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Abstract: Incorporating native perennial grasses adjacent to annual row crop systems managed on
marginal lands can increase system resiliency by diversifying food and energy production. This
study evaluated (1) soil organic C (SOC) and total N stocks (TN) under warm-season grass (WSG)
monocultures and a low diversity mixture compared to an adjacent no-till continuous-corn system,
and (2) WSG total above-ground biomass (AGB) in response to two levels of N fertilization from
2012 to 2017 in eastern Nebraska, USA. The WSG treatments consisted of (1) switchgrass (SWG),
(2) big bluestem (BGB), and (3) low-diversity grass mixture (LDM; big bluestem, Indiangrass, and
sideoat grama). Soils were sampled at fixed depth increments (0–120 cm) in the WSG plots and in the
adjacent corn experiment in 2012 and 2017. Soil stocks (Mg ha−1) of SOC and TN were calculated
on an equivalent soil mass (ESM) basis and compared within the three WSG treatments as well as
between experiments (corn compared to the mean of all WSGs). Soil organic C and TN stocks within
soil layers and cumulative stocks responded to the main effect of WSG (PWSG < 0.05) but were no
different when comparing the WSGs to corn (Pexpt = NS). Both SOC/TN stocks and cumulative stocks
were generally greater in the LDM compared to the BGB. Neither SOC nor TN changed over time
under either the WSGs or corn. Warm-season grass AGB responded to a three-way interaction of
year, N rate, and WSG (p = 0.0007). Decreases in AGB over time were significant across WSGs and
N levels except for SWG at 56 kg N ha−1 and LDM at 112 kg N ha−1. Above-ground biomass was
generally greater in the LDM after the first harvest year (2013). Results suggest that incorporating
WSGs into marginal cropland can maintain SOC and TN stocks while providing a significant source
of biomass to be used in energy production or in integrated livestock systems.

Keywords: corn; switchgrass; big bluestem; Indiangrass; bioenergy; soil organic carbon

1. Introduction

Renewable energy from biomass is expected to play a critical role in developing a
low-carbon economy. Native perennial warm-season grasses (WSGs) are being evaluated
as a bioenergy feedstock that can be grown on marginally productive lands [1], especially
those already under agricultural management. Annual row crop production has expanded
onto marginally productive lands in the U.S. Midwest [2], triggering important tradeoffs
such as increased carbon (C) emissions [3,4], decreased biodiversity [5], and wildlife
habitat losses [6]. A potential alternative to growing annual row crops, such as corn
(Zea mays L.), on marginally productive lands is to grow a dedicated WSG bioenergy
feedstock [7]. Transitioning marginally productive lands back from annual row crops
to perennial bioenergy grasses could positively impact soil C stocks [8], decrease GHG
emissions [9], and positively impact native biodiversity on marginally productive lands [5],
all while providing an important feedstock for an emerging bioeconomy.
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There are substantial differences between cropping systems in their ability to sequester
SOC due to (1) management, (2) crop strategies for partitioning C over time, and (3) the
amount and chemical composition of plant residues [10]. How annual vs. perennial plants
partition C is especially important because this determines how much C becomes har-
vestable biomass and how much enters the soil, contributing to SOC. Research comparing
plant root-to-shoot ratios of C suggests that WSGs such as switchgrass (Panicum virgatum L.)
allocate greater C to root biomass than annual row crops (0.33–0.55 for fertilized corn [11,12]
and 1.5–6.1 for switchgrass [13]). Thus, in WSG systems, the primary source of C inputs
are roots [14,15]. Additionally, there may be differences between WSG monocultures and
mixtures in their ability to sequester SOC, where greater diversity can be expected to
enhance SOC storage potential via increased root biomass [16–18]. Ultimately, more studies
are needed that compare WSGs to continuous corn systems and WSG mixtures to WSG
monocultures and continuous corn systems to determine the SOC accrual potential of these
different cropping systems on marginal lands.

