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1 | INTRODUCTION

Brett L. Allen’ |  Andrew W. Lenssen”

Abstract

Perennial crops may sequester greater soil carbon (C) and nitrogen (N) than annual
crops due to higher root biomass production, but the potential of long-term cultivation
of perennial bioenergy crops receiving various N fertilization rates in sequestering
C and N needs further exploration. Soil samples (0—120 cm) collected from 2009 to
2019 under perennial bioenergy crops receiving various N fertilization rates and an
annual crop were analyzed for soil total C (STC) and N (STN) in the US northern
Great Plains. Perennial bioenergy crops were intermediate wheatgrass (IW, Thinopy-
rum intermedium [Host] Barkworth and Dewey), smooth bromegrass (SB, Bromus
inermis L.), and switchgrass (SG, Panicum virgatum L.); N fertilization rates were 0,
28,56, and 84 kg N ha~!, and annual crop was spring wheat (WH, Triticum aestivum,
L.). The STC increased, but STN decreased by soil depth, regardless of treatments
and years. At 0—120 cm, IW sequestered C at 10.6 Mg C ha~! year™! compared with
5.4-6.8 Mg C ha~! year™! for SB and SG from 2009 to 2019. Nitrogen fertilization
rate had limited effect on STC and STN. At 0-30 cm, STC was 2.0-5.4 Mg C ha™!
greater and STN 0.10-0.24 Mg N ha~! greater with perennial bioenergy crops than
WH. Long-term cultivation of IW can sequester more C in the soil to a greater depth
than SB and SG and perennial bioenergy crops can sequester more C and N at the
surface layer than an annual crop in the semiarid region of the US northern Great

Plains.

tering atmospheric CO, into the soil because CO, is one of
the most prominent GHGs (Cole et al., 1997; Smith et al.,

Agricultural practices emit significant amounts of greenhouse
gases (GHG) that contribute to global warming (Cole et al.,
1997; Smith et al., 2007). Improved agricultural management
strategies are needed to reduce GHG emissions by seques-

Abbreviations: GHG, greenhouse gas; IW, intermediate wheatgrass; SB,
smooth bromegrass; SG, switchgrass; SIC, soil inorganic carbon; SOC, soil
organic carbon; STC, soil total carbon; STN, soil total nitrogen; WH, spring
wheat.

2007). One of these strategies is to plant perennial bioenergy
crops because they produce more root biomass to a greater
soil depth that serves as carbon (C) input to the soil than
annual crops (Blanco-Canqui, 2010; Bronson et al., 2004;
Post & Kwon, 2000). This, followed by relatively undisturbed
soil condition that reduce C and nitrogen (N) mineraliza-
tion, year-round nutrient cycling, greater adaptability, and
higher drought tolerance favor greater C and N sequestra-
tion in the whole soil profile under perennial bioenergy crops

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original

work is properly cited.

Published 2023. This article is a U.S. Government work and is in the public domain in the USA. Agronomy Journal published by Wiley Periodicals LLC on behalf of American

Society of Agronomy.

2216 wileyonlinelibrary.com/journal/agj2

Agronomy Journal. 2023;115:2216-2226.


https://orcid.org/0000-0001-6943-733X
https://orcid.org/0000-0001-5107-1931
https://orcid.org/0000-0001-7468-671X
mailto:upendra.sainju@usda.gov
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/agj2

SAINJU ET AL.

(Blanco-Canqui, 2010; Bronson et al., 2004; Post & Kwon,
2000). The increased environmental and economic benefits
of growing perennial bioenergy crops, such as reduced GHG
emissions compared to fossil fuels, less input requirements,
increased adaptability on marginal lands, greater biomass pro-
duction, and higher net income (e.g., C credit) than annual
crops, make the production of bioenergy crops more attractive
to producers and industrialists (Lemus & Lal, 2005; Pacala &
Solocolow, 2004).

Perennial bioenergy crops vary in their potentials to
sequester C and N in the soil (Anderson-Teixeiera et al.,
2009; Blanco-Canqui & Lal, 2009). Omonode and Vyn (2006)
reported that soil organic C (SOC) and soil total N (STN)
to a depth of 1 m were greater under switchgrass (SG)
than a mixture of Indiana grass (Sorghastrum nutans L.),
big bluestem (Andropogan gerardi L.), and little bluestem
(Andropogan scoparius L.) in Indiana. In contrast, Johnson
and Barbour (2016) found that SOC at 0-5 cm was greater
under big blue stem than SG in Minnesota. Both SOC and
STN depend on the performance of perennial bioenergy crops,
age, soil and climatic conditions, topography, harvest fre-
quency, cutting height, and management type (Johnson &
Barbour, 2016; Ma et al.,, 2000; Sanderson et al., 1996).
Several researchers (Anderson-Teixeiera et al., 2009; Blanco-
Canqui & Lal, 2009) observed that warm-season grasses,
such as SG, can sequester C at 0.3-0.5 Mg C ha~! year~! to
a depth of 30 cm. Omonode and Vyn (2006) demonstrated
that C and N sequestration rates at 0-60 cm for warm-
season grasses were 2.1 Mg C ha~! year~! and 0.14 Mg N
ha~! year™!, respectively, after 6-8 years in Indiana. The SG
sequestered C at 1.2 Mg C ha™! year™! to a depth of 15 cm
after 10 years in Iowa (Al-Kaisi et al., 2005) and at 3.5 Mg
C ha™! year™! to a depth of 60 cm after 4 years in east-
ern Canada (Zan et al., 2001). In Alabama, Ma et al. (2000)
found that SG did not increase SOC after 2—3 years, but did so
by 28%—45% at 0-30 cm compared to fallow after 10 years.
Knaps and Tillman (2000) stated that warm-season grasses
can increase SOC, but not STN compared with cool-season
grasses.

The effect of N fertilization rate for perennial bioen-
ergy crops on SOC and STN can also be variable. Several
researchers (Ma et al., 2000; Reeder et al., 1998) reported
that N fertilization rate for perennial bioenergy crops had no
effect on SOC and STN. However, Rice (2000), in Kansas,
found that N fertilization to cool-season grasses increased
C sequestration rate at 0-30 cm by 1.6 Mg C ha™! year™!
compared with no N fertilization after 5 years. Similarly, Bre-
mer et al. (2007) showed that N fertilization to perennial
grasses increased C sequestration rate at 0—5 cm by 0.5 Mg C
ha~! year~! compared with no N fertilization after 612 years
in Alberta, Canada. Lee et al. (2007) observed that N fertiliza-
tion to SG sequestered C at 2.4 Mg C ha~! year™! at 0-90 cm
compared to no N fertilization after 4 years in South Dakota.
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Core Ideas

* Intermediate wheatgrass had greater soil total car-
bon (C) at 15-30 cm and 0-120 cm than smooth
bromegrass and switchgrass.

* Soil total nitrogen (N) at 15-30 cm varied by
perennial bioenergy crop and year.

