years [37].

Methods
Study site
The study was conducted on two sites seeded to peren-
nial warm-season grasses at the University of Nebraska-
Lincoln’s Agricultural Research and Development
(ARDC) Center near Mead, NE (41.2261° N, 96.4883°
W). The soil for both sites is classified as Tomek silt
loam (Fine, smectitic, mesic Pachic Argiudolls). The
Tomek series consists of very deep well-drained soils
formed in loess with clay content between 24 and 35 %,
while the sand content is <10 % in the A and AB hori-
zons. Experiment I was established in 2006 and was
seeded to switchgrass (cv. Shawnee) monocultures and
had two study factors: two biomass harvest dates (Au-
gust and November) and N, P, and K fertilization rates.
This study was seeded at a rate of 320 pure live seed
(PLS) per meter square. The main plot was 3.3 by 3 m,
while the split-split plots were 1.1 by 3 m. Treatments
were applied to plots in a randomized complete block,
split-split-plot design with three replications. Fertilizer
treatments were applied beginning in 2010, 4 years after
field establishment. The main plot treatment was a level
of N fertilization (0, 60, and 120 kg N ha−1). The split
plot treatment was a level of P fertilization (0, 22, and
44 kg P ha−1), and the split-split plot treatment was a
level of K fertilization (0, 11, and 22 kg K ha−1). Nitrogen
was applied as urea (46-0-0), P was applied as triple
superphosphate (0-16-0), and K was applied as potas-
sium sulfate (0-0-50). All fertilizer treatments were
broadcast with a drop spreader. Plots were harvested
at a 10 cm cutting height with a small-plot flail har-
vester (Carter Manufacturing, Brookston, IN) either at
anthesis (near August 1) or after a killing frost each
year by harvesting in the direction of the split-split
plot treatment.
Experiment II was established in 2009 and was seeded

with 29 perennial grass monocultures and mixtures and
replicated four times in a randomized complete block
design. Our study evaluated soil properties for only six
of the 29 high-yielding grasses (four monocultures and

two mixtures). The monocultures evaluated were switch-
grass (cv. Shawnee), switchgrass (Kanlow N1), indian-
grass (Chief ), and miscanthus (Mxg). The mixtures
included grass mixtures of [big bluestem (Goldmine) +
indiangrass (Warrior) + switchgrass (Shawnee)] (Mixture
1) and [big bluestem (Bonanza) + indiangrass (Scout) +
switchgrass (Shawnee)] (Mixture 2) in four field replicates.
The mixtures will hereafter be referred to as mixture 1
and mixture 2 for discussion purposes. Experimental units
were 1.1 × 3-m plots seeded to the monocultures or the
mixtures at a rate of 320 PLS per square meter. The mis-
canthus used was the Illinois Miscanthus x giganteus clone
started from rhizomes, grown in a greenhouse, and trans-
planted into the plots from pots at 12 plants per plot.
Immediately after planting or transplanting, all plots were
sprayed with 0.24 L ha−1 of Paramount (quinclorac: 3, 7-
dichloro-8-quinolinecarboxylic acid) plus 0.95 L ha−1 atra-
zine (2-chloro-4 ethylamino-6-isopropylamino-s-triazine)
to control grassy weeds. Broadleaf weeds were sprayed as
needed, typically with 2, 4-D (2, 4-dichlorophenoxyacetic
acid) at 0.95 L ha−1. No fertilizer was applied in the seed-
ing year, but all plots were fertilized with 112 kg N ha−1 as
urea (46-0-0) after growth initiation in April or May of
each year. Harvesting was done as described for experi-
ment I (N, P, and K study) above. Data on aboveground
biomass yield for both experiments (I and II) will be re-
ported in a companion paper. The focus of this paper was
on root biomass and soil properties.

