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Abstract
Perennial grass mixtures established on Conservation Reserve Program (CRP) 
lands can be an important source of feedstock for bioenergy production. This 
study aimed to evaluate management practices for optimizing the quality of 
bioenergy feedstock and stand persistence of grass-legume mixtures under di-
verse environments. A 5-year field study (2008–2012) was conducted to assess 
the effects of two harvest timings (at anthesis vs after complete senescence) and 
three nitrogen (N) rates (0, 56, 112 kg N ha−1) on biomass chemical compositions 
(i.e., cell wall components, ash, volatiles, total carbon, and N contents) and the 
feedstock energy potential, examined by the theoretical ethanol yield (TEY) and 
the total TEY (i.e., the product of biomass yield and TEY, L ha−1), of cool-season 
mixtures in Georgia and Missouri and a warm-season mixture in Kansas. The 
canonical correlation analysis (CCA) was used to investigate the effect of vegeta-
tive species transitions on feedstock quality. Although environmental variations 
(mainly precipitation) greatly influenced the management effect on chemical 
compositions, the delayed harvest after senescence generally improved feedstock 
quality. In particular, the overall cell wall concentrations and TEY of the warm-
season mixtures increased by approximately 7%. Additional N supplies improved 
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1   |   INTRODUCTION

Currently, most commercialized biofuels are produced 
from food-based crops, such as corn and sorghum, mainly 
in the United States, and sugarcane in Brazil for ethanol 
production or soybeans for biodiesel production (USDA, 
2021). Using these crops as feedstock sources, however, 
not only competes with food/feed supply (food vs fuel de-
bate) but also increases adverse effects on environmental 
quality by committing more chemical inputs and field 
activities. For example, heavy inputs of fertilizers, herbi-
cides, and pesticides, or continuous tillage practices result 
in increases in the degradation of soil and water qualities 
(Olsson et al., 2019; Tenenbaum, 2008). Instead, perennial 
herbaceous crops (e.g., switchgrass) have been considered 
alternative and sustainable energy sources because they 
typically require less fertilizer (e.g., N) input and land-
disturbing activities that can offer multiple environmen-
tal benefits, including the mitigation of soil erosion and 
greenhouse gas emissions, and increases in soil health, 
nutrient retention, carbon sequestration, water quality, 
and biodiversity (Brown & Brown, 2014; Lee et al., 2007; 
McLaughlin & Walsh, 1998; Monti et al., 2012; Nikièma 
et al., 2011; Yang et al., 2019). Furthermore, some margin-
ally productive and environmentally sensitive croplands 
are not suitable for growing annual row crops because 
of their low economic returns associated with high en-
vironmental hazards (e.g., substantial nutrient loss via 
surface runoff and leaching). These marginal lands are 
not suggested for continuing food/feed-based commodity 
crop productions but for other purposes, including peren-
nial bioenergy crop cultivations (Emery et al., 2017; Kim 
et al., 2018; Milbrandt et al., 2014; Varvel et al., 2008).

About 11% (~86 million ha) of the US mainland is 
considered marginal (Milbrandt et al.,  2014). By 2020, 
around 9 million ha of the existing marginal land had 
been enrolled in Conservation Reserve Program (CRP), a 
land retirement program that was established by the Food 

Security Act of 1985 to safeguard vulnerable land from fur-
ther degradation (USDA-FSA, 2020). Under the program, 
land that was unstainable for intensive management as-
sociated with row crops was converted to long-term veg-
etative cover (e.g., native species). Recently, these CRP 
lands have been proposed as a potential source of bioen-
ergy feedstock production and could contribute up to 50 
million Mg of dry biomass annually (USDOE, 2011). This 
contribution can help to achieve the goal of increased use 
of renewable fuels (including cellulosic biofuel, biomass-
based diesel, and advanced biofuel) to 36 billion gallons 
by 2022 to replace petroleum-based transportation fuels, 
mandated by the US government under the Renewable 
Fuel Standard program. Furthermore, sustainability and 
resource use efficiency in CRP land can be improved 
by planting polyculture (e.g., grass-legume mixtures). 
Studies showed that polyculture production systems had 
better yield productivity, resistance in weed invasion, and 
ecosystem services than monoculture systems (Carlsson 
et al., 2017; De Deyn et al., 2011; Dhakal & Islam, 2018; 
Jungers et al., 2015; Nyfeler et al., 2011; Quijas et al., 2010; 
Sanderson et al., 2012; Suter et al., 2015; Yang et al., 2019). 
Establishing perennial grass mixtures on CRP lands has 
shown their potentials for dedicated bioenergy feedstock 
production (Anderson et al., 2016; Chen et al., 2021; Lee 
et al., 2018; Mohammed et al.,  2014). This production 
system can also provide long-term opportunities for im-
proving the sustainability of agroecological farming and 
socio-economic development by offering less effort/cost 
input and alternative incomes for local farmers and by off-
setting the program rental costs (Chen et al., 2021; Zhang 
et al., 2018).

To ensure a reliable feedstock supply and a sustain-
able production system, it is critical to optimize nitrogen 
(N) and harvest management practices for perennial en-
ergy crops on CRP lands (Anderson et al., 2016; Guretzky 
et al., 2011; Hong et al., 2014; Lemus et al., 2008; Mulkey 
et al., 2006). For grass-legume mixtures, the management 

the total TEY of both mixtures by ~1.6–4.2  L ha−1 per 1.0  kg N ha−1 input but 
likely lowered the feedstock quality, particularly for the cool-season mixture. The 
cell wall concentrations of cool-season mixture reduced by approximately 3%–
6%. The CCA results indicated that the increased legume compositions (under 
low N input) likely enhanced lignin but reduced ash concentrations. This field 
research demonstrated that with proper management, grass-legume mixtures on 
CRP lands can provide high-quality feedstock for bioenergy productions.

K E Y W O R D S

bioenergy feedstock quality, canonical correlation analysis, conservation reserve program, 
cool-season mixtures, harvest management, nitrogen management, warm-season mixtures
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      |  3LIN et al.

optimization is more complicated than for perennial 
monocultures because each species responded differently 
to different practices. For example, N applied to grass-
legume mixtures may improve the biomass yield of peren-
nial grasses while simultaneously reducing persistence 
of legumes (Harmoney et al.,  2016; Lee et al.,  2013; 
Mallarino & Wedin,  1990). Similarly, harvest manage-
ment impacts biomass yield, feedstock quality, and the 
vegetative longevity of the perennial grasses. While an-
thesis and frequent harvest practices enhance overall 
biomass yield, the regrowth vigor and feedstock qualities 
are negatively affected (Anderson et al.,  2016; Guretzky 
et al., 2011; Mohammed et al., 2014; Waramit et al., 2011). 
Contrastingly, delayed harvest after complete senescence 
can maximize nutrient translocation to belowground bio-
mass and improve the vegetative persistence and resil-
ience to extreme events, such as drought events (Wayman 
et al., 2014). Therefore, the optimal management practices 
must incorporate aspects other than maximizing biomass 
yield only, especially for bioenergy feedstock production 
systems on CRP areas. The best management must main-
tain both vegetative vigor and high feedstock quality for 
bioenergy productions (Lemus et al., 2008).

A long-term replicated field trial of different pe-
rennial grass and legume mixtures in six CRP sites 
(i.e., Kansas, KS; Oklahoma, OK; North Dakota, ND; 
Montana, MT; Georgia, GA; Missouri, MO) have been as-
sessed for yield potential and economic feasibility based 
on different N and harvest management from 2008 to 
2013 (Anderson et al., 2016; Lee et al., 2013; Mohammed 
et al., 2014). The management effect on species compo-
sitions was also evaluated for the KS-, MO-, ND-, and 
MT-CRP sites but not for grass-legume mixtures in GA 
(Harmoney et al., 2016; Mohammed et al., 2014). These 
studies concluded that the increased N fertilizer rate can 
improve biomass yield, mainly by increasing perennial 
grasses, but actually reducing the legume coverages for 
all experimental sites. The N-induced yield, however, 
might not be able to offset the incremental costs of N 
fertilizers, application, and the total operations. From 
the industrial standpoint, the feedstock chemical com-
positions are critical indices to ensure the quantity and 
quality of the bioenergy products and the conversion 
efficiency (Brown & Brown, 2014; Jönsson et al., 2013; 
Li et al., 2016). For instance, glucan, xylan, lignin, and 
ash contents in biomass are of particular importance in 
either bio-  or thermal-chemical conversion processes; 
the increased biomass volatiles and biomass carbon 
concentrations offers important advantages for com-
bustion processes, such as pyrolysis and gasification 
(Demirbas,  2004; Jönsson et al.,  2013; Li et al.,  2016). 
Nevertheless, the effects of the environment and man-
agement on biomass compositions of the grass-legume 

mixtures have not been investigated. Therefore, this 
study aimed to evaluate (1) the effects of the cultivation 
environments (GA, MO, KS), species (perennial cool/
warm-season grass and legume mixtures), and N (appli-
cation rates) and harvest management (harvest timing) 
practices on biomass compositions, especially the crit-
ical attributes for bioenergy conversions (i.e., glucan, 
xylan, lignin, ash, volatiles, overall C and N contents) 
and (2) the impacts of the vegetative species transition 
on bioenergy feedstock quality.

2   |   MATERIALS AND METHODS

2.1  |  Site description

Initially, six locations were identified as potential CRP 
grassland regions and grass-legume mixtures were es-
tablished (see Anderson et al.,  2016; Lee et al.,  2013). 
Subsequently, three sites with contrasting environmen-
tal conditions and species composition were identified 
for evaluating feedstock quality. These were Oconee 
County, GA (33.8°N 83.4°W), Boone County, MO (39.0°N 
92.2°W), and Ellis County, KS (38.8°N 99.4°W). The 
predominant species were managed differently among 
locations. Cool-season grasses comprised of tall fescue 
[TF, Schedonorus arundinaceus (Schreb.) Dumort.], 
orchardgrass (OR, Dactylis glomerata L.), and the les-
pedeza [LSP, Kummerowia striata (Thunb.) Schindl.] 
legume mixtures were established in GA. Mixtures of 
tall fescue and the predominant legume of red clover 
(RC, Trifolium pratense L.) were grown in MO. In KS, 
the warm-season grass-legume mixtures were established 
comprised of sideoats grama [SO, Bouteloua curtipendula 
(Michx.) Torr.], switchgrass (SW, Panicum virgatum L.), 
little bluestem [LB, Schizachyrium scoparium (Michx.) 
Nash], Indiangrass [IN, Sorghastrum nutans (L.) Nash], 
and yellow sweetclover [YSC, Melilotus officinalis (L.) 
Lam.] (Table 1). Selected environmental conditions at the 
three sites are shown in Table  1. Weather information, 
including cumulative precipitation and monthly tem-
perature, from 2008 to 2012 along with 30-year averages 
(1983–2012) were obtained from the National Oceanic 
and Atmospheric Administration for Oconee County, 
GA (Watkinsville 5 SSE station, USW00063850), Boone 
County, MO (Columbia U of M station, USC00231801), 
and Ellis County, KS (HAYS 1S station, USC00143527) 
and shown in Figure  1. Based on the CRP regulations, 
no fertilization, field management practices, and above-
ground biomass harvest were implemented in these re-
search sites prior to the beginning of this study in 2008. In 
the spring of 2008, the field sites were mowed at a 10-cm 
height before the first N fertilizer treatment.
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2.2  |  Experimental design

A full factorial design was used in the experiment, includ-
ing three N levels (0, 56, 112 kg N ha−1) and two harvest 
times (at anthesis or after complete senescence), within 
a randomized complete block with three replicates at 
each location. For each treatment, the plot size was ap-
proximately 0.5-ha. Urea fertilizer (46-0-0) was used as 
the N-source and broadcasted annually using a farm-scale 
fertilizer spreader between April and June (see Anderson 
et al., 2016; Lee et al., 2013). Harvest management was de-
termined by grass species and locations. Entire plots were 
harvested using a farm-scale harvester at a cutting height 
of 10-  to 15-cm. All harvest events at GA and MO were 
imposed at anthesis/peak standing crop (PSC) or after se-
nescence/the end of the growing season (EGS). In the GA 
site, the biomass harvest at PSC was conducted only in the 
spring (single cut), but the EGS harvesting occurred in 
both spring and fall (two cuts). Both biomass cuts, spring 
and fall, were later combined to represent EGS treatment. 
In MO, the biomass was harvested twice (in the early 
spring and early fall at anthesis) and combined to repre-
sent the PSC treatment. Likewise, the biomass harvested 
in the late spring and at the end of year was combined to 
represent the EGS treatment. For the warm-season grass 
and legume mixtures at KS, the biomass was harvested an-
nually either at PSC or after a killing frost (KF). The har-
vest timing at PSC for each location was determined based 
on predominant grasses reaching anthesis. The details of 
the harvest and fertilizer application dates were shown 
in Lee et al. (2013) and Anderson et al. (2016). The dry-
weight-rank procedure (Gillen & Smith, 1986; Harmoney 
et al., 2016) was used to evaluate the species compositions 
of grass-legume mixtures. Estimated compositions were 
proportionated to the range between 0 and 1.