It has become increasingly important to monitor SOC stocks under bioenergy produc-
tion systems on marginally productive lands. First, measured SOC data can be used for
model validation. Soil organic C dynamics are often simulated or estimated using process-
based models such as the Systems Approach to Land-Use Sustainability (SALUS) model [19].
Predicted SOC changes, using SALUS, under switchgrass grown on marginal lands in the
U.S. Great Lakes Region would store, on average, 0.87 Mg C ha−1 year−1, albeit with sub-
stantial variation in the rate of SOC accumulation (range: 0.2–1.3 Mg C ha−1 year−1) [20].
Another reason that it is important to monitor SOC stocks under bioenergy production
systems is that the extent to which biogenic C emissions are balanced by changes in SOC
storage can depend on soil and climate, resulting in variable data across a region. For
example, Jin, Schmer, Stewart, Mitchell, Williams, Wienhold, Varvel, Follett, Kimble and
Vogel [9] reported SOC accrual rates of 1.1 Mg C ha−1 year−1 over 16 years in the top 30 cm
of soil under N fertilization in eastern NE. However, Liebig, et al. [21] reported variable
changes in SOC, ranging from −0.6 to 4.3 Mg C ha−1 year−1 for the 0–30 cm depth after
5 years across 10 sites in ND, SD, and NE. More data are needed, especially at field-scale
sites, to account for this variability in SOC changes to both better estimate future changes in
SOC via processed-based models and to design bioenergy feedstock systems that both meet
the demand of bioenergy production while preserving or building our natural resources.

The objectives of this study were to obtain field-scale information on the potential for
incorporating perennial WSG grasses for bioenergy into existing cropping systems (e.g., no-
till continuous corn) on marginal lands in eastern Nebraska. Near-term changes in SOC and
TN stocks under WSG monocultures, a WSG mixture, and continuous corn were assessed in
both surface and subsurface soils on marginally productive land while documenting WSG
yields to be used for biofuel production. Ultimately, this 5-year evaluation will improve
our understanding of the near-term bioenergy potential and SOC sequestration potential
of WSG systems on marginally productive lands and help inform management decisions
related to land use optimization.

2. Materials and Methods
2.1. Experimental Design

This study was established in 2012 at the University of Nebraska—Lincoln (UNL)
Eastern Nebraska Research, Extension, and Education Center (ENREEC) near Ithaca,
NE (41◦09′09′′ N, 96◦27′17′′ W). Long-term mean annual temperature is 10.3 ◦C and
mean annual precipitation is 731 mm, with 447 mm occurring during the growing season
(April–October). Soils at the study site are comprised of 36% eroded Yutan silty clay loam
(fine-silty, mixed, superactive, mesic Mollic Hapludalfs, 2–6% slope), 35% Tomek silt loam
(fine, smectitic, mesic Pachic Argiudolls; 0–2% slope), 28% Filbert silt loam (fine, smectitic,
mesic Vertic Argialbolls; 0–1% slope), and <1% is Scott silt loam [22]. Prior to establishing
this experiment, the site had been under a corn (Zea mays L.)-soybean [Glycine max (L.)
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Merr.] rotation for >20 years. The site was in a no-till crop rotation for five years prior to
experiment establishment.

Cropping system treatments consisted of (1) “Liberty” switchgrass (SWG), (2) “Bo-
nanza” and “Goldmine” blend of big bluestem (Andropogon gerardii Vitman) (BGB), (3) low-
diversity grass mixture (LDM; big bluestem, “Scout” and “Warrior” blend of Indiangrass
[Sorghastrum nutans (L.) Nash], and “Butte” sideoats grama [Bouteloua curtipendula (Michx.)
Torr.]), and (4) no-till continuous corn. The WSG treatments were replicated three times
in a complete randomized block as the whole plot factor. The whole plot factor dimen-
sions were 76 m by 107 m. In the WSG plots, an additional randomized split-plot factor
consisting of two N fertilization rates (56 and 112 kg N ha−1) was 38 m by 107 m. To
facilitate management, the continuous corn treatment was not randomized with WSG
treatments but instead planted adjacent to the perennial grasses. Within the corn plots,
stover management treatments were randomly assigned, where stover was either (1) left
unharvested or (2) harvested at a rate of 50% plus the addition of a triticale cover crop
(×Triticosecale Wittmack).