Soil sampling
Under experiment I, we measured root biomass, SOC,
total N, bulk density, soil aggregate stability, and pH.
Under experiment II, we measured root biomass, SOC,
total N, and bulk density. We included soil aggregate
stability and pH measurements in experiment I to study
possible effects of inorganic fertilization on these two
properties. Previous studies on inorganic fertilization of
row crops reported decreased pH and mixed effects on
aggregate stability with fertilization [5, 26].
Soil samples were collected in June 2014 from experi-

ment I and June 2015 from experiment II. In experiment I
(N, P, and K study), four soil cores were collected from each
plot using a 3-cm diameter hand probe for the 0–10- and
10–20-cm depths. Two core samples were composited for
soil analyses, and the other two cores were composited for
root biomass analysis. In experiment II (monocultures and
mixtures), six soil cores (4.57 cm diameter) per plot were
collected using a tractor-mounted Giddings probe (Gid-
dings Machine Company, Inc. Windsor, CO). We collected
three soil cores from the center of the plants and three
between plants to a depth of 100 cm per plot and sliced at
0–10, 10–20, 20–40, 40–60, and 60–80 and 80–100 cm
depths. The six cores were composited, placed in paper
bags, air-dried for 72 h, and analyzed. One hundred grams

Kibet et al. Energy, Sustainability and Society  (2016) 6:1 Page 3 of 8



of soil without roots was carefully extracted from the com-
posite sample for the analyses of SOC and total N concen-
tration. The remaining soil sample was used for root
biomass analysis.

Measurement of soil properties
Root biomass was analyzed on air-dried soil samples for
both experiments. The samples were weighed, soaked,
and roots rinsed in tap water over a 0.5-mm sieve. Sand
and debris were hand-sorted from root material while
rinsing in tap water. Roots including crown, rhizomes,
and fine roots recovered were placed in an aluminum
pan and oven-dried at 60 °C for root biomass determin-
ation [32].
Soil samples collected for experiment I were analyzed

for wet aggregate stability using the wet sieving method
described by Nimmo and Perkins [35]. Soil samples were
passed through 4.75- and 8-mm sieves to obtain soil ag-
gregates with diameters between 4.75 and 8 mm. Fifty
grams of aggregates were weighed, placed on top of a
nest of sieves with 4.75- and 0.25-mm openings,
immersed in water, and saturated by capillarity for
10 min before wet sieving for another 10 min. A mech-
anical sieving device was used to oscillate the column of
sieves with a stroke of 3 cm. Aggregates remaining in
each sieve were transferred to pre-weighed beakers and
dried at 105 °C. Amount of water-stable aggregates was
expressed as the percentage of soil remaining on the sieve
after 10 min relative to the initial mass of soil used. The
amount of water-stable aggregates was corrected for sand
content and reported as macro- and micro-aggregates. Ag-
gregates with diameters >0.25 mm were classified as
macro-aggregates, while aggregates with diameters
<0.25 mm were classified as micro-aggregates [45].
All other soil samples were air-dried and sieved (2 mm)

before analysis. Soil organic C and total N concentrations
were determined on soil ground on a roller mill before
analysis by dry combustion using a LECO CN 2000
analyzer (Leco Corp., St Joseph, MI; [34]). Baseline data
on SOC concentration were not available for either ex-
periment. Soil particle-size distribution was determined
using the hydrometer method [17]. Soil particle-size distri-
bution did not significantly differ among treatments and
between the two experiments. Averaged across both ex-
periments and treatments, soil had 15 % sand, 36 % clay,
and 49 % silt for the 0- to 10-cm depth and was classified
as silty clay loam. The bulk density was determined using
the core method for each soil depth [38]. Soil pH was
measured on soil and water in a 1:2 ratio using Thermo
Orion 525A+ pH/mV meter (Thermo-electron Corpor-
ation, MN). The mixture was allowed to stand for at least
1 h, stirred every 10 to 15 min to allow the pH of the soil
slurry to stabilize before measuring pH [44].

Data were analyzed by SAS PROC UNIVARIATE to
test their normality and equal variance distribution. Root
biomass data required logarithmic transformation to
achieve normality. Data were reported as geometric
means for discussion purposes. Analysis of variance in
PROC MIXED in SAS [43] and least significant differ-
ence test were used to assess treatment differences.
Fertilization effects were analyzed by harvest date and
soil depth. Nitrogen, P, and K fertilization levels were
the fixed variables, while replications were the random
variables in the analysis. Differences among treatments
were studied at the 0.10 probability level.