* N fertilization rate had no effect on soil total C and
N.

* Soil total C and N at 0-120 cm were greater under
perennial than annual crops.

* Intermediate wheatgrass can sequester more C than
smooth bromegrass and switchgrass.

Soil C and N stocks are usually greater under perennial
crops due to higher root biomass production and distribu-
tion than annual crops (Gebhart et al., 1994; Ma et al., 2000;
Omonode & Vyn, 2006). Liebig et al. (2005) reported that
SOC at 30-60 and 60-90 cm was 4.3-7.7 Mg C ha™! greater
under SG than croplands due to reduced C mineralization in
the US northern Great Plains. Lal et al. (1998) found that SOC
at 0-15 cm was 17% greater under smooth bromegrass (SB)
than corn (Zea mays L.)-soybean (Glycine max L.) rotation
after 5 years in the US Midwest. Zan et al. (2001) demon-
strated that SOC was not different between SG and corn after
3 years, but was 45% greater under SG than corn at 0-15 cm
and 28% greater at 15-30 cm after 10 years in eastern Canada.
Dheri et al. (2022) showed that SG increased SOC at 0-20 cm
by 7.94 Mg C ha~! compared to a loss of 8.25 Mg C ha™!
under annual crops after 10 years in Ohio. In contrast, Chater-
jee et al. (2018) did not observe significant difference in SOC
between SG and winter wheat after 6 years in eastern North
Dakota. Perennial grasses also increased STN compared with
corn-soybean rotation (Al-Kaisi et al., 2005; Omonode &
Vyn, 2006; Potter et al., 1999).

We chose soil total C (STC) instead of SOC to measure C
sequestration rates under perennial bioenergy crops in dryland
farming in the semiarid climatic condition of the US northern
Great Plains because STC was equally sensitive to manage-
ment practices, associated with more soil properties, and
related better with crop yields than SOC (Sainju et al., 2021).
As dryland soils contain significant amount of soil inorganic
C (SIC) mainly in subsoil layers where the potential for C
sequestration is greater, using STC to measure C sequestration
rate is more meaningful than using SOC, especially in dryland
cropping systems in arid and semiarid regions (FAO, 2004;
UNEP, 1991). Another reason for using STC instead of SOC
is that C sequestration due to management practices occurs
both in SOC and SIC and measurement of STC is rapid and as
reliable as measurement of SOC in arid and semiarid regions
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(FAO, 2004; UNEP, 1991). The simplicity and rapidity of
measuring STC compared with SOC, which needs measure-
ments of both STC and SIC, also makes STC an inexpensive
and palatable measurement of C stocks and C sequestration
rates in dryland cropping systems (Sainju et al., 2021).

There is a need for long-term studies on the effectiveness
of perennial bioenergy crops receiving various N fertiliza-
tion rates on soil C and N sequestration to a greater depth
because most studies are focused on the comparison between
perennial and annual crops on these parameters at surface
soil layers. Our study examined three perennial bioenergy
crops and four N fertilization rates on soil bulk density (BD),
STC, and STN at 0-120 cm and compared them with an
annual crop from 2009 to 2019 in the US northern Great
Plains. We hypothesized that (1) intermediate wheatgrass
IW) with 75 kg N ha~! would enhance STC and STN
compared to SB and SG with 0-75 kg N ha~! and (2) peren-
nial bioenergy crops would have greater STC and STN than
an annual crop from 2009 to 2019. Our objectives were to
evaluate (1) if perennial bioenergy crops and N fertiliza-
tion rates affect BD, STC, and STN at 0—-120 cm from 2009
to 2019, (2) how these parameters vary between perennial
bioenergy crops and an annual crop, and (3) which perennial
bioenergy crops and N fertilization rates enhance STC and
STN.

2 | MATERIALS AND METHODS

2.1 | Experimentation

The study was conducted from 2009 to 2019 in a dryland
farm at Froid, MT. The soil at the site was a Williams
loam (fine-loamy, mixed, superactive, frigid, Typic Argius-
toll) characterized by 660 g kg~! sand, 180 g kg~ silt, 160 g
kg~! clay, 10.1 g kg~' SOC, 7.2 pH, and 1.27 Mg m~3 BD
at the 0-15 cm depth. The mean (30-year average) monthly
air temperature at the site is 12°C and average annual precip-
itation is 341 mm, 80% of which occurs during the perennial
bioenergy crop growing season (April to October). The site
was cropped with no-till continuous spring wheat for 5 years
before the experiment was initiated.

Treatments were three perennial bioenergy crops (IW
{Thinopyrum intermedium [Host] Barkworth and Dewey,
IW}), smooth bromegrass (Bromus inermis L., SB), and SG
(Panicum virgatum L., SG), each receiving four N fertilization
rates (0, 28, 56, and 84 kg N ha~!). The IW and SB were cool-
season grasses and SG was a warm-season grass, which were
adaptable to and grow vigorously in the semiarid condition of
the US northern Great Plains (Frank et al., 2004; Sainju et al.,
2017). While 84 kg N ha~! is the recommended N fertilization
rate for perennial grasses in the region, we wanted to examine
how perennial grasses affect STC and STN under reduced N

fertilization rates. The annual crop was spring wheat (Triticum
aestivum L., WH). In late April 2009, IW and SG were seeded
at 17 kg ha™! each, SB at 22 kg ha~!, and WH at 71 kg ha™!
with a no-till drill at 20 cm spacing. Perennial bioenergy crops
were planted only once in 2009, but WH was planted in late
April every year. At planting, a one-time application of phos-
phorus (P) as monoammonium phosphate (11% N, 23% P) at
64 kg P ha~! was broadcast which also supplied N at 31 kg
N ha~! to perennial bioenergy crops based on soil testing. No
potassium (K) fertilizer was applied because the soil was rich
in K concentration. Perennial bioenergy crops received broad-
cast N fertilizer at designated rates from urea (46% N) in late
April every year. At the same time, WH received N, P, and
K fertilizers at 80 kg N ha™!, 11 kg P ha~!, and 27 kg ha™!
from urea, monoammonium phosphate, and muriate of potash
(54% K), respectively, as banded application 5 cm below and
5 cm to the side of seed every year. No irrigation was applied.
No herbicides or pesticides were applied to perennial bioen-
ergy crops due to lower infestation, but WH received them
as needed. From July to October in each year, aboveground
biomass of perennial bioenergy crops was harvested at 5 cm
above the ground one to two times per year depending on
the growth of aboveground biomass from two 0.5 m? areas
by hand randomly within the plots and composited. Biomass
yield was determined on an oven-dried basis after drying a
subsample at 65°C for 3 days. Total biomass yield in a year
was determined by adding yields from individual cuttings. For
WH, grain yield was determined by harvesting grains with a
plot combine on an oven-dried basis after drying a subsam-
ple at 65 °C for 7 days from late July to early August each
year. After harvesting grains, biomass residue was returned to
the soil. The experimental design was a split plot with peren-
nial bioenergy crop as the main-plot and N fertilizer rate as
the split-plot treatment arranged in randomized block. Each
treatment had four replications. The size of the main plot was
12.2 m x 30.5 m and split plot was 3.1 m X 30.5 m. Because
of the lack of N fertilization rates to an annual crop, data for
WH were analyzed separately by comparing with perennial
bioenergy crops receiving 84 kg N ha~! in a randomized block
design.