2.2. WSG Management

The WSGs were seeded using a Truax no-till grass drill (Truax Company, Minneapolis,
MN, USA) in the spring of 2012 on a pure live seed (PLS) basis of 325 PLS m2. Big bluestem
was seeded as a 50:50 blend of “Bonanza” and “Goldmine”. Indiangrass in the LDM was
seeded as a 50:50 blend of “Scout” and “Warrior”. Nitrogen fertilizer was first applied
in spring 2013. Warm-season grass treatments were fertilized annually with either a low
(56 kg N ha−1) or high (112 kg N ha−1) rate, except in 2016, when N fertilizer rates were
reduced to 28 kg N ha−1 and 56 kg N ha−1, respectively, due to a lack of yield response
and to begin evaluating grass response to reduced N application. After a killing frost
(mid-October to mid-November), a small-plot forage flail harvester (Carter Manufacturing,
Indiana) was used to randomly harvest an area (0.9 × 9.1-m) from each WSG plot at a
cutting height of 5 cm to determine aboveground biomass (AGB) production. The remaining
biomass was removed using commercial-scale hay equipment to an average cutting height
of 10 cm above the soil surface. Bales were weighed and removed from the plots.

2.3. Corn Management

Corn management practices represented those commonly used in the region and were
performed with commercial-scale field equipment. Corn was planted in late April in 76-cm
rows at a planting rate of 64,250 seeds ha−1. Corn was fertilized in the spring prior to
planting at a rate of 134 kg N ha−1. Herbicide formulations varied among years, although at
least one application of glyphosate [N-(phosphonomethyl) glycine] occurred. Corn stover
from the continuous corn removal treatment was harvested in the fall of each year using a
self-propelled disk mower and round baler. Triticale was seeded in the corn stover removal
treatment after grain harvest using a no-till grain drill.

2.4. Soil Sampling and C and N Analysis

Soil samples for SOC and TN stocks were taken to a depth of 120 cm in sampling
increments of 0–5, 5–15, 15–30, 30–60, 60–90, and 90–120 cm in 2012 and 2017. Six cores
(3.3 diam.) were taken from each N subplot in the WSG plots and from each subplot in the
corn system using a directed soil sampling approach. Soil apparent electrical conductivity
(ECa) was measured using an electromagnetic (EM) induction survey prior to soil sampling.
The EM survey was conducted using an EM-38 electromagnetic induction sensor (Geonics
Limited, Mississauga, ON, Canada) installed on a non-metallic sled pulled behind an
all-terrain vehicle. A global positioning system (GPS) was used to georeference soil ECa to
a depth of ~75 cm as the survey was conducted. All samples were weighed to determine
bulk density, air-dried, ground to pass a 2-mm screen, and analyzed for total C and N. Soil
organic C was calculated from total C by subtracting inorganic C determined by a pressure
calcimeter when soil pH > 7.4 indicated the potential presence of carbonates [23].
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Due to differences in soil bulk densities by year, soil stocks of SOC and TN were
calculated on an equivalent soil mass (ESM) basis, as described by [24].

2.5. Statistical Analysis

Nitrogen fertilization effects on WSG AGB from 2013 (the first year of fertilizer appli-
cation) to 2016 were assessed using a generalized linear mixed model using a split-plot
ANOVA (PROC GLIMMIX; SAS v9.4). The whole plot factor WSG and subplot factor N
fertilization rate were considered fixed effects; block was a random effect; and year was
a repeated measure. Least squares means were used to assess significant main effects or
treatment interactions, and differences were reported as significant at the 0.05 level. Tukey’s
adjustment was used to adjust multiple comparisons.

Initial statistical analyses included evaluating the effects of N fertilization only in the
WSGs (3 treatments) and the effects of residue management only in corn (2 treatments).
The two levels of N fertilization were split-plot treatments within the WSGs, which were
main plot treatments in a split-plot analysis of variance. Because N fertilization was not
significant as a main or interacting effect in any soil layer, data were pooled across N
levels for each WSG system in all subsequent analyses. Likewise, the effect of two stover
management treatments (no stover harvest and 50% stover harvest + triticale cover crop)
was independently analyzed as a RCBD since each corn plot served as a block since both
treatments were in each plot. The effect of residue management was not significant as a
main effect or interacting effect in any soil layer, so subsequent analyses were conducted
on plot means averaged across the two corn management treatments.