2.3  |  Biomass compositional analysis

The harvested biomass was baled and weighted, and 
subsamples were collected from bales using an elec-
tric core sampler with 5-cm diameter and 50-cm length. 
Subsamples were dried at 60°C for 48 hours in an air cir-
culated oven for the moisture correction and ground to 
pass a 2-mm screen in a Wiley mill (Model 4, Thomas 
Scientific) for the feedstock compositional analysis. 
Concentrations of glucan, xylan, lignin, and ash in bio-
mass were determined using Fourier transform near-
infrared (FT-NIR) spectroscopy coupled with partial least 
square (PLS) multivariate prediction models developed 
by the National Renewable Energy Laboratory (NREL). 
Further details on the laboratory analytical procedures 
used to measure the chemical composition of the model T
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calibration samples are described in Sluiter et al. (2010). 
The measured concentrations of glucan and xylan were 
used to estimate a theoretical ethanol (EtOH) yield (TEY) 
per dry biomass basis (Liters of EtOH per Mg dry mat-
ter, L Mg−1) using equations (Equation 1–3) described in 
Emerson et al. (2014). The total TEY per hectare of har-
vested biomass (L ha−1), was estimated by multiplying 
TEY (L Mg−1) and the harvested biomass yield (Mg ha−1) 
using Equation 4.

FT-IR spectra were also used to predict volatiles, ash, car-
bon, and nitrogen of samples using PLS 1 models. Model 
calibration samples comprised of mixed perennial grasses, 
energy cane, Miscanthus, sorghum, and switchgrass were 
analyzed using a Thermo Anataris II FT-NIR with auto-
sampler attachment (Thermo Scientific) and via prox-
imate and ultimate analyses. Proximate analysis was 
used to determine the volatiles and additional biomass 
ash content data using the American Society for Testing 

(1)C6 EtOH yield
(

L Mg−1
)

=
X(g) glucan

1(kg) biomass
×
1.11(g) C6

1(g) glucan
×
0.51(g) EtOH

1(g) C6
×
3.79(L) EtOH

2971(g) EtOH
×
104(kg) biomass

1(Mg) biomass

(2)C5 EtOH yield
(

L Mg−1
)

=
X(g) xylan

1(kg) biomass
×
1.1136(g) C5

1(g) xylan
×
0.51(g) EtOH

1(g) C5
×
3.79(L) EtOH

2971(g) EtOH
×
104(kg) biomass

1(Mg) biomass

(3)TEY
(

L Mg−1
)

= C6 + C5 EtOH yield
(

L Mg−1
)

(4)

Total TEY
(

L ha−1
)

= TEY
(

L Mg−1
)

×Dry biomass yield
(

Mg ha−1
)

F I G U R E  1   Local weather conditions at three experimental sites (GA, MO, and KS) across the 5 years (2008–2012) of study including 
(a) monthly cumulative precipitation and (b) average monthly temperature and the 30-year monthly average (1983–2012) (data: NOAA).
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6  |      LIN et al.

and Materials (ASTM) standard D 5142-09 and a LECO 
Thermogravimetric Analyzer 701 (St. Joseph). Briefly, the 
dry biomass was placed in a covered crucible to prevent 
samples from the air during devolatilization. The cov-
ered crucible was heated to 950°C for 9 min under UHP 
nitrogen. The content of volatiles was calculated from 
the weight loss (ASTM standard E872-82). The biomass 
ash was measured by heating the dry biomass samples at 
750°C under O2 until a constant weight is reached, and the 
remaining mass was used to determine the ash content. 
The ultimate analysis was used for determining biomass 
C and N contents using the combustion process of dried 
biomass in a controlled atmosphere according to ASTM 
D 5373-10, but with a slightly different burn profile as de-
scribed in the Flour and Plant Tissue Method. During the 
combustion, biomass-C and -N were converted to CO2 and 
NOx, respectively. The gas products were analyzed for C 
and N contents using a LECO TruSpec CHN Analyzer.

2.4  |  Statistical analysis

Treatment effects on feedstock chemical compositions were 
analyzed using the three-way, repeated-measures analysis 
of variance (ANOVA) using the PROC MIXED procedure 
in SAS (SAS Institute,  2007). The harvest year (5 years), 
harvest management (two timings), N levels (three rates), 
and their interactions were considered fixed factors, while 
the replicates were considered random. The measurement 
year was considered as the repeated factor, and each plot 
was used as a subject in the repeated measurement. Each 
location was analyzed separately because of the diverse spe-
cies and environmental conditions. The model-predicted 
residuals were used to assess the normality and homoge-
neity of residuals to meet the ANOVA assumption using a 
Shapiro–Wilk test and equal variance test. Proportion val-
ues of chemical composition ranging from 0 to 1 were found 
to have departed from the mean and were subsequently 
transformed using the arcsin square root transformation 
(i.e., arcsin

√

proportion value ). All significant difference 
were determined at p ≤ 0.05. Pairwise mean comparisons 
were made using the Tukey method for p-value adjustment.

In addition, since the transition of vegetations likely 
influenced feedstock quality, this transition effect on 
feedstock chemical compositions was investigated using 
the canonical correlation analysis (CCA). The CCA is a 
multivariate technique that can simultaneously evaluate 
the linear interrelationships between two variable sets, 
namely vegetative species compositions (independent 
variables/predictors) and feedstock chemical composi-
tions (dependent variables/outcomes). To investigate the 
simultaneous relationship between several predictors 
and outcomes, two synthetic variable sets (predictors 

and outcomes) were created under the CCA process, and 
the CCA can derive a canonical function by maximizing 
the correlation between two synthetic variable sets. The 
PROC CANCORR procedure in SAS was used for the 
CCA. Two criteria are used to evaluate and establish sig-
nificance of the CCA-developed canonical functions: 1) 	
the significance of F statistic (p-value <0.001) and (2) 
that ≥10% of the shared variance in the two variable 
sets can be explained by the function of interest (Sherry 
& Henson,  2005). Three indicators have been often used 
to determine the relative contribution of each original 
variable to each canonical function, including canonical 
weights (standardized canonical coefficients), canonical 
loadings and cross-loadings (structural correlation coeffi-
cient, rs). The canonical weights, however, are subjected to 
multicollinearity (Liu et al., 2009). In this study, we focused 
on canonical loadings and cross-loadings as suggested by 
Kabir et al. (2014) and Liu et al. (2009). The variable was 
considered to have a significant contribution to the canon-
ical function if its loading was >|0.30| (Kabir et al., 2014).

3   |   RESULTS

3.1  |  General soil and weather 
information

Compared with KS-CRP, the soils in GA and MO CRP-
sites were more acidic presumably due to lower contents 
of alkali (K) and earth-alkaline (Ca and Mg) elements 
(Table  1). Highly weathered soil in GA (Ultisol) also 
showed lower soil organic carbon and overall fertility 
compared with the soils in MO (Alfisol) and KS (Mollisol). 
Monthly cumulative precipitation during the study pe-
riod (2008–2012) and their 30-year average (1983–2012) 
for three CPR sites are shown in Figure 1a. The 30-year 
precipitation averaged 1249-, 1056-, and 588-mm in GA, 
MO, and KS, respectively. The 5-year average in the study 
period was generally higher in GA (1097-mm) and MO 
(1283-mm) than in KS (544-mm). The lower precipitation 
recorded in 2012 (846-mm in GA; 744-mm in MO; 366-
mm in KS) was due to a nationwide drought. Increases in 
monthly temperature were also observed in the drought 
year in the three CRP locations (Figure 1b).

3.2  |  Overview of species and chemical 
compositions

The average species and biomass chemical compositions 
across the 5 years are shown in Table 2. In GA, the 5-year 
averages of TF, OR, and LSP, a legume species, were 
50.8%, 13.4%, and 10.5%, respectively. In MO, 61.5% and 
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      |  7LIN et al.

27.9% of the canopy were covered by TF and RC, respec-
tively. The warm-season grass and legume mixtures in KS 
were composed of SO (23.9%), LB (12.9%), SW (12.3%), IN 
(10.7%), and YSC (14.1%). In GA and MO, the cool-season 
grass predominant mixtures had lower concentrations of 
structural components (i.e., glucan, xylan, and lignin), 
ash, and volatiles than the warm-season grass mixtures 
in KS (p < 0.0001). Conversely, the cool-season grass and 
legume mixtures had higher concentrations of biomass-
C and -N than the warm-season grass predominant field 
(p < 0.0001).

3.3  |  Cool-season mixtures

The management effects on vegetative species and chemi-
cal composition of the cool-season grass and legume mix-
tures were evaluated in GA and MO sites. For species 
compositions in GA, three-way interaction among year, N 
rate, and harvest timing was only significant for the leg-
ume (LSP) content (Table 3); however, no consistent pat-
tern was observed. The two-way interaction between year 
and harvest timing was significant for both the TF and 

legume contents. Two harvest regimes did not influence 
the TF and legume compositions in 2008–2010. In 2011 
and 2012, the EGS harvest substantially reduced the TF, 

T A B L E  2   Descriptive statistics for both vegetative species composition and feedstock chemical compositions of three CRP sites (GA, 
MO, and KS) in 2008–2012

Variables

GA MO KS

Mean (SD) Median (Q1, Q3) Mean (SD) Median (Q1, Q3) Mean (SD) Median (Q1, Q3)

Species %

TF 50.8 (13.1) 51.1 (44.1, 61.4) 61.5 (13.0) 63.0 (53.8, 71.0) — —

OR 13.4 (8.9) 14.6 (6.3, 17.9) — — — —

SO — — — — 23.9 (13.5) 21.7 (14.1, 36.5)

SW — — — — 12.3 (8.5) 10.7 (6.4, 16.0)

LB — — — — 12.9 (8.8) 11.4 (5.3, 20.2)

IN — — — — 10.7 (8.0) 9.5 (4.0, 15.2)

Legumesa 10.5 (8.8) 9.8 (1.8, 18.0) 27.9 (9.0) 28.0 (21.0, 32.5) 14.1 (17.6) 8.1 (0.0, 22.6)

Weed 17.6 (12.8) 15.6 (8.1, 24.3) 7.0 (5.1) 6.0 (3.0, 10.0) 15.9 (20.3) 7.3 (1.8, 20.2)

Compositions g kg−1

Glucan 284.8 (19.0) 285.3 (273.1, 297.8) 285.3 (20.5) 282.7 (270.2, 301.8) 297.6 (23.8) 294.0 (279.0, 313.3)