2.2 | Soil sample collection and analysis

Soil samples were collected from the 0- to 120-cm depth
using a truck-mounted hydraulic probe (3.5 cm inside diam-
eter) before planting in April 2009 and after crop harvest in
October 2013 and 2019. Samples were collected from four
random places within a plot, two between plant rows and two
in the rows, separated into 0-15, 15-30, 30-60, 60-90, and
90-120 cm depth intervals, and composited within a depth.
Samples were air-dried, ground, and sieved to 2 mm. At the
same time, an undisturbed soil core (0—120 cm) was collected
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from the middle of the split plot using the hydraulic probe
to determine BD. The core was separated into 015, 15-30,
30-60, 60-90, and 90-120 cm depth intervals as above and
BD was determined by dividing the weight of the oven-dried
core at 105°C for 24 h by the volume of the core. Because it
was difficult to get intact undisturbed soil core and soils fell
apart out of core during sampling, it was decided to obtain one
mostly undisturbed soil core from each split plot or four per
main plot to measure BD.

The STC and STN concentrations (g C or N kg™!) in soil
samples at each depth interval were determined by using a C
and N analyzer (Elementar Americas Inc.) after further grind-
ing the soil samples to 0.5 mm. The STC and STN stocks
(Mg C or N ha~!) at each depth interval were determined
by multiplying STC and STN concentrations by BD and the
thickness of the soil layer. The STC and STN stocks at 0—
120 cm were calculated by adding stocks from individual
depth layers. Because STC related similar to or better than
SOC with most soil properties and crop yields (Sainju et al.,
2021), we used STC instead of SOC to observe changes in C
and N stocks under perennial grasses in the semiarid region.
Measurement of STC also saves time and cost of analysis
because it requires only one-step of determination compared
to SOC which requires two-step processes of measuring STC
and SIC (Sainju et al., 2021).

2.3 | Statistical analysis of data

The analysis of repeated measures in the MIXED procedure
of SAS (Littell et al., 2006) was used to analyze data for BD
and STC and STN stocks at a soil depth after testing for nor-
mal distribution of residuals. Perennial bioenergy crop was
considered as the main plot and N fertilization rate as the
split-plot treatment for data analysis. Fixed effects were peren-
nial bioenergy crop, N fertilization rate, and their interaction;
repeated measure variable was year; and random effects were
replication and replication X perennial bioenergy crop. Data
for WH with 80 kg N ha~! and perennial bioenergy crops with
84 kg N ha~! were analyzed separately as above to compare
the parameters between annual and perennial crops. It was
assumed that N fertilization rate of 80 kg N ha~! applied to
WH and of 84 kg N ha™! applied to perennial bioenergy crops
will have similar effects on measured parameters. Fixed effect
was perennial bioenergy crop, repeated measure variable was
year, and random effect was replication. Means were sepa-
rated by using the least square means test when treatments and
their interactions were significant (Littell et al., 2006). Linear
regression analysis was used to determine C and N sequestra-
tion rates from the slopes of regression lines of STC and STN
stocks, respectively, versus year. Statistical significance was
evaluated at P < 0.05 after adjusting for the threshold values,
unless otherwise stated.
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FIGURE 1 Relationships between (a) soil bulk density (BD), (b)

soil total carbon (STC), and (c) soil total nitrogen (STN) at 0-15,
15-30, 30-60, 60-90, 90-120, and 0-120 cm depths and year averaged
across treatments. Years 0, 4, and 10 represent 2009, 2013, and 2019
respectively.

3 | RESULTS AND DISCUSSION

3.1 | Soil bulk density

The BD was affected by year at all soil depths, with significant
interactions for perennial bioenergy crop X N fertilization rate
and perennial bioenergy crop X N fertilization rate X year at
0-15 cm (Table 1). The BD at 0—-15 cm did not change with
treatments in 2009 and 2013 (Table 2). In 2019, BD at 0-
15 cm was 7-13% significantly greater for SB with 56 kg N
ha~! than other treatments, except for IW and SG with 0 kg
N ha ! Averaged across treatments, BD tended to increase
with year at all depths, except at 30—60 cm where it tended to
decrease (Figure 1a). When perennial bioenergy crops and an
annual crop (WH) were compared, BD was affected by year at
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TABLE 1 Analysis of variance for soil bulk density (BD), soil total carbon (STC), and soil total nitrogen (STN) at 0-15, 15-30, 30-60, 60-90,

90-120, and 0-120 cm depths, with sources of variance for perennial bioenergy crop (P), nitrogen fertilization rate (N), and year (Y).

Source
BD*

P

N
PXxN

PxY
NxY
PXNXY
STC

PXxXN

PxY
NxY
PXNXY
STN

P

N

PxN

Y

PxY
NxY
PXNXY

2BD at 0-120 cm is not available because it cannot be added to individual depth layers.

Soil depth (cm)
0-15 15-30 30-60 60-90 90-120 0-120
p-Values

0.341 0.964 0.591 0.371 0.423 -
0.144 0.852 0.951 0.448 0.667 -
0.045 0.566 0.912 0.554 0.213 -

<0.001 <0.001 <0.001 <0.001 <0.001 -
0.182 0.947 0.662 0.055 0.376 -
0.100 0.952 0.994 0.503 0.716 -
0.016 0.639 0.978 0.624 0.171 -
0.791 0.084 0.849 0.693 0.443 0.826
0.137 0.326 0.937 0.614 0.671 0.898
0.304 0.084 0.967 0.944 0.820 0.941

<0.001 <0.001 0.318 <0.001 <0.001 <0.001
0.429 <0.001 0.194 0.344 0.098 0.012
0.517 0.616 0.624 0.254 0.355 0.667
0.634 0.554 0.896 0.964 0.722 0.965
0.765 0.239 0.608 0.421 0.828 0.482
0.187 0.521 0.378 0.593 0.539 0.369
0.649 0.318 0.466 0.850 0.639 0.437

<0.001 <0.001 <0.001 <0.001 0.166 0.044
0.242 0.022 0.432 0.133 0.881 0.168
0.784 0.541 0.647 0.475 0.816 0.508
0.140 0.639 0.892 0.293 0.368 0.491

TABLE 2 Interaction between perennial bioenergy crop, nitrogen (N) fertilization rate, and year on soil bulk density (BD) at the 0—15 cm depth.

Perennial bioenergy crop”
w

SB

SG

N fertilization rate (kg N ha—!)