Because the corn stover treatments were not randomized with the WSG treatments,
the WSG and corn studies were considered different experiments. To compare changes in
soil properties under the WSG and corn plots, the combined data was analyzed using an
analysis of variance for combining separate experiments where treatments were nested
in the experiment. The experimental error for testing the experiment effect was based on
replicates only from the WSG experiment, as there were no true replications from the corn
experiment. As both experiments were measured in each year, the year was considered a
stripped factor across all units in both experiments. This analysis resulted in the following
model terms: expt rep(expt) crop(expt) rep×crop(expt) year year×expt year×rep(expt)
year×crop(expt) year×rep×crop(expt). Tests were constructed assuming rep(expt) was
fixed and any interaction with rep was random, and Satterthwaite’s correction was used to
estimate the denominator degrees of freedom for the F-tests. In the ANOVAs, the Expt test
compares the mean of corn to the mean of all WSGs. Because the crop(type) test compares
all WSG treatments (SWG, BGB, and LDM), it will be referred to as WSGs in the ANOVAs.
Likewise, rep(expt) will be referred to as block, while crop×year(expt) will be referred to as
WSG×year. This nested model was fit by soil layer, i.e., 0–5 cm, 5–15 cm, etc. These nested
model ANOVAs were fit using SAS PROC GLIMMIX (SAS v9.4).

3. Results
3.1. Historic Climate and Crop Productivity

Mean monthly temperature highs and lows approximated the 30-year average through-
out the growing season for the duration of this study (2012–2017) (Table 1). However, air
temperatures in May and July 2012 were 10% to 19% higher than the 30-year mean. Monthly
cumulative precipitation varied from the 30-year average throughout the growing season
from 2012 to 2017. May’s monthly cumulative precipitation in 2012 was 15% lower than
the 30-year average. Additionally, monthly cumulative precipitation was considerably
lower than the 30-year average in 2012 and 2013, especially in July and August. July
monthly precipitation 2012–2014 was 92.2, 81.5, and 83.5% lower, respectively, than the
30-year average.
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Table 1. Monthly mean maximum and minimum air temperatures (T) and monthly cumulative
precipitation throughout the corn growing season (May–September) in Eastern Nebraska.

May June July August September

T-Max T-Min T-Max T-Min T-Max T-Min T-Max T-Min T-Max T-Min

Temperature (◦C)
2012 26.3 11.6 29.5 15.5 35.3 19.3 31.5 14.3 27.7 8.19
2013 21.5 8.9 27.0 15.0 29.9 16.4 30.1 17.0 28.1 13.4
2014 23.3 9.3 27.9 15.4 28.7 14.4 28.4 17.2 24.3 10.6
2015 21.0 9.5 27.4 15.6 29.3 17.1 27.6 15.1 27.5 14.4
2016 22.0 8.9 31.2 17.1 29.5 17.9 28.5 16.6 26.6 13.2

6-year avg 22.8 9.6 28.6 15.7 30.5 17.0 29.2 16.0 26.8 12.0
30-year avg 22.8 9.8 28.4 15.5 30.4 17.6 29.4 16.3 25.8 10.9

Precipitation (cm)
2012 9.7 10.8 0.7 2.3 3.0
2013 16.3 11.9 1.6 4.6 9.6
2014 16.5 21.2 1.4 17.7 7.9
2015 19.8 15.1 9.0 19.5 10.2
2016 18.7 10.3 9.5 14.3 7.5

6-year avg 16.2 13.9 4.4 11.7 7.7
30-year avg 11.4 12.0 8.5 7.2 4.8

Monthly average high and low temperatures (1987–2017) were from weather station Mead, NE, 6S (source:
www.climod.unl.edu (accessed on 10 October 2022)).

Warm-season grass above-ground biomass (AGB) responded to a three-way interaction
of year, N rate, and WSG (p = 0.0017, Figure 1). Although not always significant, AGB
declined over time across WSGs and N rates, except for LDM under the high N rate. Under
the low N rate, AGB differed across years in the BGB and LDM systems. For BGB, AGB
was the greatest in 2013 compared to 2014 and 2016. Under LDM, AGB was greater in 2013
compared to 2016. Under the high N rate, AGB differed over time in the SWG and BGB
systems. Under SWG, AGB was greatest in 2013 compared to 2014. Under BGB, AGB was
greatest in 2013 compared to 2015 and 2016. Differences in AGB were significant under the
high N rate in 2014 (SWG < BGB, LDM) and 2016 (SWG, BGB < LDM), and in 2015 (SWG,
BGB < LDM) and 2016 (SWG > BGB, LDM) under the low N rate. Nitrogen fertilization
was inconsistent with WSG AGB. The only WSGs that responded to N fertilization were
SWG in 2014, when AGB was greater under high N, and LDM in 2015 (greatest under low
N) and 2016 (greater under high N).