Xylan 165.6 (13.8) 165.9 (154.3, 174.9) 141.4 (15.1) 143.2 (130.7, 147.9) 203.2 (19.0) 200.0 (187.8, 221.3)

Lignin 153.0 (10.1) 152.9 (145.4, 158.5) 157.4 (14.1) 156.5 (147.0, 168.1) 160.1 (12.2) 159.0 (150.0, 167.3)

Ash-C 76.4 (10.6) 75.7 (68.5, 83.3) 75.5 (10.3) 74.1 (67.5, 83.0) 84.2 (17.0) 83.0 (73.0, 95.5)

Volatile 796.3 (8.4) 795.9 (789.6, 801.2) 780.9 (6.6) 782.2 (775.8, 785.3) 800.2 (11.5) 801.5 (795.0, 807.3)

Ash-P 54.5 (10.2) 55.1 (45.6, 61.8) 67.9 (8.2) 67.0 (62.7, 73.9) 66.1 (17.3) 63.2 (56.6, 70.3)

C 484.6 (6.5) 484.9 (481.1, 488.0) 477.3 (5.2) 477.9 (475.0, 480.7) 472.8 (6.7) 472.5 (469.0, 476.0)

N 14.3 (3.5) 14.3 (11.5, 17.5) 13.1 (2.5) 12.8 (11.3, 14.8) 8.3 (3.0) 9.0 (6.0, 11.0)

Note: Lowercase letters indicate mean separation between locations (α = 0.05), organized highest to lowest value for each row.
Abbreviations: Ash-C, the ash based on the chemical compositional analysis; Ash-P, the ash based on the proximate analysis; IN, Indiangrass.; LB, little 
bluestem; OR, orchardgrass; SO, sideoats grama; SW, switchgrass; TF, tall fescue.
aLegumes: lespedeza in GA, red clover in MO, and yellow sweetclover in KS.

T A B L E  3   Analysis of variance (ANOVA) showed the effects 
of main factors, including year (Y), N rate (N), and harvest timing 
(HT) and interactions on vegetative species compositions of the 
cool-season grass and legume mixtures in MO-CRP site with 
significance level of 0.05

Factors TF OR CG Legume
Total 
weed

Y **** **** **** **** ****

N ** **** **** **** **

HT *** ns *** **** ns

Y × N ns * ns ns ns

Y × HT ** ns ns ** ns

N × HT ns ns ns ** ns

Y × N × HT ns ns ns **** ns

Abbreviations: CG, cool-season grass (sum of TF and OR); Legume, 
lespedeza predominant; OR, orchardgrass; TF, tall fescue.
Level-1 (*): 0.05 < p < 0.01; Level-2 (**): 0.01 < p < 0.001; Level-3 (***): 
0.001 < P < 0.0001; Level-4 (****): p < 0.0001; ns: not significant.
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8  |      LIN et al.

conversely increased the legume, compared with the PSC 
harvest (Table 4). Averages across years and N treatments, 
EGS harvest reduced the TF and overall cool-season grass 
contents by approximately 15% and 13%, respectively, but 
increased legume proportion by 59%. Overall, the propor-
tion of cool-season grass stabilized in the third experimen-
tal year (2010) when averaged across treatments; however, 
the legume proportion substantially declined while weeds 
increased over the years (Table 4). In contrast, all species 
were sensitive to different N inputs (Table 3). Increased 
N rate from 0 to 112 kg-N ha−1 increased the overall cool-
season grass composition from 54.7% to 70.3% but reduced 
the legume and weed compositions from 14.9% to 6.7% 
and from 21.8% to 16.4%, respectively.

Although all analytes related to the chemical com-
position of feedstock were significantly impacted by the 
two-way interaction of year and harvest timing in GA 
(Table 5), only the total TEY showed a consistent pattern 
between two harvest practices (Table 6). The EGS harvest 
regime consistently improved the total TEY relative to the 
PSC harvest in 2008, 2009, and 2012 (Table  6). Averages 
across years and N rates showed the EGS harvesting not 
only increased the total TEY by 47% but also improved the 
overall feedstock quality (i.e., increased TEY and reduced 

ash concentrations) compared with PSC. Average cell wall 
components, and TEY tended to be higher in 2008 and 
2012 than in other years. For N rate, only the main factor 
was significant for all quality indicators. Compared with 
the zero N input, the 112 kg-N ha−1 increased the total TEY 
from 1142.1 to 1365.4 L ha−1 (~20% increase) but reduced 
the overall cell wall compositions (622.3–586.9 g kg−1), vol-
atiles (801.9–792.2 g kg−1), biomass-C (486.1–483.5 g kg−1), 
and the TEY (339.1–317.3 L Mg−1). Concentrations of both 
ashes and the biomass-N also increased with increasing N 
rate (Table 6).

In MO, the responses of the feedstock compositions 
to three factors and their interactions were similar to 
the responses in GA. Two-way interaction between year 
and harvest timing was also significant for all chemi-
cal compositions (Table  5), but no consistent trend was 
shown (Table 7). This interaction effect was likely due to 
the year variations in compositions. The average across 
5 years and three N rates indicated that the EGS harvest 
regime also substantially improved the total TEY by 47% 
compared with the PSC harvest. Averages across all treat-
ments showed that higher cell wall concentrations, TEY, 
and total TEY, corresponding to lower concentrations of 
both ashes and biomass-N, usually occurred in 2009–2011 

Factor TF OR CG Legume
Total 
weed

Y HT Composition (%)

2008 PSC 47.8bcd 4.9 52.7 12.3ab 14.0

EGS 50.9abcd 0.0 50.9 15.9a 13.3

2009 PSC 65.2a 14.8 80.0 9.5abc 1.3

EGS 61.4ab 13.2 74.7 6.5bc 2.7

2010 PSC 51.3abc 16.2 67.5 12.5ab 18.8

EGS 47.8bcd 13.5 61.3 17.1a 20.1

2011 PSC 54.6ab 15.5 70.1 3.0c 24.4

EGS 35.8d 19.5 55.3 12.7ab 25.9

2012 PSC 55.6ab 16.5 72.1 3.0c 24.9

EGS 37.7 cd 19.7 57.4 12.4ab 30.4

Y mean 2008 49.4b 2.4b 51.8c 14.1a 13.7c

2009 63.3a 14.0a 77.4a 8.0b 2.0d

2010 49.6b 14.8a 64.4b 14.8a 19.4bc

2011 45.2b 17.5a 62.7b 7.8b 25.2ab

2012 46.6b 18.1a 64.8b 7.7b 27.6a

HT mean PSC 54.9a 13.6 68.5a 8.1b 16.7

EGS 46.7b 13.2 59.9b 12.9a 18.5

N mean 0 45.6b 9.1b 54.7b 14.9a 21.8a

56 52.8a 14.8a 67.7a 9.8b 14.5b

112 54.1a 16.2a 70.3a 6.7b 16.4b

Abbreviations: CG, cool-season grass (sum of TF and OR); Legume, lespedeza predominant; OR, 
orchardgrass, TF, tall fescue.

T A B L E  4   Species composition 
functional group vegetation of the 
harvested biomass in the GA CRP land 
regimes, influenced by year (Y), nitrogen 
fertilizer rates (N = 0, 56, and 112 kg ha−1), 
harvest timing (HT: PSC vs EGS), and 
the Y × HT interaction from 2008 to 
2012. Lowercase letters indicate mean 
separation α = 0.05 organized highest to 
lowest value for each column (no mean 
separations were applied if the variable 
effect was not significant)
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      |  9LIN et al.

than in 2008 and 2012 (Table  7). Increased N rate (0–
112 kg ha−1) also increased the total TEY from 1196.9 to 
1670.3 L ha−1 (~40% increase) but lowered the feedstock 
quality by reducing the overall cell wall concentrations 
from 597.2 to 579.7 g kg−1.

3.4  |  Warm-season mixtures

Chemical compositions of the warm-season mixtures 
in KS were also significantly influenced by the year x 
harvest timing interaction (Table  5). Although harvest 
timing impact on feedstock compositions varied from 
year to year, the biomass harvested after KF generally 
led to higher cell wall components (i.e., increased xylan 
and lignin shown in Table  8). Contrastingly, the KF 
harvest lowered biomass-C and -N concentrations rela-
tive to PSC in 2008–2010. Averages across year and N 

rate showed that the KF harvest increased the overall 
cell wall concentration and TEY by approximately 7% 
but reduced the total TEY by 12% compared with PSC 
(Table  8). On the other hand, the KF regime substan-
tially reduced the concentrations of ash-P and tissue-N 
by 10% and 40%, respectively. The averaged cell wall 
components (glucan, lignin), TEY, and total TEY across 
all treatments showed reduced concentrations in the last 
two experimental years (2011 and 2012). Both ash-C and 
ash-P concentrations peaked at 100.3 and 87.4 g kg−1, re-
spectively, in 2012. The total TEY increased over time 
from 2008 to 2010 but substantially declined in 2011 
and 2012. For the N rate, the ANOVA results showed a 
significant year × N-rate interaction for chemical com-
positions (Table  5), but no discernible trend (data not 
shown). The average across years and two harvest re-
gimes showed that only the biomass-N concentrations 
and total TEY consistently increased with increasing N 

T A B L E  5   Analysis of variance (ANOVA) showed the effects of main factors, including year (Y), N rate (N), and harvest timing (HT) and 
interactions on chemical composition, and proximate and ultimate analytes of cool- and warm-seasons grass and legume mixtures in three 
CRP sites (GA, MO, and KS) with significance level of 0.05

Site Factors

Chemical compositions (%)
Proximate and ultimate 
analysis (%)

TEY Total TEYGlu Xyl Lig Ash-Ca Cell wall Volatile Ash-P C N

GA Y **** **** **** **** **** **** **** **** **** **** ****

N **** **** ** **** **** **** **** * **** **** *

HT ns ** ns ** ns ns * *** * * ****

Y × N ns ns ** ns ns ** ** *** ns ns ns

Y × HT **** *** *** **** **** **** **** **** **** **** ****

N × HT * ns ns ns ns ns ns ns ns ns ns

Y × N × HT ns ns ns ns ns ns ns ns ns ns ns

MO Y **** **** **** **** **** **** **** ** **** **** ****

N ns **** *** ns ** ns ns ns ns ns ****

HT ns ns ns ns ns ns ns ** ns ns ****

Y × N * ns ns ns ns ns ns ns ns ns ns

Y × HT **** *** ** **** **** **** ** * *** **** ns

N × HT *** * ns * *** ns ns ns *** *** ns

Y × N × HT ns ns ns ns ns ns ns ns ns ns ns

KS Y **** **** **** **** **** **** **** **** **** **** ****

N ns ns ns ns ns ns ns ns * ns ****

HT ** **** **** ns **** * * *** **** **** *

Y × N ns **** ** ns ** ns ns **** * **** **

Y × HT **** **** ** * **** ns ns **** **** **** ****

N × HT ns ns ns ns ns ns ns ns ns ns ns

Y × N × HT ns ns * ns ns ns ns ns ns ns ns

Abbreviations: Ash-C, ash determined by chemical compositional analysis; Ash-P, ash determined by the proximate analysis; C, carbon; Cell wall, the sum of 
Glu, Xyl, and Lig; Glu, glucan; Lig, lignin; N, nitrogen; TEY, theoretical ethanol yield; Total TEY, TEY times DM yield.; Xyl, xylan.
Level-1 (*): 0.05 < p < 0.01; Level-2 (**): 0.01 < p < 0.001; Level-3 (***): 0.001 < p < 0.0001; Level-4 (****): p < 0.0001; ns: not significant.
aThe MO ash-C data in 2011 did not include for statistical analysis due to substantial number of missing values.
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rate. By increasing N rate from 0 to 112 kg N ha−1, the 
tissue-N concentrations increased from 8.0 to 8.9 g kg−1, 
and the total TEY improved from 453.0 to 632.7 L ha−1 
(Table 8).