0
28
56
84
0

28
56
84
0

28
56
84

BD at 0-15 cm in various years (Mg m—>)

2009
1.29
1.29
1.29
1.29
1.29
1.29
1.29
1.29
1.29
1.29
1.29
1.29

2Perennial bioenergy crops are IW, intermediate wheatgrass, SB, smooth bromegrass, and SG, switchgrass.

"Numbers followed by different letters within a column are significantly different at p < 0.05 by the least square means test.

2013
1.29
1.29
1.30
1.30
1.30
1.31
1.32
1.29
1.31
1.30
1.32
1.30

2019
1.39ab"
1.30cd
1.32c
1.26¢
1.34bc
1.34bc
1.44a
1.31cd
1.38ab
1.28c
1.25d
1.34bc
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TABLE 3 Analysis of variance for the comparison between perennial bioenergy crops and an annual crop for soil bulk density (BD), soil total

carbon (STC), and soil total nitrogen (STN) at 0-15, 15-30, 30-60, 60-90, 90-120, and 0—120 cm depths, with sources of variance for crop (C) and
year (Y).

Soil depth (cm)
Source 0-15 15-30 30-60 60-90 90-120 0-120
BD* p-Values
C 0.199 0.196 0.462 0.066 0.762 -
Y 0.184 <0.001 <0.001 0.139 0.036 -
CxY 0.170 0.167 0.526 0.036 0.878 -
STC
C 0.046 0.001 0.844 0.989 0.011 0.199
Y <0.001 <0.001 0.998 <0.001 0.001 <0.001
CxY 0.385 0.005 0.928 0.308 0.925 0.258
STN
C 0.343 0.041 0.485 0.976 0.716 0.601
Y <0.001 <0.001 <0.001 0.401 0.229 0.171
CxY 0.597 0.211 0.902 0.798 0.802 0.815

Note: Comparison was made between perennial bioenergy crops receiving N fertilization rate at 84 kg N ha™

rate at 80 kg N ha~!.

2BD at 0-120 cm is not available because it cannot be added to individual depth layers.

15-30, 30-60, and 90-120 cm, with a significant interaction
for crop X year at 60-90 cm (Table 3). The BD at 60-90 cm
tended to increase with year for SG and WH, but tended to
decrease for IW and WH (Figure 2a). As a result, BD at 60—
90 cm was 7%—-8% greater for SG and WH than IW and SB
in 2019 (year 10). Averaged across years, BD increased with
soil depth for all crops (Table 4).

The nonsignificant difference in BD at 0-15 cm among
treatments in 2009 and 2013, but the significant difference in
2019 (Table 2) indicate that BD was most likely affected by
root growth and root turnover of perennial bioenergy crops.
Initial establishment of perennial bioenergy crops had little
impact on BD probably due to limited soil sampling of one
core per split plot. The similar values of BD at 0-15 cm
among treatments in 2009 was the average values of all plots
at the beginning of the experiment. However, continuous root
growth and turnover of root biomass from perennial bioen-
ergy crops to soil organic matter for a longer period and soil
compaction may have significantly affected BD in 2019. The
greater BD at 0—15 cm for SB with 56 kg N ha~! than other
treatments in 2019 was likely due to reduced root growth from
poor performance of SB and increased soil compaction after
three years because SB almost ceased to grow after this period
(Sainju et al., 2017). Lower root growth and root biomass pro-
duction of perennial grasses can enhance BD due to increased
soil compaction (Frank et al., 2004; Gebhart et al., 1994).
Increased BD with increased soil depth for all crops (Table 4)
was also likely a result of reduced root growth and increased
soil compaction. However, variable trends of BD with year for
various crops (Figures la and 2a) indicate that crops affected

!"and an annual crop (spring wheat) receiving N fertilization

BD by differently affecting root growth and above- and below-
ground residue returned to the soil or to random differences
due to limited sampling. The reasons for greater BD at 60—
90 cm for SG and WH than IW and SB in 2019 (year 10)
(Figure 2a) were not known.

3.2 | Soil total carbon
The STC was affected by year at all depths, except at 30—60 cm
(Table 1). Significant interactions for STC occurred for peren-
nial bioenergy crop X year at 15-30 and 0-120 cm. Averaged
across N fertilization rates, STC at 15-30 cm was 41% greater
for IW than SB in 2019 (Figure 3a). The STC at 15-30 cm
increased at 0.66 Mg C ha~! year~! for IW and at 0.26 Mg
C ha~! year™! for SG. Similarly, STC at 0-120 cm was 14%
greater for IW than SG in 2019 (Figure 3b). The STC at 0-
120 cm increased at 10.58 Mg C ha~! year~! for IW. The STC
at 0—120 cm also tended to increase with year for SB and SG,
but the regression coefficients were not significant. Averaged
across treatments, STC at 0—15 cm increased at 0.73 Mg C
ha=! year~! (Figure 1b). At 15-30 cm, STC increased at 0.35
Mg C ha~! year~!. At other depths, STC tended to increase
with year, but the regression coefficients were not significant.
Averaged across years, STC varied with depth for all perennial
bioenergy crops and N fertilization rates (Table 5). Nitrogen
fertilization rate did not affect STC at any depth.

When perennial bioenergy crops and an annual crop were
compared, STC was affected by crop at 0—-15, 15-30, and 90—
120 cm and by year at all depths, except at 30-60 cm (Table 3).
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TABLE 4 Soil bulk density (BD), soil total carbon (STC), and soil total nitrogen (STN) at 0-15, 15-30, 30-60, 60-90, 90-120, and 0-120 cm
depths averaged across years as affected by perennial bioenergy crops and an annual crop.

Soil depth (cm)
Crop? 0-15 15-30 30-60 60-90 90-120 0-120
BD" (Mg m~3)
W 1.28 1.39 1.42 1.46 1.54 -
SB 1.30 1.39 1.42 1.46 1.53 -
SG 1.31 1.36 1.44 1.50 1.52 -
WH 1.33 1.41 1.42 1.48 1.56 -
STC (Mg C ha™!)
W 20.4a° 14.8a 71.8 113.9 103.7a 289.4
SB 19.9a 13.7ab 61.0 114.4 108.0a 313.4
SG 19.4ab 12.4bc 67.0 115.0 94.5ab 276.5
WH 18.0b 11.8¢c 60.0 112.2 86.2b 258.4
STN (Mg N ha™!)
W 1.75 1.35a 3.75 2.47 1.83 9.80
SB 1.84 1.27ab 3.95 2.56 1.89 10.24
SG 1.77 1.19b 3.74 2.49 1.76 9.76
WH 1.68 1.18b 3.59 2.44 2.02 9.73

“Perennial bioenergy crops are IW, intermediate wheatgrass, SB, smooth bromegrass, and SG, switchgrass. Annual crop is WH, spring wheat. Perennial bioenergy crops
received N fertilization rate at 84 kg N ha™! and an annual crop (spring wheat) received N fertilization rate at 80 kg N ha™!.
®BD at 0-120 cm is not available because it cannot added to individual depth layers.

“Numbers followed by different letters within a column in a set are significantly different at p < 0.05 by the least square means test.