3.2. Soil Organic Carbon and Total Nitrogen Stocks by Soil Layer and Cumulative Depth

Soil organic C and total N stocks, both by soil layer (0–5, 5–15, 15–30, 30–60, and
60–90 cm) and in cumulative depths (0–15, 0–30, 0–60, and 0–90 cm cumulative soil depths),
were only affected by the main effect of WSG (PWSG < 0.05) (Tables 2–4). Both SOC and
total N stocks were greater under the LDM compared to the BGB in the 15–30, 30–60, and
60–90 cm soil layers. There were no differences in SOC and TN stocks when comparing
SWG to LDM or when comparing corn to all WSGs (Pexpt = NS). Cumulative SOC and
TN stocks were greater under the LDM compared to the BGB in the 0–30, 0–60, and
0–90 cumulative soil layers. Cumulative SOC and TN stocks were no different when
comparing SWG to LDM or corn to all WSGs (Pexpt = NS). Neither cumulative SOC nor TN
stocks changed over time (2012–2017).

www.climod.unl.edu
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Figure 1. Warm-season grass total (WSG) aboveground biomass from 2013 to 2016 under two levels
of N fertilization (56 and 112 kg ha−1 2013–2015; 28 and 56 kg ha−1 2016) in eastern Nebraska USA.
Capital letters denote significant differences due to WSGs within year and N level after Tukey’s
adjustment for multiple comparisons at α = 0.05. Lower case letters denote significant difference
due to year within WSG and N level after Tukey’s adjustment for multiple comparisons at α = 0.05.
Asterisk denotes significant differences due to N level within year and WSG after Tukey’s adjustment
for multiple comparisons at α = 0.05.

Table 2. Year and cropping system main effect on SOC stocks within the soil layer after ESM A correction.

Soil Depth 0–5 cm 5–15 cm 15–30 cm 30–60 cm 60–90 cm

Mg C ha−1

Year 2012 13.3 21.9 29.9 41.1 25.1
2017 13.9 21.4 29.4 41.4 24.1

Crop Switchgrass 13.1 20.9 AB 30.3 AB 40.9 AB 22.5 AB

Big Bluestem 13.3 20.3 B 25.0 B 34.0 B 17.4 B

Low Diversity Mix 14.3 22.1 A 31.4 A 46.9 A 27.0 A

No-Till Corn 13.7 22.2 30.1 41.9 26.9
Source of Variation DF Pr > F

Expt 1 NS NS NS NS NS
Block 2 NS NS NS NS NS

WSGs 2 NS 0.0878 0.0162 0.0359 0.0209
Year 1 NS NS NS NS NS

Expt×Year 1 NS NS NS NS NS
WSG×Year 2 NS NS NS NS NS

Uppercase letters denote significant differences due to main effects after Tukey’s adjustment for multiple
comparisons at α = 0.05. Italicized p-values are marginally significant (0.05 < p < 0.10); ns = not significant.
A ESM—equivalent soil mass corrected based on Ellert and Bettany (1995).
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Table 3. Year and cropping system main effects on TN stocks within the soil layer after ESM A correction.

Soil Depth 0–5 cm 5–15 cm 15–30 cm 30–60 cm 60–90 cm

Mg C ha−1

Year 2012 1.19 1.96 2.65 3.96 2.65
2017 1.19 1.91 2.63 3.91 2.59

Crop Switchgrass 1.15 1.90 AB 2.69 AB 3.88 AB 2.41 AB

Big Bluestem 1.14 1.85 B 2.39 B 3.31 B 2.02B

Low Diversity Mix 1.24 2.02 A 2.79 A 4.44 A 2.81 A

No-Till Corn 1.20 1.96 2.65 3.99 2.83
Source of Variation DF Pr > F

Expt 1 NS NS NS NS NS
Block 2 NS NS NS NS NS

WSGs 2 NS 0.0874 0.0144 0.0190 0.0135
Year 1 NS 0.0913 NS NS NS

Expt×Year 1 NS NS NS NS NS
WSG×Year 2 NS NS NS NS NS

Uppercase letters denote significant differences due to main effects after Tukey’s adjustment for multiple
comparisons at α = 0.05. Italicized p-values are marginally significant (0.05 < p < 0.10); ns = not significant.
A ESM—equivalent soil mass corrected based on Ellert and Bettany (1995).