3.5  |  Canonical correlation analysis

The number of CCA functions was based on a set, inde-
pendent or dependent set, with the least number of varia-
bles (i.e., vegetative species composition set in this study). 
Thus, only 3–6 functions were derived based on the num-
ber of species in each location (Table 9). The full model 
across all canonical functions was significant based on the 
Wilk's λ criteria of 0.22 (GA), 0.27 (MO), and 0.08 (KS), 
respectively (p < 0.0001 shown in Table  9). The Wilk's λ 
indicates the variance unexplained by the full model, so 
the value of 1-λ represents the overall effect size of the 
model and can be interpreted as r2 in multiple regressions. 
For instance, the 1−λ of the model including four CCA 
functions in GA was 0.78, meaning that the full model can 
explain about 78% of the variance shared between two var-
iable sets. Likewise, the full CCA models explained 73% 
and 92% of the variances in MO and KS, respectively. In 
each model, the R2c showed that first two canonical func-
tions explained substantial variability between predictor 
and outcome variable sets, and the first function explained 
59%, 47% and 78% of the total variability in GA, MO and 
KS, respectively (Table 10). Thus, we only focused on the 
first function, as this was deemed adequate for interpret-
ing variability between the two sets of variables. The load-
ings (rs) and cross-loadings of the species and chemical 
composition variable sets are shown in Table 11. In GA, 
the loadings showed the most important species compo-
sition predictors of the chemical compositions was weed 
(−0.74) followed by TF (0.64), OR (0.60), and legume 
(−0.40). The cross-loadings also showed the same trend. 
The energy-rich indicators (i.e., cell wall, volatiles, and 
biomass-C) were negatively correlated to the biomass-ash 
and -N in the chemical composition set and the TF and 
OR compositions in the species composition set. For the 
MO site, loadings on weed (0.75) was also the most signifi-
cant predictor of the feedstock compositions/quality, fol-
lowed by legume (0.49). The contribution of TF, however, 

was minimal (−0.12). In the chemical composition set, the 
loadings showed that lignin (0.91) and biomass-C (0.79) 
were the primarily contributors to the first canonical func-
tion. In the KS site, the loadings on the first function indi-
cated that legume (0.93) was the most important variable 
from the species composition set for predicting feedstock 
quality. Among all warm-season grasses, however, only 
SO (−0.54) showed a significant contribution for predict-
ing the chemical composition (and ultimately quality). 
Three structural cell wall compositions, biomass-ash, and 
-C had significant loadings (i.e., > |0.30|) among feedstock 
quality variables.

4   |   DISCUSSION

4.1  |  Bioenergy feedstock quality

Each conversion technology has different chemical 
composition requirements to ensure conversion effi-
ciency (Brown & Brown, 2014; Jönsson et al., 2013; Li 
et al.,  2016). For instance, the biochemical conversion 
technique is commonly used to produce EtOH from the 
carbohydrate-rich components (i.e., glucan/cellulose 
and xylan/hemicellulose). For the biochemical process, 
lignin is considered an undesirable compound along 
with the ash content because the increased lignin can 
(1) enhance biomass recalcitrance, (2) inhibit micro-
bial growth by producing toxic compounds (e.g., phe-
nols and aromatics) during the hydrolysis process, and 
(3) interfere with cellulase enzyme accessibility to the 
polysaccharides for sugar production, and (4) not be 
the source for biological transformation (Li et al., 2010, 
2016; Palmqvist & Hahn-Hägerdal,  2000a, 2000b; Pu 
et al., 2013; Studer et al.,  2011). The thermochemical 
process (e.g., combustion, gasification, fast pyrolysis, 
or hydrothermal liquefaction) can use heat and/or cata-
lysts to covert carbon-rich materials, including lignin, 
into energy resources (e.g. syngas or hydrocarbon bio-
fuels). Ash components, mainly inorganic compounds, 
are unfavorable for bio- and thermo-chemical processes 
because ash can reduce the conversion effectiveness and 
upgrading performances due to its strong catalytic effect 
(Bridgwater, 2012; Kenney et al., 2013; Li et al., 2016). 

Site
Function 
no.

Wilks' 
λ F-statistic

Hypothesis 
DF

Error 
DF p-value

GA 4 0.22 5.43 28 286 <0.0001

MO 3 0.27 5.21 21 190 <0.0001

KS 6 0.08 6.08 42 360 <0.0001

Abbreviations: DF, degree of freedom; Function, canonical function.

T A B L E  9   Wilks' λ test results of 
canonical correlation analysis between 
vegetative species and chemical 
compositions from GA, MO, and KS in 
2008–2012

 17571707, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcbb.12980 by Inl R

esearch L
ibrary, W

iley O
nline L

ibrary on [01/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



14  |      LIN et al.

For the combustion process, high biomass N contents 
likely increased nitrogen oxide (NOx) formation, which 
is considered a deleterious product for the environment 
(Lewandowski & Kauter, 2003; Prochnow et al., 2009). 
In this study, the increased concentrations of cell wall 

components, volatiles, biomass-C, and TEY referred to 
the improved feedstock quality for energy productions; 
conversely, the increased biomass-ashes and -N concen-
trations meant low-quality feedstock.

4.2  |  Environmental effect

The warm-season grasses usually service as a better her-
baceous feedstock for bioenergy production than the 
cool-season grasses by providing higher carbon-rich 
components and lower ash content (Cherney et al., 1991; 
Kenney et al., 2013; Hatfield et al., 2009; Sage & Zhu, 2011; 
van der Weijde et al., 2013; Zhu et al., 2008). This study, 
however, showed a higher ash content in the warm-season 
grass predominant biomass (KS) than the cool-season 
grasses predominant biomass (GA and MO). This opposite 
trend was attributed to different soil properties and nutri-
ent contents of the CPR cropland. Compared with GA and 
MO, the KS CRP site has higher alkali and alkaline earth 
metals (e.g., K, Ca, and Mg) in soil (Table  1). Increased 
concentrations of alkali/alkaline earth metals in soil likely 
facilitate the accumulation of metal nutrients in plant tis-
sue, becoming the source of biomass ash (Li et al., 2016). 
Also, significant year variations in vegetation species 
and feedstock chemical compositions in each location 
were due to the changed weather pattern over the years, 

T A B L E  1 0   Canonical correlation analysis of vegetative species 
and chemical compositions from GA, MO, and KS in 2008–2012

Site Function Rc R2
c

F 
value DF p-value

GA 1 0.77 0.59 5.43 28 <0.0001

2 0.62 0.38 3.27 18 <0.0001

3 0.34 0.11 1.47 10 0.16

4 0.23 0.05 1.10 4 0.36

MO 1 0.68 0.47 5.21 21 <0.0001

2 0.58 0.34 4.47 12 <0.0001

3 0.48 0.23 4.04 5 0.0029

KS 1 0.88 0.78 6.08 42 <0.0001

2 0.68 0.46 2.92 30 <0.0001

3 0.41 0.17 1.53 20 0.07

4 0.34 0.11 1.25 12 0.25

5 0.24 0.06 0.86 6 0.53

6 0.06 0.00 0.13 2 0.87

Abbreviations: DF, degree of freedom; Function, canonical function; Rc, 
canonical correlation coefficient; R2

c
, squared canonical correlation, meaning 

that the amount of the variance shared between the variable sets.

T A B L E  1 1   Canonical solution for the first composition scores of the indicators of feedstock quality and vegetative species compositions 
from GA, MO, and KS in 2008–2012

Variables GA MO KS

Independent Coef. rs Cross rs Coef. rs Cross rs Coef. rs Cross rs

TF 0.17 0.64 0.49 0.85 −0.12 −0.09 — — —

OR 0.55 0.60 0.46 — — — — — —

SO — — — — — — −0.14 −0.54 −0.48

SW — — — — — — −0.03 0.01 0.01

LB — — — — — — −0.10 −0.20 −0.17

IN — — — — — — 0.00 −0.15 −0.13

Leg −0.19 −0.40 −0.30 0.99 0.49 0.34 1.02 0.93 0.82

Weed −0.66 −0.74 −0.57 0.83 0.75 0.51 0.25 −0.18 −0.16

Dependent

Glucan 0.86 −0.17 −0.13 0.06 −0.10 −0.07 0.56 0.75 0.66

Xylan −0.05 −0.63 −0.48 0.16 0.51 0.35 −0.60 −0.52 −0.46

Lignin −0.14 −0.61 −0.47 0.65 0.91 0.62 0.39 0.58 0.51

Ash-C 0.66 0.64 0.49 −0.02 −0.14 −0.10 −0.01 −0.64 −0.56

Volatile 0.23 −0.73 −0.56 −0.61 0.33 0.22 −0.04 0.29 0.26

C 0.01 −0.38 −0.29 0.68 0.79 0.54 0.07 0.65 0.57

N 1.08 0.73 0.56 0.01 −0.35 −0.24 −0.01 0.01 0.01

Abbreviations: Coef., standardized canonical function coefficient; IN, Indiangrass; LB, little bluestem; OR, orchardgrass; rs, structure coefficients (loadings), 
great than |0.30| are underlined; SO, sideoats grama; SW, switchgrass; TF, tall fescue.
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especially precipitation (Harmoney et al., 2016; Templeton 
et al., 2009; Williams et al., 2016). For instance, the nation-
wide drought event in 2012 led to substantial declines in 
legume composition in GA shown in this study, and MO 
and KS reported by Harmoney et al.  (2016). Compared 
with legumes, the perennial grasses were more resistant to 
water stress by showing a stable biomass yield and cover-
age proportion. This decline in legume compositions was 
likely followed by the increase in weed compositions. For 
feedstock chemical compositions, legumes tended to have 
higher lignin contents than grasses (Cherney et al., 1988; 
Jensen et al., 2012). Although legumes only covered 10%–
30% of the canopy, the declined legume likely reduced 
the lignin concentration, especially in GA and KS. Many 
studies consistently reported that the water-deficit grow-
ing condition could reduce structural cell wall composi-
tions by increasing the non-structural carbohydrate in 
the lignocellulosic feedstock (Hoover et al., 2018). In this 
study, however, the reduced cell wall composition due to 
the severe drought was only observed in MO and KS and 
not GA. Although all three locations were subjected to 
water stress in 2012, the cumulative precipitation during 
the growing season (May to Oct) indicated that the MO 
and KS sites only received 280-mm and 205-mm of rainfall 
(~ 50% of the 30-year average), respectively, but the GA 
site still had 427-mm precipitation (~ 70% of the 30-year 
average).

4.3  |  Harvest management

For perennial grasses, delaying a harvest until EGS or 
after KF has been consistently reported to provide multi-
ple benefits, including (1) improvements of stand persis-
tence and regrowth vigor potentials by extending the time 
for vegetative development and reproductive tiller growth 
and (2) increases in nutrient use efficiency and feedstock 
quality by facilitating the nutrient translocation from the 
aboveground to underground biomass which can be re-
cycled in the following year (Lee et al., 2014; MacAdam 
& Nelson, 2003; Zumpf et al., 2019). In this study, the de-
layed harvest also benefited the perennial vigor in MO and 
KS by improving the overall coverage of perennial grasses 
except for GA (Table 4; Tables S1 and S2). Since the har-
vest management in GA consisted of two harvest timing 
and frequencies (only one harvest at PSC but two harvests 
at the EGS in the late spring and fall), this confounding 
management effect on perennial persistence became even 
more complicated in GA than MO and KS. We hypoth-
esized that this opposite effect was mainly due to the 
rapid depletion of soil nutrients under the frequent har-
vest practice. Compared with only one harvest at PSC, the 
two harvests likely increased biomass nutrient removal 

from soil and accelerated the nutrient depletion in the 
soil (Follett & Wilkinson,  1995; Gabrielle et al., 2014; 
Kering et al., 2013; Minson, 1981; Mullahey et al., 1992; 
Pedroso et al., 2014). The GA CRP sites already had lower 
soil fertility than the other locations, so the insufficient 
nutrient contents can have a severe impact on grass per-
sistence (Table 1). Delayed harvesting has been suggested 
to improve the feedstock quality through reducing mois-
ture, ash, and N contents in aboveground biomass due 
to the nutrient translocation to the underground tissues 
(Mitchell & Schmer, 2012; Ong et al., 2018).