TABLE 5 Soil total carbon (STC) and soil total nitrogen (STN) at 0-15, 15-30, 30-60, 60-90, 90-120, and 0-120 cm depths as affected by
perennial bioenergy crop and N fertilization rate averaged across years.

Soil depth (cm)

Perennial bioenergy crop” N fertilization rate (kg N ha~!) 0-15 15-30 30-60 60-90 90-120 0-120

STC (Mg Cha™!)

W 19.9 14.4 71.4 113.0 104.5 323.2

SB 20.5 12.5 61.3 112.5 107.6 314.7

SG 20.0 13.0 69.3 109.5 101.7 313.5
0 20.2 12.8 66.9 113.4 104.5 317.8
28 19.5 13.0 66.1 109.0 105.6 313.2
56 20.9 13.6 69.8 109.8 106.2 320.3
84 19.9 13.6 66.6 114.4 102.1 316.6

STN (Mg N ha™1)

w 1.74 1.30 3.77 2.38 1.76 10.95

SB 1.79 1.23 3.88 2.51 1.83 11.24

SG 1.74 1.18 3.13 2.51 1.83 10.39
0 1.82 1.25 3.78 2.48 1.76 11.09
28 1.70 1.22 3.64 2.37 1.90 10.83
56 1.73 1.20 3.94 2.51 1.75 11.13
84 1.79 1.27 3.82 2.51 1.83 11.22

“Perennial bioenergy crops are IW, intermediate wheatgrass, SB, smooth bromegrass, and SG, switchgrass.
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FIGURE 2 Relationships between (a) soil bulk density (BD) at

the 0—60 cm depth and (b) soil total C (STC) at the 50-30 cm depth and
year when perennial bioenergy crops and an annual crop was compared.
Years 0, 4, and 10 represent 2009, 2013, and 2019 respectively. IW,
wheatgrass; SB, smooth bromegrass; and SG, switchgrass.

Significant interaction for STC at 15-30 cm occurred for crop
X year. The STC at 15-30 cm was 15% —38% greater for SB
than SG and WH and 12%-27% greater for IW and SG than
WH in 2013 (year 4) (Figure 2b). In 2019 (year 10), STC at
15-30 cm was 31%-49% greater for IW than all crops and
14% greater for SB than SG and WH. The STC at 15-30 cm
increased at 0.17 Mg C ha~! year~! for SG. The STC at 15—
30 cm also tended to increase with year for other crops, but the
regression coefficients were not significant. Averaged across
years, STC at 0-15 cm was 11%—13% greater for IW and SB
than WH (Table 4). At 15-30 cm, STC was 16%—25% greater
for IW and SB than WH. At 90-120 cm, STC was 20%-25%
greater for IW and SB than WH.

The increased STC below the 30 cm depth for all treatments
(Table 5) was probably due to the presence of large amount of
SIC at subsoil layers. While SOC decreases with depth, SIC
increases in dryland soils in arid and semiarid regions (Lal,
2004; Sainju et al., 2020). Sainju et al. (2020) from a different
experiment in a nearby site reported that SIC contributed from
0% of STC at 0-15 cm to 78% at 60—90 cm. Total STC of 313
to 323 Mg C ha™! to a depth of 120 cm for various treatments
observed in our study was, however, greater than 210 Mg C
ha~! for the same depth reported by Sainju et al. (2020) in
a different experiment. Spatial variability of the deposition of
calcite and magnesite that contribute to SIC may have resulted

20
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FIGURE 3 Relationships between (a) soil total C (STC) at the

15-30 cm depth, (b) soil total C (STC) at the 0-120 cm depth, and (c)
soil total N (STN) at the 15-30 cm depth averaged across N fertilization
rates for perennial bioenergy crops. Years 0, 4, and 10 represent 2009,
2013, and 2019 respectively. IW, wheatgrass; SB, smooth bromegrass;
SG, switchgrass; WH, spring wheat.

in the variations of STC between our study and that reported
by Sainju et al. (2020). The variation in STC by depth was
likely due to differences in SOC and SIC concentrations, bulk
density, and thickness of the soil layer.

The increased STC with year at all depths, except at 30—
60 cm, for all treatments (Figure 1b) suggests that increased C
inputs from root residue during continuous growth of peren-
nial bioenergy crops that enhanced SOC and dissolution of
CO, leading to the accumulation of carbonates and bicar-
bonates that enhanced SIC likely increased STC over time
(Cihacek & Ulmer, 2002; Lal, 2004; Liebig et al., 2005). The
greater STC for IW than SB at 15-30 cm (Figure 3a) and
greater for IW than SG at 0—120 cm (Figure 3b) in 2019 (year
10) was probably due to increased root growth. Sainju et al.
(2017) from the same experiment reported that root biomass
to a depth of 120 cm was 21% greater for IW than SB and
SG. Our C sequestration rate of 5.4 Mg C ha~! year~! at 0—
120 cm was lower than 10.1 Mg C ha~! year~! at 0-90 cm
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for SG reported in North Dakota (Frank et al., 2004). Our
C sequestration rate of 1.1 Mg C ha~! year™! at 0-30 cm
for perennial bioenergy crops (Figure 1b) was slightly greater
than 0.8 Mg C ha™! year™! at 0-0.3 m for SG reported in Italy
(Zegada-Lizarazu et al., 2022). Differences in soil and cli-
matic conditions may have influenced C sequestration rates of
perennial grasses among the regions. North Dakota receives
50-75 mm more precipitation than our site in eastern Mon-
tana which may have enhanced the growth of above- and
belowground biomass of SG and there may have higher C
sequestration rate compared to our site. In contrast, soil and
climatic conditions were almost identical between our site
and Italy, resulting in nearly similar C sequestration rates for
perennial grasses for both sites. Carbon sequestration rates of
perennial grasses usually increase with the age of establish-
ment (Ma et al., 2000). Several researchers (Ma et al., 2000;
Reeder et al., 1998; Siri-Prieto et al., 2021) reported that N
fertilization had little effect on STC under perennial grasses,
a case similar to that observed with our findings.

In comparison between perennial bioenergy crops and an
annual crop, greater root biomass returned to the soil also may
have increased STC at 15-30 cm for SB than SG and WH in
2013 (year 4) and for IW than SB, SG, and WH in 2019 (year
10) (Figure 2b). Root biomass at 15-30 cm was 0.53 Mg ha™!
greater for IW than SG and 1.12-1.65 Mg ha~! greater for
perennial bioenergy crops than WH (Sainju et al., 2017). This
was also true for greater STC at 0-15 and 90-120 cm for IW
and SB than WH (Table 4), as root biomass at 0—-15 cm was
8.77 to 9.68 Mg ha~! greater and at 90-120 cm was 0.38—
0.64 Mg ha! greater for perennial bioenergy crops than WH
(Sainju et al., 2017). Carbon sequestration rate of 0.17 Mg C
ha~! year~! at 15-30 cm for SG observed during the compar-
ison between perennial bioenergy crops and an annual crop
(Figure 2b) was slightly less than 0.26 Mg C ha~! year™! at
15-30 cm for the same crop when the comparison was not
made (Figure 3a). It is likely that lower C sequestration rate
for WH may have reduced the sequestration rate for SG during
comparison between perennial bioenergy crops and an annual
crop versus increased sequestration rate when no compari-
son was made. Johnson and Barbour (2016) reported that C
sequestration under SG occurred only at 0-5 cm even after
10 years in Minnesota due to large spatial variability, but the
sequestration under perennial grasses were much greater than
under annual crops.