Table 4. Year and cropping system main effects on cumulative SOC and TN stocks within the soil
layer after ESM A correction.

Soil Depth 0–15 cm 0–30 cm 0–60 cm 0–90 cm 0–15 cm 0–30 cm 0–60 cm 0–90 cm

Soil Organic Carbon, Mg C ha−1 Total Nitrogen, Mg N ha−1

Year 2012 35.2 65.1 106 131 3.149 5.80 9.76 12.4
2017 35.3 64.8 106 130 3.106 5.73 9.64 12.2

Crop Switchgrass 34.0 64.3 AB 105 AB 128 AB 3.05 5.74 AB 9.61 AB 12.0 AB

Big Bluestem 33.6 59.6 B 93.6 B 111 B 2.98 5.37 B 8.68 B 10.7 B

Low Diversity Mix 36.4 67.8 A 115 A 142 A 3.25 6.04 A 10.5 A 13.3 A

No-Till Corn 35.8 65.9 108 135 3.16 5.82 9.81 12.6

Source of Variation DF Pr > F Pr > F

Expt 1 NS NS NS NS NS NS NS NS
Block 2 NS NS NS NS NS NS NS NS

WSGs 2 0.0989 0.0364 0.0183 0.0150 0.0991 0.0332 0.0078 0.0063
Year 1 NS NS NS NS NS NS NS NS

Expt×Year 1 NS NS NS NS NS NS NS NS
WSG×Year 2 NS NS NS NS NS NS NS NS

Uppercase letters denote significant differences due to main effects after Tukey’s adjustment for multiple
comparisons at α = 0.05. Italicized p-values are marginally significant (0.05 < p < 0.10); ns = not significant.
A ESM—equivalent soil mass corrected based on Ellert and Bettany (1995).

4. Discussion

All WSGs were high-yielding but declined after the establishment year in this 5-year
evaluation of perennial grass systems in eastern Nebraska. The LDM was generally the
highest-yielding WSG, but the effect of N on WSG productivity overall was inconsistent
over time. Limited treatment effects on WSG AGB were reflected in SOC and TN stocks
(which were similar in no-till continuous corn soils), with few differences among the
WSGs (greater under LDM compared to BGB but no differences compared to SWG) and
no changes in SOC and TN over time. These results suggest that (1) while there may be
some benefits to low diversity mixtures, a longer time frame may be needed to observe
their effects on SOC and TN, and (2) no-till continuous corn and perennial WSGs may
have similar near-term effects on SOC and TN. Biomass and soil responses are discussed in
greater detail below.

4.1. Warm-Season Grass Aboveground Biomass

The low-diversity WSG mixture produced higher yields than the monocultures, con-
trasting with other studies that reported no yield differences [25] or lower yields under
mixtures [26]. For example, Wang, Lebauer and Dietze [26] reported that switchgrass yields
grown in monoculture (10.9 Mg ha−1, n = 324) were greater than both switchgrass yields
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grown in mixtures (4.4 Mg ha−1, n = 85) and the total yield of all grass species in mix-
tures (6.9 Mg ha−1, n = 90). Wang, Lebauer and Dietze [26] also reported that switchgrass
yields in monocultures, but not in mixtures, were significantly positively influenced by
water availability. These results suggest that factors other than water availability, such
as competition, could be limiting switchgrass yield in mixtures. In this study, monthly
cumulative precipitation was considerably lower than the 30-year average in 2012 (the
year of establishment) and 2013, especially in July and August. After 2013, WSG yields
were generally greater in the LDM. Diversifying cropping systems can increase resiliency
via enhanced ecosystem services [27,28], and specifically, increase resiliency to drought
events [29], supported by the greater AGB under LDM during variable moisture conditions.