4.4  |  Nitrogen management

Our previous study showed that increased N rate typi-
cally improved biomass yield for warm- and cool-season 
grass mixtures (Anderson et al.,  2016; Lee et al.,  2013; 
Mohammed et al.,  2014). The increased yield likely im-
proved the total TEY, shown in this study. Increased N 
rate also improved the stand persistence and productiv-
ity of the cool-season grasses but consistently declined the 
legume coverage over the years in our studies (Table 4 and 
Table S1; Harmoney et al., 2016; Mohammed et al., 2014) 
and other literature (Mallarino & Wedin, 1990). Compared 
with the warm-season grasses, the cool-season grasses 
were highly responsive to the N supply for stand cov-
erage and biomass chemical compositions (Cherney 
et al.,  1991). With more N input, the cool-season grass 
becomes more competitive than legumes and the annual 
weed compositions (Table  4 and Table  S1; Harmoney 
et al.,  2016). Nitrogen effects on biomass compositions, 
however, are substantially influenced by environmen-
tal variations (weather and soils) and species (Allison 
et al., 2012; Emery et al., 2020; Heggenstaller et al., 2009; 
Hong et al., 2014; Waramit et al., 2011). Increased N was 
consistently reported to increase the overall yield and bi-
omass-N concentrations (Arundale et al., 2015; Gurezky 
et al., 2011; Ibrahim et al., 2017; Lemus et al., 2008; Mulkey 
et al.,  2008; Murozuka et al.,  2014; Vogel et al.,  2002). 
The additional N supply, however, has been reported to 
have positive (Allison et al., 2012; Arundale et al., 2015; 
Hong et al., 2014; Lemus et al., 2008; Nazli & Tansi, 2019; 
Waramit et al., 2011), negative (Hodgson et al., 2010), or 
no effects (Lee et al., 2007; Ibrahim et al., 2017; Seepaul 
et al., 2014) on cellulose and lignin concentrations in the 
monoculture production studies. In the mixture systems, 
biomass compositions were influenced by the confound-
ing factors of N treatments and species transitions. In GA 
and MO, increased N input decreased the feedstock quality 
by increasing the biomass-ash and -N contents and reduc-
ing the cell wall compositions. Since legumes have higher 
lignin than perennial grasses, the reduced lignin can be 
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attributed to the declined legume composition with in-
creasing N input. Many studies reported that the biomass 
compositions of the warm-season grass seldom responded 
to N supplies except for the tissue-N concentration (Lee 
et al., 2007; Ibrahim et al., 2017; Seepaul et al., 2014).The 
increased tissue-N concentration resulting from more N 
input was also shown in the KS site of this study and likely 
has adverse impact on feedstock quality.

4.5  |  Species effect on chemical 
compositions

The CCA was used to study the relationship between 
species transitions and feedstock quality because this 
method can avoid the multicollinearity issue for the cor-
related predictors in regression prediction models, such 
as multiple linear regression analysis (Kabir et al., 2014; 
Sherry & Henson, 2005). The CCA analysis can also dif-
ferentiate the contributions of predictors (species) to the 
outcomes (compositional analytes). This study showed 
that feedstock quality was significantly associated with 
species compositions, and their relationships varied based 
on the predominant species and the growth environment. 
For instance, the changed weed compositions substan-
tially influenced the feedstock chemical compositions of 
cool-season mixtures but negligibly affected the quality 
of warm-season mixtures. A strong negative association 
between weed/legume and cool-season grasses demon-
strated that their competitive relationship and preferences 
for management practices. The negative relationship be-
tween the cool-season grass and the quality attributes 
showed that the increased cool-season grass compositions 
likely reduced the feedstock quality for bioenergy pro-
ductions, such as declines in cell wall compositions and 
volatiles. As a dedicated bioenergy crop candidate, the 
cool-season grass has an attractive yield potential for en-
ergy productions (e.g., high total TEY) and early biomass 
accumulation (i.e., in spring) before the warm-season bio-
mass are ready; however, its nutrient-rich characteristics 
in plant tissues likely increase biomass-ash and -N con-
tents (Florine et al.,  2006; Lee et al.,  2013). The KS site 
also showed plant competitions between the warm-season 
grasses and legumes. Increased legume compositions 
likely enhanced lignin (positive relationship) but reduced 
xylan (negative relationship) contents because legumes 
usually have higher lignin concentrations but much lower 
hemicellulose (the predominant compositions of the 
structural xylan) than grasses (Cherney et al., 1988, 1991; 
Jarchow et al., 2012; Mohammed et al., 2014). Improved 
lignin concentration was also associated with increases in 
glucan (Pearson's correlation coefficient, r = 0.53) and de-
clines in ash concentration (r = −0.81 for the ash-C data 

not shown). Although each indicator provided different 
information regarding quality control, our results showed 
that the quality attributes of structural xylan and lignin 
and the overall C content were more sensitive to the tran-
sition of species in the grass-legume mixture system.

5   |   CONCLUSIONS

Perennial grass-legume mixtures are ideal polyculture 
production systems for the Conservation Reserve Program 
(CRP) land, initially designed for soil and water conser-
vation. For grass mixture systems, it could be challeng-
ing to optimize the management practices for proving 
a sustainable feedstock supply and ensuring vegetative 
longevity. This study showed that different grass mix-
tures responded to specific practices for feedstock quality. 
The chemical compositions of cool-season mixtures were 
highly sensitive to the N supply compared with the warm-
season mixtures. Although the increased N input can im-
prove the total theoretical ethanol yield, the additional N 
input likely reduced the feedstock quality by reducing the 
concentrations of cell wall components. The warm-season 
mixtures responded to the harvest timing more than the 
cool-season mixtures. Delayed harvest after complete se-
nescence consistently improved feedstock quality of the 
warm-season mixtures by increasing concentrations of 
glucan, xylan, lignin, and volatiles and reducing the ash 
and tissue nitrogen contents. The CCA provided a useful 
tool to identify the effect of vegetative species transitions 
on feedstock quality. Most of the quality attributes re-
sponded to the changes in species compositions (especially 
legumes), but the biomass glucan concentrations seemed 
insensitive to this transition in the cool-season mixtures. 
Perennial grass and legumes/weeds usually showed a 
competitive relationship, also meaning that these species 
favored different management practices. The increased 
legume compositions likely increased the lignin concen-
trations in biomass. This long-term field research demon-
strated that the goal of supplying high-quality feedstock 
and maintaining stand persistence can be achieved under 
proper management and a sufficient water supply. In ad-
dition, the CCA coupled with the approach of vegetative 
species identification (e.g., remote-sensing techniques) 
can be a powerful tool to predict feedstock quality for fu-
ture studies.

ACKNOWLEDGMENT
This work was supported by the North Central Regional 
Sun Grant Center at South Dakota State University 
(U.S. Department of Energy Office of Biomass Programs 
under Award Number DE-FC36-05GO85041), the U.S. 
Department of Energy, Energy Efficiency and Renewable 

 17571707, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcbb.12980 by Inl R

esearch L
ibrary, W

iley O
nline L

ibrary on [01/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



      |  17LIN et al.

Energy (EERE), Bioenergy Technologies Office (BETO) 
(Grant number DE-EE0008521), and the Institute for 
Sustainability, Energy, and Environment University of 
Illinois Urbana-Champaign. Any opinions, findings, and 
conclusions or recommendations expressed in this pub-
lication are those of the author(s) and do not necessarily 
reflect the views of the U.S. Department of Energy. The 
authors would like to thank the following Idaho National 
Laboratory colleagues: Garold Gresham, Leilani Beard, 
Mary Bingham, Karen Delezene-Briggs, Matthew Bryant, 
Sergio Hernandez, Sabrina Morgan, and Brad Thomas.

FUNDING INFORMATION
This research was funded by the US Department of Energy 
(DOE), Office of Energy Efficiency and Renewable Energy 
(EERE), Bioenergy Technologies Office (BETO), under DOE 
Idaho Operations Office Contract DE-AC07-05ID14517. 
The views expressed in the article do not necessarily rep-
resent the views of the US Department of Energy or the 
United States Government. The US Government retains 
and the publisher, by accepting the article for publication, 
acknowledges that the US Government retains a nonexclu-
sive, paid-up, irrevocable, worldwide license to publish or 
reproduce the published form of this manuscript, or allow 
others to do so, for US Government purposes. The authors 
have no other relevant affiliations or financial involvement 
with any organization or entity with a financial interest in 
or financial conflict with the subject matter or materials dis-
cussed in the manuscript apart from those disclosed.

CONFLICT OF INTEREST
The authors have no conflict of interest to declare.

DATA AVAILABILITY STATEMENT
Chemical composition data presented are available in the 
Bioenergy Feedstock Library (bioen​ergyl​ibrary.inl.gov).

ORCID
Cheng-Hsien Lin   https://orcid.org/0000-0001-6580-5457 
Amber Hoover   https://orcid.org/0000-0001-8584-3995 
DoKyoung (D.K.) Lee   https://orcid.
org/0000-0003-1401-9661 

REFERENCES
Allison, G. G., Morris, C., Lister, S. J., Barraclough, T., Yates, N., 

Shield, I., & Donnison, L. S. (2012). Effect of nitrogen fertiliser 
application on cell wall composition in switchgrass and reed 
canary grass. Biomass & Bioenergy, 40, 19–26. https://doi.
org/10.1016/j.biomb​ioe.2012.01.034

Anderson, E. K., Aberle, E., Chen, C., Egenolf, J., Harmoney, K., 
Kakani, V. G., Kallenbach, R., Khanna, M., Wang, W., & Lee, 
D. (2016). Impacts of management practices on bioenergy feed-
stock yield and economic feasibility on conservation reserve 

program grasslands. Global Change Biology Bioenergy, 8(6), 
1178–1190. https://doi.org/10.1111/gcbb.12328

Arundale, R. A., Bauer, S., Haffner, F. B., Mitchell, V. D., Voigt, 
T. B., & Long, S. P. (2015). Environment has little effect on 
biomass biochemical composition of miscanthus x giganteus 
across soil types, nitrogen fertilization, and times of harvest. 
Bioenergy Research, 8(4), 1636–1646. https://doi.org/10.1007/
s1215​5-015-9613-2

Bridgwater, A. V. (2012). Review of fast pyrolysis of biomass and 
product upgrading. Biomass & Bioenergy, 38, 68–94. https://doi.
org/10.1016/j.biomb​ioe.2011.01.048

Brown, R. C., & Brown, T. R. (2014). Biorenewable resources: Engineering 
new products from agriculture (2nd ed.). Wiley-Blackwell.