3.3 | Soil total nitrogen

The STN was affected by year at all depths, except at 90—
120 cm (Table 1). A significant perennial bioenergy crop X
year interaction occurred for STN at 15-30 cm. Averaged
across N fertilization rates, STN at 15-30 cm was 13%—18%
greater for IW than SB and SG in 2013 (year 4) and 12%-14%

greater for IW and SB than SG in 2019 (year 10) (Figure 3c).
The STN tended to increase with year for perennial bioenergy
crops, but regression coefficients were not significant. Aver-
aged across treatments, STN at 30-60 cm decreased by 0.04
Mg N ha~! year~! (Figure Ic). Averaged across years, STN
also varied with depth for all treatments (Table 5). Similar to
STC, N fertilization rate had no effect on STN.

In the comparison between perennial bioenergy crops and
an annual crop, STN was affected by crop at 15-30 cm and by
year at 0—15, 15-30, and 30-60 cm (Table 3). Averaged across
years, STN at 15-30 cm was 13%—14% greater for IW than
SG and WH (Table 4). Averaged across treatments, STN at
0-15, 15-30, and 30-60 cm also tended to increase with year,
but their regression coefficients were not significant (data not
shown).

In contrast to STC, variable STN with depth for all
treatments (Table 5) was likely due to decreased STN con-
centration, but increased thickness of the depth layer as well
as greater BD with depth. The STN concentration decreases
with depth due to reduced root growth (Al-Kaisi et al., 2005;
Omonode & Vyn, 2006). While decreased STN from 0-15
to 15-30 cm was probably due to reduced STN concentra-
tion, increased STN from 15-30 to 30-60 cm was due to
increased thickness of the soil layer. Decreased STN con-
centration, however, resulted in reduced STN from 30-60 to
90-120 cm. The reduced STN at 30-60 cm with year for
all perennial bioenergy crops (Figure 1c) was likely due to
increased N removal by aboveground biomass because peren-
nial bioenergy crops remove more N in aboveground biomass
than N applied from the fertilizer (Johnson & Barbour, 2016;
McGowan et al., 2019). Greater STN at 15-30 cm for IW than
SB and SG in 2013 (year 4) and greater for IW and SB than
SG in 2019 (year 10) (Figure 3c) were likely due increased
root growth, a case similar to that observed for STC. Because
C and N concentrations in the root of nonlegumes are related
to each other (Sainju et al., 2017), we assumed that increased
root residue from IW will also increase N input and there-
fore greater STN for IW than SB or SG. Our nonsignificant
effect of N fertilization rate on STN under perennial grasses
was similar to those reported by some researchers (Ma et al.,
2000; Reeder et al., 1998; Siri-Prieto et al., 2021).

A similar result of greater STN at 15-30 for IW than
SG and WH was also observed when perennial bioenergy
crops and an annual crop was compared, possibly result-
ing from increased N input due to enhanced root growth
of perennial grasses (Table 4). Several researchers (Al-Kaisi
et al., 2005; Zegada-Lizarazu et al., 2022) also reported
that perennial bioenergy crops increased STN compared to
annual crops. The patterns of STN at 0-5, 15-30, and 30-
60 cm with year (Table 3) when perennial bioenergy crops
were compared with an annual crop followed the same
trends as when the comparison was not made (data not
shown).
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Perennial bioenergy crops affected variably in STC and STN.
Carbon sequestration rate was greater for IW than SB and SG
both at the surface layer and for the whole soil profile due to
increased STC stock after 10 years. The STC for all perennial
bioenergy crops either increased or tended to increase with
year all depths, except at 30-60 cm. The IW and SB have
higher STC stocks and C sequestration rates than WH. The
STN also followed trends similar to STC, but STN was less
impacted by perennial bioenergy crops than STC. Nitrogen
fertilization rate had no effect on STC and STN. The IW can
sequester and store more C than SB and SG in the whole soil
profile and perennial bioenergy crops can store more C and N
than an annual crop (WH) during the long-term cultivation of
perennial bioenergy crops in the semiarid dryland condition
of the US northern Great Plains.

AUTHOR CONTRIBUTIONS

Upendra M. Sainju: Conceptualization; data curation; for-
mal analysis; investigation; methodology; writing—original
draft; writing—review and editing. Brett L. Allen: Inves-
tigation; methodology; project administration; supervision;
writing—review and editing. Andrew W. Lenssen: Concep-
tualization; investigation; methodology; project administra-
tion; resources; supervision; writing—review and editing.

ACKNOWLEDGMENTS

The authors would like to acknowledge the excellent support
provided by Joy Barsotti, Michael Johnson, and Rene France
for the field work and Joy Barsotti, Jana Seright, Emily Reese,
and Lyn Solberg for soil, root, and plant sampling in the field
and analysis in the laboratory.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

ORCID
Upendra M. Sainju
733X

Brett L. Allen
Andrew W. Lenssen
671X

https://orcid.org/0000-0001-6943-

https://orcid.org/0000-0001-5107-1931
https://orcid.org/0000-0001-7468-

REFERENCES

Al-Kaisi, M. M., Yin, X., & Licht, M. A. (2005). Soil carbon and nitro-
gen changes as influenced by tillage and cropping system in some
lowa soils. Agriculture, Ecosystems, and Environment, 105, 635-647.
https://doi.org/10.1016/j.agee.2004.08.002

Anderson-Teixeira, K. J., Davis, S. C., Masters, M. A., & DeLucia, E. H.
(2009). Changes in soil organic carbon under biofuel crops. Global
Change Biology Bioenergy, 1, 75-96. https://doi.org/10.1111/5.1757-
1707.2008.01001.x

Agronomy Journal 2225

Blanco-Canqui, H. (2010). Energy crops and their implications on soil
and environment. Agronomy Journal, 102, 403—419. https://doi.org/
10.2134/agronj2009.0333

Blanco-Canqui, H., & Lal, R. (2009). Crop residue management and soil
carbon dynamics. In R. F. Follett, & R. Lal (Eds.), Soil carbon seques-
tration and the greenhouse gas effect (2nd ed., pp. 291-301). Special
Publications 57. SSSA. https://doi.org/10.2136/sssaspecpub57.2ed.
cl7

Bremer, E., Janzen, H. H., Ellert, B. H., & McKenzie, R. H. (2007). Soil
organic carbon after twelve years of various crop rotations in an aridic
boroll. Soil Science Society of America Journal, 72, 970-974. https://
doi.org/10.2136/sss2j2007.0327