Results and discussion
Inorganic fertilization (experiment I)
Root biomass
Inorganic fertilization of switchgrass had no effect on
root biomass. Mean root biomass across N, P, and K
fertilization rates was 3.87 ± 1.59 Mg ha−1 (mean ± SD)
for the 0- to 20-cm depth. These results did not support
our hypothesis stating that inorganic fertilization will
increase root biomass of switchgrass. The lack of differ-
ences in root biomass may be due to the following: (1)
the relatively short period of fertilization (4 years) and
(2) the use of a highly productive soil in this experiment,
which possibly reduced the effects of fertilization on root
biomass. We hypothesize that inorganic fertilization
would have significant effects on root biomass if switch-
grass were managed in marginally productive lands with
low organic matter content.
Previous studies of fertilization on root biomass have

reported similar findings to our study. For example, after
5 years, N fertilization of switchgrass did not affect root
biomass in a study in western Tennessee [15]. Similarly,
after 4 years, N fertilization did not affect root biomass
of perennial warm-season grasses across three sites in
Ohio [21]. Also, in another study in western Tennessee, N
fertilization of switchgrass reduced root biomass in the
spring but had no effect in the fall after 4 years [22]. Some
studies have indicated that addition of fertilizers to highly
productive soils can enhance biomass production without
changing the root systems [46]. Previous studies and the
present study suggest that inorganic fertilization of switch-
grass may not generally increase root biomass relative to
control without fertilization in the short term.

Soil organic carbon and other soil properties
Inorganic fertilization of switchgrass and harvest dates
(August and November) had no effect on SOC pools
and other soil properties. Because trends in mean SOC
concentrations and pools were similar, only SOC pools
are presented. Mean SOC across fertilization levels was
24.3 ± 3.7 Mg C ha−1 at the 0- to 10-cm depth and
27.9.3 ± 3.4 Mg C ha−1 at the 10- to 20-cm depth. While
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the lack of fertilization effect may not be surprising, we
expected that high fertilization rates would increase
SOC pools by increasing root biomass production, but
that was not the case. No differences in SOC among N,
P, and K fertilization rates are likely due to no differ-
ences in root biomass amount.
Similar to our study after 9 years of another switch-

grass experiment at ARDC, fertilization and harvest date
had variable effects on SOC [13]. Previous studies have
found small or no increase in SOC pools with fertilization
[21, 27]. Corresponding with SOC, inorganic fertilization
did not affect soil C:N ratio. Average C:N ratio across N,
P, and K fertilization levels was 10.69 ± 2.01 ppm at 0- to
10-cm depth and 11.74 ± 1.55 ppm at 10- to 20-cm depth.
Some studies have indicated that N fertilization of switch-
grass decreases root C:N ratio [15, 19] by increasing
organic matter decomposition, thereby reducing SOC
concentration.
Also, inorganic fertilization did not affect soil bulk dens-

ity and soil pH. Bulk density averaged across fertilization
levels ranged from 1.32 to 1.45 g cm−3 at the 0- to 10-cm
depth and 1.54 to 1.64 g cm−3 at the 10- to 20-cm depth
and the mean pH was 5.92 ± 0.21 at the 0- to 10-cm depth
and 6.11 ± 0.44 at the 10- to 20-cm depth. Under row
crops, inorganic fertilization often reduces soil pH
through the release of H+ [26], but in our study, under
perennial grasses, soil pH was unaffected by fertilization.

Wet aggregate stability
Similarly, inorganic fertilization of switchgrass did not
affect soil aggregate stability. The amount of macro-
aggregates among fertilizer levels ranged from 53 to 84 %
at the 0- to 10-cm depth. In row crops, N fertilization
negatively affects wet aggregate stability in some soils. For
example, Blanco-Canqui et al. [5] reported that in the 7.5-
to 45-cm soil depth, soil aggregate stability decreased with

an increase in N application. The decreased aggregate sta-
bility with fertilization suggests that the use of N fertil-
izers, particularly those that release NH4

+, can reduce soil
aggregation by dispersing colloids and secondary particles
[18] and reducing the amount of microbial biomass [26].
Published studies on the effects of switchgrass

fertilization on soil aggregation are few. In Ohio, 4 years
of N fertilization of switchgrass at 202 kg N ha−1 re-
duced the amount of macro-aggregates at the 0- to 5-cm
depth compared with non-fertilized plots [22]. The
highest N application rate in the latter study was
202 kg N ha−1, whereas our maximum rate was
120 kg N ha−1, suggesting that higher rates of N ap-
plication than that used in our study may reduce soil
aggregate stability.