Carlsson, G., Martensson, L.-M., Prade, T., Svensson, S.-E., & Jensen, 
E.-S. (2017). Perennial species mixtures for multifunctional 
production of biomass on marginal land. Global Change Biology 
Bioenergy, 9(1), 191–201. https://doi.org/10.1111/gcbb.12373

Chen, L., Blanc-Betes, E., Hudiburg, T. W., Hellerstein, D., Wallander, 
S., DeLucia, E. H., & Khanna, M. (2021). Assessing the returns to 
land and greenhouse gas savings from producing energy crops 
on conservation reserve program land. Environmental Science 
& Technology, 55(2), 1301–1309. https://doi.org/10.1021/acs.
est.0c06133

Cherney, J. H., Johnson, K. D., Volenec, J. J., & Anliker, K. S. (1988). 
Chemical-composition of herbaceous grass and legume species 
grown for maximum biomass production. Biomass, 17(4), 215–
238. https://doi.org/10.1016/0144-4565(88)90105​-9

Cherney, J. H., Johnson, K. D., Volenec, J. J., & Greene, D. K. (1991). 
Biomass potential of selected grass and legume crops. Energy Sources, 
13(3), 283–292. https://doi.org/10.1080/00908​31910​8908989

De Deyn, G. B., Shiel, R. S., Ostle, N. J., McNamara, N. P., Oakley, S., 
Young, I., Freeman, C., Fenner, N., Quirk, H., & Bardgett, R. D. 
(2011). Additional carbon sequestration benefits of grassland 
diversity restoration. Journal of Applied Ecology, 48(3), 600–
608. https://doi.org/10.1111/j.1365-2664.2010.01925.x

Demirbas, A. (2004). Combustion characteristics of different bio-
mass fuels. Progress in Energy and Combustion Science, 30(2), 
219–230. https://doi.org/10.1016/j.pecs.2003.10.004

Dhakal, D., & Islam, M. A. (2018). Grass-legume mixtures for im-
proved soil health in cultivated agroecosystem. Sustainability, 
10(8), 14. https://doi.org/10.3390/su100​82718

Emerson, R., Hoover, A., Ray, A., Lacey, J., Cortez, M., Payne, C., 
Karlen, D., Birrell, S., Laird, D., Kallenbach, R., Egenolf, J., 
Sousek, M., & Voigt, T. (2014). Drought effects on composi-
tion and yield for corn Stover, mixed grasses, and miscanthus 
as bioenergy feedstocks. Biofuels, 5(3), 275–291. https://doi.
org/10.1080/17597​269.2014.913904

Emery, I., Mueller, S., Qin, Z. C., & Dunn, J. B. (2017). Evaluating the 
potential of marginal land for cellulosic feedstock production 
and carbon sequestration in the United States. Environmental 
Science & Technology, 51(1), 733–741. https://doi.org/10.1021/
acs.est.6b04189

Emery, S. M., Stahlheber, K. A., & Gross, K. L. (2020). Drought min-
imized nitrogen fertilization effects on bioenergy feedstock 
quality. Biomass & Bioenergy, 133, 7. https://doi.org/10.1016/​
j.biomb​ioe.2019.105452

Florine, S. E., Moore, K. J., Fales, S. L., White, T. A., & Burras, 
C. L. (2006). Yield and composition of herbaceous biomass har-
vested from naturalized grassland in southern Iowa. Biomass 

 17571707, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcbb.12980 by Inl R

esearch L
ibrary, W

iley O
nline L

ibrary on [01/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://bioenergylibrary.inl.gov
https://orcid.org/0000-0001-6580-5457
https://orcid.org/0000-0001-6580-5457
https://orcid.org/0000-0001-8584-3995
https://orcid.org/0000-0001-8584-3995
https://orcid.org/0000-0003-1401-9661
https://orcid.org/0000-0003-1401-9661
https://orcid.org/0000-0003-1401-9661
https://doi.org/10.1016/j.biombioe.2012.01.034
https://doi.org/10.1016/j.biombioe.2012.01.034
https://doi.org/10.1111/gcbb.12328
https://doi.org/10.1007/s12155-015-9613-2
https://doi.org/10.1007/s12155-015-9613-2
https://doi.org/10.1016/j.biombioe.2011.01.048
https://doi.org/10.1016/j.biombioe.2011.01.048
https://doi.org/10.1111/gcbb.12373
https://doi.org/10.1021/acs.est.0c06133
https://doi.org/10.1021/acs.est.0c06133
https://doi.org/10.1016/0144-4565(88)90105-9
https://doi.org/10.1080/00908319108908989
https://doi.org/10.1111/j.1365-2664.2010.01925.x
https://doi.org/10.1016/j.pecs.2003.10.004
https://doi.org/10.3390/su10082718
https://doi.org/10.1080/17597269.2014.913904
https://doi.org/10.1080/17597269.2014.913904
https://doi.org/10.1021/acs.est.6b04189
https://doi.org/10.1021/acs.est.6b04189
https://doi.org/10.1016/j.biombioe.2019.105452
https://doi.org/10.1016/j.biombioe.2019.105452


18  |      LIN et al.

& Bioenergy, 30(6), 522–528. https://doi.org/10.1016/j.biomb​
ioe.2005.12.007

Follett, R. F., & Wilkinson, S. R. (1995). Nutrient management of for-
ages. In R. F. Barnes, D. A. Miller, & C. J. Nelson (Eds.), Forages, 
Vol. II. The Science of Grassland Agriculture (pp. 55–82). Iowa 
State Univ. Press.

Gabrielle, B., Bamière, L., Caldes, N., De Cara, S., Decocq, G., 
Ferchaud, F., Loyce, C., Pelzer, Y., Wohlfahrt, J., & Richard, G. 
(2014). Paving the way for sustainable bioenergy in Europe: 
Technological options and research avenues for large-scale 
biomass feedstock supply. Renewable and Sustainable Energy 
Reviews, 33, 11–25. https://doi.org/10.1016/j.rser.2014.01.050

Gillen, R. L., & Smith, E. L. (1986). Evaluation of the dry-weight-
rank method for determining species composition in tallgrass 
prairie. Journal of Range Management, 39(3), 283–285. https://
doi.org/10.2307/3899070

Guretzky, J. A., Biermacher, J. T., Cook, B. J., Kering, M. K., & 
Mosali, J. (2011). Switchgrass for forage and bioenergy: Harvest 
and nitrogen rate effects on biomass yields and nutrient com-
position. Plant and Soil, 339(1), 69–81. https://doi.org/10.1007/
s1110​4-010-0376-4

Harmoney, K. R., Lee, D. K., Kallenbach, R. L., & Aberle, E. Z. 
(2016). Species composition changes in conservation reserve 
program (CRP) grassland when managed for biomass feedstock 
production. Bioenergy Research, 9(4), 1180–1188. https://doi.
org/10.1007/s1215​5-016-9764-9

Hatfield, R. D., Marita, J. M., Frost, K., Grabber, J., Ralph, J., Lu, 
F., & Kim, H. (2009). Grass lignin acylation: P-coumaroyl 
transferase activity and cell wall characteristics of C3 and C4 
grasses. Planta, 229(6), 1253–1267. https://doi.org/10.1007/s0042​
5-​009-0900-z

Heggenstaller, A. H., Moore, K. J., Liebman, M., & Anex, R. P. (2009). 
Nitrogen influences biomass and nutrient partitioning by pe-
rennial, warm-season grasses. Agronomy Journal, 101(6), 1363–
1371. https://doi.org/10.2134/agron​j2008.0225x

Hodgson, E. M., Fahmi, R., Yates, N., Barraclough, T., Shield, 
I., Allison, G., Bridgwater, A. V., & Donnison, I. S. (2010). 
Miscanthus as a feedstock for fast-pyrolysis: Does agronomic 
treatment affect quality? Bioresource Technology, 101(15), 6185–
6191. https://doi.org/10.1016/j.biort​ech.2010.03.024

Hong, C. O., Owens, V. N., Bransby, D., Farris, R., Fike, J., Heaton, 
E., Kim, S., Mayton, H., Mitchell, R., & Viands, D. (2014). 
Switchgrass response to nitrogen fertilizer across diverse envi-
ronments in the USA: A regional feedstock partnership report. 
Bioenergy Research, 7(3), 777–788. https://doi.org/10.1007/
s1215​5-014-9484-y

Hoover, A., Emerson, R., Ray, A., Stevens, D., Morgan, S., Cortez, 
M., Kallenbach, R., Sousek, M., Farris, R., & Daubaras, D. 
(2018). Impact of drought on chemical composition and sugar 
yields from dilute-acid pretreatment and enzymatic hydro-
lysis of miscanthus, a tall fescue mixture, and switchgrass. 
Frontiers in Energy Research, 6(54). https://doi.org/10.3389/
fenrg.2018.00054

Ibrahim, M., Hong, C. O., Singh, S., Kumar, S., Osborne, S., & Owens, 
V. (2017). Switchgrass biomass quality as affected by nitrogen 
rate, harvest time, and storage. Agronomy Journal, 109(1), 86–
96. https://doi.org/10.2134/agron​j2016.07.0380

Jarchow, M. E., Liebman, M., Rawat, V., & Anex, R. P. (2012). Functional 
group and fertilization affect the composition and bioenergy 

yields of prairie plants. Global Change Biology Bioenergy, 4(6), 
671–679. https://doi.org/10.1111/j.1757-1707.2012.01184.x

Jensen, E. S., Peoples, M. B., Boddey, R. M., Gresshoff, P. M., 
Hauggaard-Nielsen, H., J.R. Alves, B., & Morrison, M. J. (2012). 
Legumes for mitigation of climate change and the provision of 
feedstock for biofuels and biorefineries. A review. Agronomy 
for Sustainable Development, 32(2), 329–364. https://doi.
org/10.1007/s1359​3-011-0056-7.

Jönsson, L. J., Alriksson, B., & Nilvebrant, N.-O. (2013). Bioconversion 
of lignocellulose: Inhibitors and detoxification. Biotechnology 
for Biofuels, 6(1), 16. https://doi.org/10.1186/1754-6834-6-16

Jungers, J. M., Clark, A. T., Betts, K., Mangan, M. E., Sheaffer, C. C., & 
Wyse, D. L. (2015). Long-term biomass yield and species compo-
sition in native perennial bioenergy cropping systems. Agronomy 
Journal, 107(5), 1627–1640. https://doi.org/10.2134/agron​j15.0014

Kabir, A., Merrill, R. D., Shamim, A. A., Klemn, R. D. W., Labrique, 
A. B., Christian, P., West, K. P., & Nasser, M. (2014). Canonical 
correlation analysis of Infant's size at birth and maternal fac-
tors: A study in rural Northwest Bangladesh. PLoS One, 9(4), 8. 
https://doi.org/10.1371/journ​al.pone.0094243

Kenney, K. L., Smith, W. A., Gresham, G. L., & Westover, T. L. (2013). 
Understanding biomass feedstock variability. Biofuels, 4(1), 
111–127. https://doi.org/10.4155/bfs.12.83

Kering, M. K., Butler, T. J., Biermacher, J. T., Mosali, J., & Guretzky, 
J. A. (2013). Effect of potassium and nitrogen fertilizer on 
switchgrass productivity and nutrient removal rates under two 
harvest systems on a low potassium soil. Bioenergy Research, 
6(1), 329–335. https://doi.org/10.1007/s1215​5-012-9261-8

Kim, S. M., Lee, D., Thapa, S., Dien, B. S., Tumbleson, M. E., Rausch, 
K. D., & Singh, V. (2018). Cellulosic ethanol potential of feed-
stocks grown on marginal lands. Transactions of the ASABE, 
61(6), 1775–1782. https://doi.org/10.13031/​trans.12945

Lee, D. K., Aberle, E., Anderson, E. K., Anderson, W., Baldwin, B. 
S., Baltensperger, D., Barrett, M., Blumenthal, J., Bonos, S., 
Bouton, J., Bransby, D. I., Brummer, C., Burks, P. S., Chen, C., 
Daly, C., Egenolf, J., Farris, R. L., Fike, J. H., Gaussoin, R., … 
Owens, V. (2018). Biomass production of herbaceous energy 
crops in the United States: Field trial results and yield potential 
maps from the multiyear regional feedstock partnership. GCB 
Bioenergy, 10, 698–716. https://doi.org/10.1111/gcbb.12493.