Bronson, K. F., Zobeck, T. M., Chua, T. T., Acosta-Martinez, V., van Pelt,
R. S., & Booker, J. D. (2004). Carbon and nitrogen pools of south-
ern high plains cropland and grassland soils. Soil Science Society of
America Journal, 68, 1695-1704. https://doi.org/10.2136/sssaj2004.
1695

Chatterjee, A., Long, D. S., & Pierce, F. J. (2018). Changes in soil
organic carbon after five years of continuous wheat or switchgrass.
Soil Science Society of America Journal, 82, 332-342. https://doi.org/
10.2136/ss52j2017.08.0290

Cihacek, L. J., & Ulmer, M. G. (2002). Effects of tillage on inorganic
carbon storage in soils of the northern Great Plains of the U.S. In J.
Kimble, R. Lal, & R. Follett (Eds.), Agricultural practices and poli-
cies for carbon sequestration in soil (pp. 63—69). Lewis Publishers.
https://doi.org/10.1201/9781420032291.ch6

Cole, C. V., Duxbury, J., Freney, J., Heinemeyer, O., Minami, K., Mosier,
A., Paustian, K., Rosenberg, N., Sampson, N., Sauerbeck, D., & Zhao,
Q. (1997). Global estimates of potential mitigation of greenhouse gas
emissions by agriculture. Nutrient Cycling in Agroecosystems, 49,
221-228. https://doi.org/10.1023/A:1009731711346

Dheri, G. S., Lal, R., & Moonilall, N. I. (2022). Soil carbon stocks
and water-stable aggregates under annual and perennial biofuel crops
in central Ohio. Agriculture, Ecosystems, and Environment, 324,
107715. https://doi.org/10.1016/j.agee.2021.107715

Food and Agricultural Organization (FAO). (2004). Carbon sequestra-
tion in dryland soil (World Soil Resources Report 102). FAO.

Frank, A. B., Berdahl, J. D., Hanson, J. D., Liebig, M. A., & Johnson,
H. A. (2004). Biomass and carbon partitioning in switchgrass. Crop
Science, 44, 1391-1396. https://doi.org/10.2135/cropsci2004.1391

Gebhart, D. L., Johnson, H. B., Mayex, H. S., & Pollage, H. W. (1994).
The CRP increases soil organic carbon. Journal of Soil and Water
Conservation, 49, 488-492.

Johnson, J. M. F., & Barbour, N. W. (2016). Nitrous oxide emissions
and soil carbon sequestration from herbaceous perennial biofuel feed-
stocks. Soil Science Society of America Journal, 80, 1057-1070.
https://doi.org/10.2136/sssaj2015.12.0436

Knaps, J. M. H., & Tillman, D. (2000). Dynamics of soil nitrogen
and carbon accumulation for 61 years after agricultural abandon-
ment. Ecology, 81, 88-98. https://doi.org/10.1890/0012-9658(2000)
0810088:DOSNAC2.0.CO;2

Lal, R. (2004). Carbon sequestration in dryland agriculture. In C. S.
Rao, & J. Ryan (Eds.), Challenges and strategies for dryland agricul-
ture (pp. 315-334). Special Publications 32. CSSA, ASA, and SSSA.
https://doi.org/10.2135/cssaspecpub32.c20

Lal, R., Henderlong, P., & Flowers, M. (1998). Forage and row cropping
effect on soil organic carbon and nitrogen contents. In R. Lal, J. W. F.
Kimble, & B. A. Stewart (Eds.), Management of carbon sequestration
in soils (pp. 365-379).CRC Press.


https://orcid.org/0000-0001-6943-733X
https://orcid.org/0000-0001-6943-733X
https://orcid.org/0000-0001-6943-733X
https://orcid.org/0000-0001-5107-1931
https://orcid.org/0000-0001-5107-1931
https://orcid.org/0000-0001-7468-671X
https://orcid.org/0000-0001-7468-671X
https://orcid.org/0000-0001-7468-671X
https://doi.org/10.1016/j.agee.2004.08.002
https://doi.org/10.1111/j.1757-1707.2008.01001.x
https://doi.org/10.1111/j.1757-1707.2008.01001.x
https://doi.org/10.2134/agronj2009.0333
https://doi.org/10.2134/agronj2009.0333
https://doi.org/10.2136/sssaspecpub57.2ed.c17
https://doi.org/10.2136/sssaspecpub57.2ed.c17
https://doi.org/10.2136/sssaj2007.0327
https://doi.org/10.2136/sssaj2007.0327
https://doi.org/10.2136/sssaj2004.1695
https://doi.org/10.2136/sssaj2004.1695
https://doi.org/10.2136/sssaj2017.08.0290
https://doi.org/10.2136/sssaj2017.08.0290
https://doi.org/10.1201/9781420032291.ch6
https://doi.org/10.1023/A:1009731711346
https://doi.org/10.1016/j.agee.2021.107715
https://doi.org/10.2135/cropsci2004.1391
https://doi.org/10.2136/sssaj2015.12.0436
https://doi.org/10.1890/0012-9658(2000)0810088:DOSNAC2.0.CO;2
https://doi.org/10.1890/0012-9658(2000)0810088:DOSNAC2.0.CO;2
https://doi.org/10.2135/cssaspecpub32.c20

SAINJU ET AL.

2226 Agronomy Journal

Lee, D. K., Owens, V. N., & Doolittle, J. J. (2007). Switchgrass and
carbon sequestration response to ammonium nitrate, manure, and har-
vest frequency on Conservation Reserve Program land. Agronomy
Journal, 99, 462-468. https://doi.org/10.2134/agronj2006.0152

Lemus, R., & Lal, R. (2005). Bioenergy crops and carbon sequestration.
Critical Review in Plant Sciences, 24, 1-21. https://doi.org/10.1080/
07352680590910393

Liebig, M. A., Johnson, H. A., Hanson, J. D., & Frank, A. B.
(2005). Soil carbon under switchgrass stands and cultivated crop-
land. Biomass and Bioenergy, 28, 347-354. https://doi.org/10.1016/j.
biombioe.2004.11.004

Littell, R. C., Milliken, G. A., Stroup, W. W., Wolfinger, R. D., &
Schabenberger, O. (2006). SAS for mixed models. SAS Institute Inc.

Ma, Z., Wood, C., & Bransby, D. I. (2000). Impacts of soil management
on root characteristics of switchgrass. Biomass and Bioenergy, 18,
105-112.