In this study, there was an inconsistent effect of N fertilization on WSG aboveground
biomass. In a multi-year study across the US, Hong, et al. [30] reported that switchgrass at
sites with low initial soil N responded positively to N fertilization but did not respond to
fertilization at locations with high initial soil N. Total N in this study did not change over
time and was generally highest under the LDM, which also showed the highest biomass
yields. Ultimately, the variable effects of N fertilization on above-ground biomass and the
lack of response of SOC and TN stocks to N fertilization highlight how site-specific factors
such as regional climate or initial N levels can impact how N fertilization affects WSGs.

4.2. Soil C Stocks under WSGs and Corn

No changes in cumulative SOC stocks were observed over time in this near-term
(4 year) study under switchgrass—or any WSG or corn—in any cumulative soil layer (0–15,
0–30, 0–60, and 0–90 cm). These results differ from other studies reporting near-term SOC
accrual under switchgrass [8,21] but align with results from studies reporting no near-term
SOC accrual under WSG mixtures compared to WSG monocultures [31,32]. These results
also support results from studies reporting few to no differences in SOC and TN stocks
or accrual under WSGs compared to corn [8,33]. No changes in SOC or TN stocks due
to N fertilization were observed in this study. These results differ from studies reporting
changes in SOC or TN stocks under WSGs due to N fertilization [34].

Soil organic C accrual under switchgrass managed for bioenergy production has been
reported in both near-term (≤5 years) and longer-term (≥9 years) studies, as well as above
and below 30 cm of soil. For example, Liebig, Schmer, Vogel and Mitchell [21] reported
SOC accrual rates of 1.1 and 2.9 Mg C ha−1 yr−1 in the 0–30 cm and 0–120 cm soil layers, re-
spectively, under switchgrass managed for bioenergy after 5 years in a multi-location study
that included four sites in NE. Follett, Vogel, Varvel, Mitchell and Kimble [8] reported SOC
accrual rates that exceeded 2 Mg C ha−1 yr−1 after 9 years for a 0–150 cm soil depth under
switchgrass in a study conducted in eastern NE. Soil organic C accrual under perennial
WSGs such as switchgrass is expected because switchgrass C allocation to belowground
biomass can be 4–7 times greater than that of annual crops [10], increasing SOC stocks even
when a considerable portion of its aboveground biomass is harvested [35–38]. However,
SOC accrual depends on both plant-driven C inputs as well as organic C decomposition
rates [39], both of which are controlled by site-specific factors such as climate and soil
texture [40,41], land-use history [42], and initial SOC content [43]. For example, while
Slessarev, et al. [44] argue that initial SOC dependent accrual could be (1) an example of
regression to the mean and (2) a statistical artifact, others in meta-analyses [45–47] have
concluded that initial SOC content influenced SOC accrual in response to changes in agri-
cultural management. In this study, mean initial SOC (2012) across treatments (WSGs and
corn) was 64.4, 105.6, and 129.3 Mg C ha−1 for the 0–30, 0–60, and 0–90 cm cumulative soil
depths, respectively. Compared to Follett, Vogel, Varvel, Mitchell and Kimble [8], this study
contained 130% more initial SOC in the 0–30 soil layer. Compared to the two southeastern
NE sites—Douglas and Lawrence, NE—in Liebig, Schmer, Vogel and Mitchell [21], this
study contained 107, 118, and 123% as well as 210, 255, and 264% more SOC in the 0–30,
0–60, and 0–90 cm cumulative soil depths, respectively. Given that SOC accrual under
perennial WSGs can be driven by various site-specific factors such as initial SOC content in
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addition to plant-driven C inputs, soils within the same region may not respond uniformly
to perennial conversion, requiring a longer time frame to assess SOC accrual under WSGs.

The depth distribution of SOC accrual under WSGs highlights the importance of
characterizing SOC dynamics in both near-surface and sub-surface soils. Soil organic C
accrual in near-surface soils (0–30 cm) can increase soil aggregation, thereby reducing
erosion potential [48]. These improved near-surface soil properties are especially important
in systems in which soils under WSGs will be transitioned to annual cropping [49]. Soil
organic C accrual deeper in the soil profile [50–52] can stabilize ecosystem-level C storage
since over half of all SOC accrual may occur in deep soil depths [8,53] in soils under
perennial WSGs. In this study, approximately half of the SOC observed across treatments
occurred below 30 cm, supporting the need to monitor SOC dynamics in soils under
perennial WSGs at deeper depths.