Lee, D. K., Aberle, E., Chen, C., Egenolf, J., Harmoney, K., Kakani, 
G., Kallenbach, R. L., & Castro, J. C. (2013). Nitrogen and 
harvest management of conservation reserve program (CRP) 
grassland for sustainable biomass feedstock production. 
Global Change Biology Bioenergy, 5(1), 6–15. https://doi.
org/10.1111/j.1757-1707.2012.01177.x

Lee, D. K., Owens, V. N., & Doolittle, J. J. (2007). Switchgrass and soil 
carbon sequestration response to ammonium nitrate, manure, and 
harvest frequency on conservation reserve program land. Agronomy 
Journal, 99(2), 462–468. https://doi.org/10.2134/agron​j2006.0152

Lee, D. K., Parrish, A. S., & Voigt, T. (2014). Chapter 3: Switchgrass 
and giant miscanthus agronomy. In Y. Shastri, A. Hansen, L. 
Rodriguez, & K. C. Ting (Eds.), Engineering and science of bio-
mass feedstock production and provision (pp. 37–59). Springer.

Lemus, R., Charles Brummer, E., Lee Burras, C., Moore, K. J., Barker, 
M. F., & Molstad, N. E. (2008). Effects of nitrogen fertilization on 
biomass yield and quality in large fields of established switch-
grass in southern Iowa, USA. Biomass and Bioenergy, 32(12), 
1187–1194. https://doi.org/10.1016/j.biomb​ioe.2008.02.016

 17571707, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcbb.12980 by Inl R

esearch L
ibrary, W

iley O
nline L

ibrary on [01/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.biombioe.2005.12.007
https://doi.org/10.1016/j.biombioe.2005.12.007
https://doi.org/10.1016/j.rser.2014.01.050
https://doi.org/10.2307/3899070
https://doi.org/10.2307/3899070
https://doi.org/10.1007/s11104-010-0376-4
https://doi.org/10.1007/s11104-010-0376-4
https://doi.org/10.1007/s12155-016-9764-9
https://doi.org/10.1007/s12155-016-9764-9
https://doi.org/10.1007/s00425-009-0900-z
https://doi.org/10.1007/s00425-009-0900-z
https://doi.org/10.2134/agronj2008.0225x
https://doi.org/10.1016/j.biortech.2010.03.024
https://doi.org/10.1007/s12155-014-9484-y
https://doi.org/10.1007/s12155-014-9484-y
https://doi.org/10.3389/fenrg.2018.00054
https://doi.org/10.3389/fenrg.2018.00054
https://doi.org/10.2134/agronj2016.07.0380
https://doi.org/10.1111/j.1757-1707.2012.01184.x
https://doi.org/10.1007/s13593-011-0056-7
https://doi.org/10.1007/s13593-011-0056-7
https://doi.org/10.1186/1754-6834-6-16
https://doi.org/10.2134/agronj15.0014
https://doi.org/10.1371/journal.pone.0094243
https://doi.org/10.4155/bfs.12.83
https://doi.org/10.1007/s12155-012-9261-8
https://doi.org/10.13031/trans.12945
https://doi.org/10.1111/gcbb.12493
https://doi.org/10.1111/j.1757-1707.2012.01177.x
https://doi.org/10.1111/j.1757-1707.2012.01177.x
https://doi.org/10.2134/agronj2006.0152
https://doi.org/10.1016/j.biombioe.2008.02.016


      |  19LIN et al.

Lewandowski, I., & Kauter, D. (2003). The influence of nitrogen fer-
tilizer on the yield and combustion quality of whole grain crops 
for solid fuel use. Industrial Crops and Products, 17(2), 103–117. 
https://doi.org/10.1016/S0926​-6690(02)00090​-0

Li, C., Knierim, B., Manisseri, C., Arora, R., Scheller, H. V., Auer, M., 
Vogel, K. P., Simmons, B. A., & Singh, S. (2010). Comparison 
of dilute acid and ionic liquid pretreatment of switchgrass: 
Biomass recalcitrance, delignification and enzymatic sacchar-
ification. Bioresource Technology, 101(13), 4900–4906. https://
doi.org/10.1016/j.biort​ech.2009.10.066

Li, Q., Yu, P., Li, G., & Zhou, D. (2016). Grass–legume ratio can 
change soil carbon and nitrogen storage in a temperate steppe 
grassland. Soil and Tillage Research, 157, 23–31. https://doi.
org/10.1016/j.still.2015.08.021

Liu, J., Drane, W., Liu, X. F., & Wu, T. J. (2009). Examination of the 
relationships between environmental exposures to volatile or-
ganic compounds and biochemical liver tests: Application of 
canonical correlation analysis. Environmental Research, 109(2), 
193–199. https://doi.org/10.1016/j.envres.2008.11.002

MacAdam, J. W., & Nelson, C. J. (2003). Physiology of forage plants. 
In R. F. Barnes, C. J. Nelson, M. Collins, & K. J. Moore (Eds.), 
Forages: An introduction to grassland agriculture (6th ed., 
pp. 73–97). Iowa State Press.

Mallarino, A. P., & Wedin, W. F. (1990). Effect of species and propor-
tion of legume on herbage yield and nitrogen concentration of 
legume grass mixtures. Grass and Forage Science, 45(4), 393–
402. https://doi.org/10.1111/j.1365-2494.1990.tb019​64.x

McLaughlin, S. B., & Walsh, M. E. (1998). Evaluating environmen-
tal consequences of producing herbaceous crops for bioenergy. 
Biomass and Bioenergy, 14(4), 317–324. https://doi.org/10.1016/
S0961​-9534(97)10066​-6

Milbrandt, A. R., Heimiller, D. M., Perry, A. D., & Field, C. B. (2014). 
Renewable energy potential on marginal lands in the United 
States. Renewable & Sustainable Energy Reviews, 29, 473–481. 
https://doi.org/10.1016/j.rser.2013.08.079

Minson, D. J. (1981). Forage quality: Assessing the plant-animal 
complex. In J. A. Smith & V. W. Hays (Eds.), Proceedings of 
the XIV International Grassland Congress (p. 23). Westview 
Press, Inc.

Mitchell, R., & Schmer, M. (2012). Switchgrass harvest and storage. 
In A. Monti (Ed.), Switchgrass: Green Energy and Technology. 
Springer.

Mohammed, Y. A., Chen, C., & Lee, D. K. (2014). Harvest time and 
nitrogen fertilization to improve bioenergy feedstock yield 
and quality. Agronomy Journal, 106(1), 57–65. https://doi.
org/10.2134/agron​j2013.0272

Monti, A., Barbanti, L., Zatta, A., & Zegada-Lizarazu, W. (2012). 
The contribution of switchgrass in reducing GHG emissions. 
Global Change Biology Bioenergy, 4(4), 420–434. https://doi.
org/10.1111/j.1757-1707.2011.01142.x

Mulkey, V. R., Owens, V. N., & Lee, D. K. (2006). Management of 
Switchgrass-Dominated Conservation Reserve Program Lands 
for biomass production in South Dakota. Crop Science, 46(2), 
712–720. https://doi.org/10.2135/crops​ci2005.04-0007

Mulkey, V. R., Owens, V. N., & Lee, D. K. (2008). Management of 
warm-season grass mixtures for biomass production in South 
Dakota USA. Bioresource Technology, 99(3), 609–617. https://
doi.org/10.1016/j.biort​ech.2006.12.035

Mullahey, J. J., Waller, S. S., Moore, K. J., Moser, L. E., & Klopfenstein, 
T. J. (1992). In situ ruminal protein-degradation of switchgrass 

and smooth bromegrass. Agronomy Journal, 84, 183–188. 
https://doi.org/10.2134/agron​j1992.00021​96200​84000​20012x

Murozuka, E., Laursen, K. H., Lindedam, J., Shield, I. F., Bruun, 
S., Magid, J., Møller, I. S., & Schjoerring, J. K. (2014). 
Nitrogen fertilization affects silicon concentration, cell wall 
composition and biofuel potential of wheat straw. Biomass 
and Bioenergy, 64, 291–298. https://doi.org/10.1016/j.biomb​
ioe.2014.03.034

Nazli, R. I., & Tansi, V. (2019). Influences of nitrogen fertilization and 
harvest time on combustion quality of four perennial grasses in a 
semi-arid Mediterranean climate. Industrial Crops and Products, 
128, 239–247. https://doi.org/10.1016/j.indcr​op.2018.11.019

Nikièma, P., Rothstein, D. E., Min, D.-H., & Kapp, C. J. (2011). 
Nitrogen fertilization of switchgrass increases biomass 
yield and improves net greenhouse gas balance in northern 
Michigan, U.S.A. Biomass and Bioenergy, 35(10), 4356–4367. 
https://doi.org/10.1016/j.biomb​ioe.2011.08.006

Nyfeler, D., Huguenin-Elie, O., Matthias, S., Frossard, E., & Luscher, 
A. (2011). Grass-legume mixtures can yield more nitrogen than 
legume pure stands due to mutual stimulation of nitrogen up-
take from symbiotic and non-symbiotic sources. Agriculture 
Ecosystems & Environment, 140(1–2), 155–163. https://doi.
org/10.1016/j.agee.2010.11.022

Olsson, L., Barbosa H., Bhadwal S., Cowie A., Delusca K., Flores-
Renteria D., Hermans K., Jobbagy E., Kurz W., Li D., Sonwa D. J., 
& Stringer L. (2019). Land degradation. In: P.R. Shukla, J. Skea, 
E. Calvo Buendia, V. Masson-Delmotte, H.-O. Pörtner, D. C. 
Roberts, P. Zhai, R. Slade, S. Connors, R. van Diemen, M. Ferrat, 
E. Haughey, S. Luz, S. Neogi, M. Pathak, J. Petzold, J. Portugal 
Pereira, P. Vyas, E. Huntley, K. Kissick, M. Belkacemi, & J. 
Malley (Eds.), Climate change and land: An IPCC special report 
on climate change, desertification, land degradation, sustainable 
land management, food security, and greenhouse gas fluxes in ter-
restrial ecosystems in press. Intergovernmental Panel on Climate 
Change (IPCC) Press.

Ong, R. G., Shinde, S., da Costa Sousa, L., & Sanford, G. R. (2018). 
Pre-senescence harvest of switchgrass inhibits xylose utiliza-
tion by engineered yeast. Frontiers in Energy Research, 6, 52. 
https://doi.org/10.3389/fenrg.2018.00052

Palmqvist, E., & Hahn-Hägerdal, B. (2000a). Fermentation of lig-
nocellulosic hydrolysates. I: Inhibition and detoxification. 
Bioresource Technology, 74(1), 17–24. https://doi.org/10.1016/
S0960​-8524(99)00160​-1

Palmqvist, E., & Hahn-Hägerdal, B. (2000b). Fermentation of lig-
nocellulosic hydrolysates. II: Inhibitors and mechanisms of 
inhibition. Bioresource Technology, 74(1), 25–33. https://doi.
org/10.1016/S0960​-8524(99)00161​-3

Pedroso, G. M., Hutmacher, R. B., Putnam, D., Six, J., van Kessel, 
C., & Linquist, B. A. (2014). Biomass yield and nitrogen use of 
potential C4 and C3 dedicated energy crops in a Mediterranean 
climate. Field Crops Research, 161, 149–157. https://doi.
org/10.1016/j.fcr.2014.02.003

Prochnow, A., Heiermann, M., Plöchl, M., Amon, T., & Hobbs, 
P. J. (2009). Bioenergy from permanent grassland – A review: 
2 Combustion. Bioresource Technology, 100(21), 4945–4954. 
https://doi.org/10.1016/j.biort​ech.2009.05.069

Pu, Y., Hu, F., Huang, F., Davison, B. H., & Ragauskas, A. J. (2013). 
Assessing the molecular structure basis for biomass recalci-
trance during dilute acid and hydrothermal pretreatments. 
Biotechnology for Biofuels, 6(1), 1–13.