Ma, Z., Wood, C., & Bransby, D. I. (2008). Soil management impacts on
soil carbon sequestration by switchgrass. Biomass and Bioenergy, 18,
469-477. https://doi.org/10.1016/S0961-9534(00)00013-1

McGowan, A. R., Nicoloso, R. S., Diop, H. E., Roozeboom, K.
C., & Rice, C. W. (2019). Soil organic carbon, aggregation, and
soil microbial community structure in annual and perennial bio-
fuel crops. Agronomy Journal, 111, 128-142. https://doi.org/10.2134/
agronj2018.04.0284

Omonode, R. A., & Vyn, T.J. (2006). Vertical distribution of soil organic
carbon and nitrogen under warm-season native grasses relative to
croplands in west-central Indiana, USA. Agriculture, Ecosystems, and
Environment, 117, 159-170. https://doi.org/10.1016/j.agee.2006.03.
031

Pacala, S., & Solocolow, R. (2004). Stabilization wedges: Solving the cli-
mate problem for the next 50 years with current technologies. Science,
305, 968-972. https://doi.org/10.1126/science.1100103

Post, W. M., & Kwon, K. C. (2000). Soil carbon sequestration and land-
use change: Process and potential. Global Change Biology, 6, 317—
327. https://doi.org/10.1046/j.1365-2486.2000.00308.x

Potter, K. N., Tolbert, H. A., Johnson, H. B., & Tischler, C. R. (1999).
Carbon storage after long-term grass establishment on degraded
soil. Soil Science, 164, 718-725. https://doi.org/10.1097/00010694-
199910000-00002

Reeder, J. D., Schuman, G. E., & Bowman, R. A. (1998). Soil carbon
and nitrogen changes on Conservation Reserve Program lands in the
central Great Plains. Soil and Tillage Research, 47, 339-349. https://
doi.org/10.1016/S0167-1987(98)00122-6

Rice, C. W. (2000, October 3-5). Soil organic carbon and nitrogen
in rangeland soil under elevated carbon dioxide and land manage-
ment [Conference presentation]. Advances in Terrestrial Ecosystem
and Carbon Inventory, Measurement, and Monitoring, Washington,
DC.

Sainju, U. M., Allen, B. L., Jabro, J. L., & Stevens, W. B. (2020).
Soil inorganic carbon under no-till dryland crop rotations. Agrosys-
tems, Geosciences, and Environment, 3(1), e20073. https://doi.org/10.
1002/agg2.20073

Sainju, U. M., Allen, B. L., Lenssen, A. W., & Ghimire, R. (2017).
Root biomass, root/shoot ratio, and soil water content under peren-
nial grasses with different nitrogen rates. Field Crops Research, 210,
183-194. https://doi.org/10.1016/j.fcr.2017.05.029

Sainju, U. M., Liptzin, D., Ghimire, R., & Dangi, S. (2021). Relationship
between soil carbon and nitrogen, soil properties, and dryland crop
yields. Agronomy Journal, 114, 395-414. https://doi.org/10.1002/
agj2.20938

Sanderson, M. A., Reed, R. 1., McLaughlin, S. B., Wullschleger, S.
D., Conger, B. V., Parrish, D. J.,, Wolf, D. D., Taliaferro, C.,
Hopkins, A. A., Ocumpaugh, W. R., Hussey, M. A,, Read, J. C., &
Tischler, C. R. (1996). Switchgrass as a sustainable bioenergy crop.
Bioresources Technology, 56, 83-93. https://doi.org/10.1016/0960-
8524(95)00176-X

Siri-Prieto, G., Bustamante, M., Battaglia, M., Ernst, O., Seleiman, M.
F., & Sadeghpour, A. (2021). Effects of perennial biomass yield
energy grasses and fertilization on soil characteristics and nutrient bal-
ances. Agronomy Journal, 113, 4292-4305. https://doi.org/10.1002/
agj2.20771

Smith, P., Martino, D., Cai, Z., Gwary, D., Janzen, H., Kumar, P.,
McCarl, B., Ogle, S., O’Mara, F., Rice, C., Scholes, B., & Sirotenko,
D. (2007). Agriculture. In B. Metz (Ed.), Climate change 2007:
Mitigation (pp. 497-540). Cambridge University Press.

United Nations Environmental Program (UNEP). (1991). World atlas of
desertification. UNEP. https://wedocs.unep.org/20.500.11822/42137

Zan, C. S., Fyles, J. W., & Girouard, P. (2001). Carbon sequestration
in perennial bioenergy crops, annual corn, and uncultivated systems
in southern Quebec. Agriculture, Ecosystems, and Environment, 86,
135-114. https://doi.org/10.1016/S0167-8809(00)00273-5

Zegada-Lizarazu, W., Zanetti, F., di Veigillo, N., & Monta, A. (2022).
Is switchgrass good for carbon saving? Long-term results in marginal
land. Global Change Biology Bioenergy, 14, 814-823. https://doi.org/
10.1111/gcbb.12944

How to cite this article: Sainju, U. M., Allen, B. L.,
& Lenssen, A. W. (2023). Soil total carbon and
nitrogen under long-term perennial bioenergy crops
receiving various nitrogen fertilization rates.
Agronomy Journal, 115, 2216-2226.
https://doi.org/10.1002/agj2.21422


https://doi.org/10.2134/agronj2006.0152
https://doi.org/10.1080/07352680590910393
https://doi.org/10.1080/07352680590910393
https://doi.org/10.1016/j.biombioe.2004.11.004
https://doi.org/10.1016/j.biombioe.2004.11.004
https://doi.org/10.1016/S0961-9534(00)00013-1
https://doi.org/10.2134/agronj2018.04.0284
https://doi.org/10.2134/agronj2018.04.0284
https://doi.org/10.1016/j.agee.2006.03.031
https://doi.org/10.1016/j.agee.2006.03.031
https://doi.org/10.1126/science.1100103
https://doi.org/10.1046/j.1365-2486.2000.00308.x
https://doi.org/10.1097/00010694-199910000-00002
https://doi.org/10.1097/00010694-199910000-00002
https://doi.org/10.1016/S0167-1987(98)00122-6
https://doi.org/10.1016/S0167-1987(98)00122-6
https://doi.org/10.1002/agg2.20073
https://doi.org/10.1002/agg2.20073
https://doi.org/10.1016/j.fcr.2017.05.029
https://doi.org/10.1002/agj2.20938
https://doi.org/10.1002/agj2.20938
https://doi.org/10.1016/0960-8524(95)00176-X
https://doi.org/10.1016/0960-8524(95)00176-X
https://doi.org/10.1002/agj2.20771
https://doi.org/10.1002/agj2.20771
https://wedocs.unep.org/20.500.11822/42137
https://doi.org/10.1016/S0167-8809(00)00273-5
https://doi.org/10.1111/gcbb.12944
https://doi.org/10.1111/gcbb.12944
https://doi.org/10.1002/agj2.21422

	Soil total carbon and nitrogen under long-term perennial bioenergy crops receiving various nitrogen fertilization rates
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Experimentation
	2.2 | Soil sample collection and analysis
	2.3 | Statistical analysis of data

	3 | RESULTS AND DISCUSSION
	3.1 | Soil bulk density
	3.2 | Soil total carbon
	3.3 | Soil total nitrogen

	4 | CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	ORCID
	REFERENCES