Root biomass of monocultures and mixtures (experiment II)
Root biomass
Perennial grass monocultures and mixtures did not
affect the amount of root biomass when data were ana-
lyzed by depth interval (Table 1). However, cumulative
root biomass under Chief indiangrass monoculture for
the 0- to 100-cm depth was significantly lower than
under other grass monocultures and mixtures except
miscanthus (Table 1). The indiangrass monoculture had
1.8 times lower (10.63 Mg ha−1) root biomass than the
average across all other treatments except miscanthus
(19.31 Mg ha−1; Table 1). The order of cumulative root
biomass was the following: mixture 1 =mixture 2 = Shaw-
nee switchgrass = Kanlow N1 switchgrass ≥miscanthus ≥
Chief indiangrass.
Results showed that mixtures and monocultures that

included switchgrass varieties have greater root biomass
than the Chief indiangrass monoculture. Switchgrass as
a species is considered to be the most adaptable to
diverse regions with variable soil and climatic conditions

Table 1 Impact of growing perennial warm-season grasses in monocultures and mixtures on root biomass on a Tomek silt loam in
eastern Nebraska after 6 years of management

Treatments Root biomass (Mg ha−1)

Depths (cm)

0–10 10–20 20–40 40–60 60–80 80–100 0–100

Grass mixture 1 11.98 1.54 2.34 1.15 1.32 0.58 18.54a*

Grass mixture 2 11.64 1.34 2.38 1.73 0.87 1.06 18.17a

Shawnee 14.41 1.84 1.61 1.13 0.65 0.81 20.27a

Kanlow N1 12.47 2.53 2.78 1.59 1.05 0.89 20.27a

Miscanthus (Mxg) 9.21 2.22 3.78 0.70 0.66 0.74 16.79ab

Chief 6.82 1.29 1.38 1.12 0.71 0.50 10.63b

LSD 0.10 6.70 1.32 2.44 0.84 0.49 0.86 1.59

The means are back-transformed log values. Perennial warm-season grass monocultures [switchgrass (cv. Shawnee, Kanlow N1), indiangrass (Chief) and Mxg] and
grass mixture 1 [big bluestem (Goldmine) + indiangrass (Warrior) + switchgrass (Shawnee)] and grass mixture 2 [big bluestem (Bonanza) + indiangrass
(Scout) + switchgrass (Shawnee)]
*Numbers followed by different letters within a column show significant differences among treatments at P ≤ 0.10
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in the USA including the Midwest [31]. Based on the re-
sults, some varieties of indiangrass such as Warrior and
Scout may be grown in mixtures of perennial grasses for
enhanced root biomass relative to Chief indiangrass
alone. While our experiment did not have Warrior and
Scout indiangrass varieties grown alone to compare with
the Chief indiangrass monoculture, our results appear to
suggest that indiangrass grown in monocultures may
likely fill less of the soil profile with roots than indian-
grass grown in mixtures. Results also suggest that root
characteristics may differ among indiangrass varieties.
Previous studies under different types of grasses,

mostly cool-season grasses, have found that root bio-
mass may not always differ among grass species or be-
tween monocultures and mixtures. For example, in two
studies after 3 and 4 years, differences in root biomass
among grass species mixtures and monocultures were
not significant in a study in Germany [16, 40]. However,
mixtures increased root biomass relative to monocul-
tures after 11 years, suggesting that differences may
develop in the longer term [40]. The total soil-profile
root biomass in switchgrass monocultures, in this
study, was comparable with that reported in a 3-year
study of switchgrass for the 0- to 90-cm depth in south-
ern Washington [7] and a 3-year study of switchgrass
for the 0- to 110-cm depth in central North Dakota
[14]. In our study, the lack of significant differences be-
tween mixtures and monocultures may be due to simi-
lar rooting patterns across the species studied.