Fertilizing WSGs with N can be expected to drive SOC accrual via changes in total
biomass inputs as well as biomass allocation between shoots and roots. For example,
Garten, et al. [54] reported decreased root:shoot ratios in switchgrass after 5 years of
202 kg N ha−1. The effect of N on root:shoot ratios can depend on WSG species. Heggen-
staller, et al. [55] reported that 140 kg N ha−1 maximized root biomass and favored nutrient
allocation to roots over shoots in big bluestem and switchgrass but not in Indiangrass and
gamagrass. While others have reported differences in SOC stocks under WSGs due to N
fertilization in this region [34], N fertilization had no effect on SOC stocks in this study at
the end of the first four years of management. Expectations that potential gains in SOC will
offset N fertilization from a greenhouse gas mitigation perspective may not be met in the
near term due to the absence of SOC changes as well as increased nitrous oxide emissions
under higher nitrogen fertilization rates [38]. Longer time periods may be necessary before
any measurable GHG mitigation potential can be realized in WSG systems on marginally
productive croplands.

4.3. Soil C and Total N Stocks under All Warm Season Grasses

The results in this study support those from other studies that report no differences
in the rate of SOC accrual under WSG monocultures compared to WSG mixtures [31,32].
Kibet, Blanco-Canqui, Mitchell and Schacht [32] compared four WSG monocultures to
two different mixtures consisting of three WSGs in eastern Nebraska. They reported no
differences in SOC and total N pools at any soil depth among grass monocultures and
mixtures after 6 years of management. Bonin, Lal and Tracy [31] compared switchgrass
monocultures to 4- and 10-species mixtures of native grasses in Virginia and reported no
differences in total soil C due to species composition of grass mixtures after 4 years of man-
agement. While no differences in SOC accrual were observed in this study, SOC and TN
stocks were greater under LDM compared to BGB in the 0–30, 0–60, and 0–90 cumulative
soil layers, which could be due to enhanced root distribution in the LDM [16]. Enhanced
root growth under plant mixtures has been observed in pot experiments with grassland
species [17,18]. For example, Mommer, Van Ruijven, De Caluwe, Smit-Tiekstra, Wagemaker,
Joop Ouborg, Bögemann, Van Der Weerden, Berendse and De Kroon [17] reported 40%
greater root biomass in mixtures of two grasses and two forbs compared to their mono-
cultures using DNA to quantify species abundances in multispecies root samples. Given
that plant roots under WSGs are a primary source of SOC [15], potential enhanced root
distribution in the LDM could explain the differences in SOC stocks compared to BGB.
Potential changes in soil microbial dynamics could also explain the greater SOC and TN
stocks under LDM compared to BGB. Increasing plant diversity can increase microbial
necromass contributions to SOC [56,57] and SOC stabilization [58]. Ultimately, these initial
differences in SOC stocks when comparing LDM to BGB may result in different future
accrual rates, which would require a longer timeframe to investigate.
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5. Conclusions

Soil organic C and TN stocks were comparable under WSGs and no-till continuous
corn in eastern NE in this five-year study. When comparing C and N within the WSG
treatments, the LDM generally had greater SOC and TN stocks compared to BGB, but there
were no other differences when comparing LDM to SWG or all WSGs to corn. No SOC
accrual under switchgrass—or any other WSG or corn—was observed in this time frame.
While all WSGs were generally high-yielding, AGB declined after the first harvest year.
Although not always significant, the LDM was generally the highest-yielding WSG. The
effect of N on WSG aboveground biomass in this study was inconsistent. In relation to other
studies, these results suggest that soils within the same region may not respond uniformly
to perennial conversion. These results also suggest that (1) WSG mixtures, compared to
WSG monocultures, may not improve near-term soil C and N conditions, and (2) no-till
continuous corn and perennial WSGs may have similar near-term effects on SOC and TN,
highlighting the importance of requiring a longer time frame and deeper soil samples to
assess SOC accrual under WSGs and when comparing WSGs to corn. Research conducted
at the field scale provides important information on sustainability indicators that is more
relevant than that from smaller plot-scale studies. Further investigation is required, beyond
the near-term effects (5-year), to adequately quantify production, economics, SOC change,
and other ecosystem services to fully quantify the potential benefits of incorporating
perennial feedstocks into current crop production systems.
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