 17571707, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcbb.12980 by Inl R

esearch L
ibrary, W

iley O
nline L

ibrary on [01/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/S0926-6690(02)00090-0
https://doi.org/10.1016/j.biortech.2009.10.066
https://doi.org/10.1016/j.biortech.2009.10.066
https://doi.org/10.1016/j.still.2015.08.021
https://doi.org/10.1016/j.still.2015.08.021
https://doi.org/10.1016/j.envres.2008.11.002
https://doi.org/10.1111/j.1365-2494.1990.tb01964.x
https://doi.org/10.1016/S0961-9534(97)10066-6
https://doi.org/10.1016/S0961-9534(97)10066-6
https://doi.org/10.1016/j.rser.2013.08.079
https://doi.org/10.2134/agronj2013.0272
https://doi.org/10.2134/agronj2013.0272
https://doi.org/10.1111/j.1757-1707.2011.01142.x
https://doi.org/10.1111/j.1757-1707.2011.01142.x
https://doi.org/10.2135/cropsci2005.04-0007
https://doi.org/10.1016/j.biortech.2006.12.035
https://doi.org/10.1016/j.biortech.2006.12.035
https://doi.org/10.2134/agronj1992.00021962008400020012x
https://doi.org/10.1016/j.biombioe.2014.03.034
https://doi.org/10.1016/j.biombioe.2014.03.034
https://doi.org/10.1016/j.indcrop.2018.11.019
https://doi.org/10.1016/j.biombioe.2011.08.006
https://doi.org/10.1016/j.agee.2010.11.022
https://doi.org/10.1016/j.agee.2010.11.022
https://doi.org/10.3389/fenrg.2018.00052
https://doi.org/10.1016/S0960-8524(99)00160-1
https://doi.org/10.1016/S0960-8524(99)00160-1
https://doi.org/10.1016/S0960-8524(99)00161-3
https://doi.org/10.1016/S0960-8524(99)00161-3
https://doi.org/10.1016/j.fcr.2014.02.003
https://doi.org/10.1016/j.fcr.2014.02.003
https://doi.org/10.1016/j.biortech.2009.05.069


20  |      LIN et al.

Quijas, S., Schmid, B., & Balvanera, P. (2010). Plant diversity en-
hances provision of ecosystem services: A new synthesis. Basic 
and Applied Ecology, 11(7), 582–593. https://doi.org/10.1016/​
j.baae.2010.06.009

Sage, R. F., & Zhu, X.-G. (2011). Exploiting the engine of C4 pho-
tosynthesis. Journal of Experimental Botany, 62(9), 2989–3000. 
https://doi.org/10.1093/jxb/err179

Sanderson, M. A., Brink, G., Ruth, L., & Stout, R. (2012). Grass-
legume mixtures suppress weeds during establishment better 
than monocultures. Agronomy Journal, 104(1), 36–42. https://
doi.org/10.2134/agron​j2011.0130

SAS Institute. (2007). SAS/STAT 9.2 Users's guide. SAS Inst.
Seepaul, R., Macoon, B., Reddy, K. R., & Evans, W. B. (2014). Harvest 

frequency and nitrogen effects on yield, chemical characteris-
tics, and nutrient removal of switchgrass. Agronomy Journal, 
106(5), 1805–1816. https://doi.org/10.2134/agron​j14.0129

Sherry, A., & Henson, R. K. (2005). Conducting and interpreting 
canonical correlation analysis in personality research: A user-
friendly primer. Journal of Personality Assessment, 84(1), 37–48. 
https://doi.org/10.1207/s1532​7752j​pa8401_09

Sluiter, J. B., Ruiz, R. O., Scarlata, C. J., Sluiter, A. D., & Templeton, 
D. W. (2010). Compositional analysis of lignocellulosic feed-
stocks. 1. Review and description of methods. Journal of 
Agricultural and Food Chemistry, 58(16), 9043–9053. https://
doi.org/10.1021/jf100​8023

Studer, M. H., DeMartini, J. D., Davis, M. F., Sykes, R. W., Davison, 
B., Keller, M., Tuskan, G. A., & Wyman, C. E. (2011). Lignin 
content in natural Populus variants affects sugar release. 
Proceedings of the National Academy of Sciences of the USA, 
108(15), 6300–6305. https://doi.org/10.1073/pnas.10092​52108

Suter, M., Connolly, J., Finn, J. A., Loges, R., Kirwan, L., Sebastia, M. 
T., & Luscher, A. (2015). Nitrogen yield advantage from grass-
legume mixtures is robust over a wide range of legume propor-
tions and environmental conditions. Global Change Biology, 
21(6), 2424–2438. https://doi.org/10.1111/gcb.12880

Templeton, D. W., Sluiter, A. D., Hayward, T. K., Hames, B. R., & 
Thomas, S. R. (2009). Assessing corn Stover composition and 
sources of variability via NIRS. Cellulose, 16(4), 621–639. 
https://doi.org/10.1007/s1057​0-009-9325-x

Tenenbaum, D. J. (2008). Food vs. fuel: Diversion of crops could 
cause more hunger. Environmental Health Perspectives, 116(6), 
A254–A257. https://doi.org/10.1289/ehp.116-a254

United States Department of Energy (USDOE). (2011). U.S. billion-
ton update: Biomass supply for a bioenergy and bioproducts 
industry. In: R. D. Perlack & B. J. Stokes (Leads), ORNL/TM-
2011/224. Oak Ridge National Laboratory.

United States Department of Agriculture (USDA). Farm Service 
Agency (USDA-FSA) Conservation Reserve Program statistics. 
(2020). Retrieved April 15, 2021, from https://www.fsa.usda.
gov/Asset​s/USDA-FSA-Publi​c/usdaf​iles/Conse​rvati​on/PDF/
Summa​ry-Septe​mber-2020-1.pdf.

United States Department of Agriculture (USDA) Agricultural 
Projections to 2030 report. (2021). Retrieved March 4, 2021, 
from https://www.ers.usda.gov/publi​catio​ns/pub-detai​ls/?pu-
bid​=100525

Varvel, G. E., Vogel, K. P., Mitchell, R. B., Follett, R. F., & Kimble, 
J. M. (2008). Comparison of corn and switchgrass on marginal 

soils for bioenergy. Biomass & Bioenergy, 32(1), 18–21. https://
doi.org/10.1016/j.biomb​ioe.2007.07.003

Vogel, K. P., Brejda, J. J., Walters, D. T., & Buxton, D. R. (2002). 
Switchgrass biomass production in the Midwest USA. Agronomy 
Journal, 94(3), 413–420. https://doi.org/10.2134/agron​j2002.0413

Waramit, N., Moore, K. J., & Heggenstaller, A. H. (2011). Composition of 
native warm-season grasses for bioenergy production in response 
to nitrogen fertilization rate and harvest date. Agronomy Journal, 
103(3), 655–662. https://doi.org/10.2134/agron​j2010.0374

Wayman, S., Bowden, R. D., & Mitchell, R. B. (2014). Seasonal 
changes in shoot and root nitrogen distribution in switchgrass 
(Panicum virgatum). Bioenergy Research, 7(1), 243–252. https://
doi.org/10.1007/s1215​5-013-9365-9

Weijde, T., Alvim Kamei, C., Torres, A., Vermerris, W., Dolstra, O., 
Visser, R., & Trindade, L. (2013). The potential of C4 grasses for 
cellulosic biofuel production. Frontiers in Plant Science, 4(107). 
https://doi.org/10.3389/fpls.2013.00107

Williams, C. L., Westover, T. L., Emerson, R. M., Tumuluru, J. S., & 
Li, C. (2016). Sources of biomass feedstock variability and the 
potential impact on biofuels production. Bioenergy Research, 
9(1), 1–14. https://doi.org/10.1007/s1215​5-015-9694-y

Yang, Y., Reilly, E. C., Jungers, J. M., Chen, J., & Smith, T. M. 
(2019). Climate benefits of increasing plant diversity in pe-
rennial bioenergy crops. One Earth, 1(4), 434–445. https://doi.
org/10.1016/j.oneear.2019.11.011

Zhang, Y., Oates, L. G., Serate, J., Xie, D., Pohlmann, E., Bukhman, 
Y. V., Karlen, S. D., Young, M. K., Higbee, A., Eilert, D., Sanford, 
G. R., Piotrowski, J. S., Cavalier, D., Ralph, J., Coon, J. J., Sato, 
T. K., & Ong, R. G. (2018). Diverse lignocellulosic feedstocks can 
achieve high field-scale ethanol yields while providing flexibility 
for the biorefinery and landscape-level environmental benefits. 
GCB Bioenergy, 10, 825–840. https://doi.org/10.1111/gcbb.12533

Zhu, X.-G., Long, S. P., & Ort, D. R. (2008). What is the maximum 
efficiency with which photosynthesis can convert solar energy 
into biomass? Current Opinion in Biotechnology, 19(2), 153–159. 
https://doi.org/10.1016/j.copbio.2008.02.004

Zumpf, C., Lee, M. S., Thapa, S., Guo, J., Mitchell, R., Volenec, J. J., 
& Lee, D. (2019). Impact of warm-season grass management on 
feedstock production on marginal farmland in Central Illinois. 
GCB Bioenergy, 11(10), 1202–1214.

SUPPORTING INFORMATION
Additional supporting information may be found in the 
online version of the article at the publisher’s website.

How to cite this article: Lin, C.-H., Namoi, N., 
Hoover, A., Emerson, R., Cortez, M., Wolfrum, E., 
Payne, C., Egenolf, J., Harmoney, K., Kallenbach, 
R., & Lee, D. (D.K.). (2022). Harvest and nitrogen 
effects on bioenergy feedstock quality of grass-
legume mixtures on Conservation Reserve Program 
grasslands. GCB Bioenergy, 00, 1–20. https://doi.
org/10.1111/gcbb.12980

 17571707, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcbb.12980 by Inl R

esearch L
ibrary, W

iley O
nline L

ibrary on [01/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.baae.2010.06.009
https://doi.org/10.1016/j.baae.2010.06.009
https://doi.org/10.1093/jxb/err179
https://doi.org/10.2134/agronj2011.0130
https://doi.org/10.2134/agronj2011.0130
https://doi.org/10.2134/agronj14.0129
https://doi.org/10.1207/s15327752jpa8401_09
https://doi.org/10.1021/jf1008023
https://doi.org/10.1021/jf1008023
https://doi.org/10.1073/pnas.1009252108
https://doi.org/10.1111/gcb.12880
https://doi.org/10.1007/s10570-009-9325-x
https://doi.org/10.1289/ehp.116-a254
https://www.fsa.usda.gov/Assets/USDA-FSA-Public/usdafiles/Conservation/PDF/Summary-September-2020-1.pdf
https://www.fsa.usda.gov/Assets/USDA-FSA-Public/usdafiles/Conservation/PDF/Summary-September-2020-1.pdf
https://www.fsa.usda.gov/Assets/USDA-FSA-Public/usdafiles/Conservation/PDF/Summary-September-2020-1.pdf
https://www.ers.usda.gov/publications/pub-details/?pubid=100525
https://www.ers.usda.gov/publications/pub-details/?pubid=100525
https://doi.org/10.1016/j.biombioe.2007.07.003
https://doi.org/10.1016/j.biombioe.2007.07.003
https://doi.org/10.2134/agronj2002.0413
https://doi.org/10.2134/agronj2010.0374
https://doi.org/10.1007/s12155-013-9365-9
https://doi.org/10.1007/s12155-013-9365-9
https://doi.org/10.3389/fpls.2013.00107
https://doi.org/10.1007/s12155-015-9694-y
https://doi.org/10.1016/j.oneear.2019.11.011
https://doi.org/10.1016/j.oneear.2019.11.011
https://doi.org/10.1111/gcbb.12533
https://doi.org/10.1016/j.copbio.2008.02.004
https://doi.org/10.1111/gcbb.12980
https://doi.org/10.1111/gcbb.12980