Soil organic carbon and other soil properties
Soil organic C (Fig. 1) and total N (Table 2) pools did
not differ at any soil depth among grass monocultures

and mixtures after 6 years of management. Cumulative
SOC pool for the 100-cm depth was 98.09 ± 8.82 Mg ha−1

and cumulative total N pool was 10.74 ± 0.74 Mg ha−1. Re-
sults did not support our hypothesis that mixtures will im-
prove SOC and other soil properties compared with
monocultures after 6 years. As in experiment I, the soil
under experiment II was highly productive, which may
have reduced treatment effects. Our results are consistent
with two previous studies of warm-season grasses. After
3 years, SOC pools among a switchgrass monoculture, a
4-grass species mixture, and a 10-species mixture of native
grasses were similar in Virginia [6]. Also, after 11 years,
big bluestem, indiangrass, and little bluestem [Schizachyr-
ium scoparium (Michx)] did not increase SOC relative to
C3-grass species in Michigan [41], suggesting that even
after a long period of time, SOC pools among perennial
grasses may not differ.
The soil C:N ratio among grass monocultures and

mixtures did not differ, which suggests that soil organic
matter decomposition rates among the grass treatments
studied were similar. Averaged across grass treatments,
C:N ratio was 8.97 ± 3.41 for the 0- to 100-cm depth.
Nitrogen fertilization often reduces soil C:N ratio in
croplands, but studies on the effect of warm-season
grass monocultures and mixtures on C:N ratio are not
available to compare with our results.
The SOC pool (98.09 ± 8.82 Mg C ha−1) at 0 to

100 cm in this study after 6 years was similar to that
(116.6 ± 59.4 Mg C ha−1) found in a nearby switchgrass
experiment after 9 years [13]. These results appear to
indicate that, after 6 years, grass monocultures and
mixtures stored similar amounts of SOC to that under
switchgrass monocultures after 9 years. Also, after 5 years,
SOC concentration among switchgrass, miscanthus, and

Fig. 1 Soil-profile organic C distribution under perennial warm-season grass monocultures [switchgrass (cv. Shawnee, Kanlow N1), indiangrass (Chief)
and Mxg] and mixtures [(big bluestem (Goldmine) + indiangrass (Warrior) + switchgrass (Shawnee) and big bluestem (Bonanza) + indiangrass (Scout)
+ switchgrass (Shawnee)] on a Tomek silt loam in eastern Nebraska after 6 years of management. No significant differences (ns) were detected on SOC
among grass monocultures and mixtures. Error bars are standard deviation values
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big bluestem monocultures did not differ in a study
in Kansas [11], suggesting that perennial warm-season
grasses regardless of species may have similar poten-
tial in accumulating SOC in this region. Also, grass
monocultures and mixtures did not affect soil bulk
density. Bulk density averaged across grass monocultures
and mixtures was 1.40 ± 0.09 g cm-3 at 0 to 10 cm, 1.61 ±
0.13 g cm-3 at 10 to 20 cm, 1.60 ± 0.07 g cm-3 at 20 to 40
cm, 1.62 ± 0.12 g cm-3 at 40 to 60 cm, 1.61 ± 1.10 g cm-3

at 60 to 80 cm and 1.70 ± 0.07 g cm-3 at 80 to 100 cm.

Conclusions
Four years of inorganic (NPK) fertilization of switchgrass
in a silty loam in eastern Nebraska did not affect root
biomass and soil properties. Similarly, 6-year-old stands
of simple mixtures of big bluestem, indiangrass, and
switchgrass had no significant impact on the SOC pool,
total N, and C:N ratio compared with monocultures.
However, Chief indiangrass had lower root biomass
compared to all other grasses except miscanthus. As
mentioned earlier, aboveground biomass production of
perennial warm-season grasses often reaches full poten-
tial in about 5 years [37]. Thus, our results suggest that
there could be limited or no impacts of inorganic
fertilization and mixtures on root production and soil
properties within the above timeframe and soil type. We
hypothesize that the lack of root biomass and soil prop-
erties’ response to fertilization may be attributed to the
use of a highly productive soil. The lack of differences in
root biomass among the four warm-season grasses (big
bluestem, indiangrass, switchgrass, and miscanthus) sug-
gests that these grasses have similar rooting characteris-
tics except Chief indiangrass. Further study is warranted

to test the longer term effects of fertilization and mix-
tures on root production and soil properties.
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