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Abstract: A two-year nutrient omission trial was conducted on semiarid wasteland to determine
the effects of nitrogen (N), phosphorus (P), and potassium (K) on the chemical composition and
theoretical ethanol yield (TEY) of switchgrass (Panicum virgatum L.). The fertilizer treatments were
the following: NPK, PK, NK, NP, and no nutrient inputs (CK). Results indicated that the crude
protein (CP) content and protein yield of switchgrass aboveground biomass decreased significantly
in the PK treatment (N omission) and the CK, compared with the NPK treatment. The omission of
N, P, or K did not significantly affect the other feed and energy quality indicators. When averaged
across the two years, the neutral- and acid-detergent fiber contents were lower in the NPK and
NP treatments, but the CP, dry matter digestibility, dry matter intake, total digestible nutrients,
net energy for lactation, and relative feed value were higher, indicating that the suitable application
with combination of N and P was helpful to improve the forage quality of switchgrass. In PK and
CK treatments, the contents of soluble sugar, cellulose, and hemicellulose were higher but that of ash
was lower than that in other three treatments, indicating that no N application meant better quality
of switchgrass aboveground biomass for bioethanol production. The TEY at NPK was 2532 L ha™!
in 2015 and 2797 L ha~! in 2016; in particular, the TEY decreased significantly by 15.1% in PK,
14.7% in NK, 10.5% in NP, and 29.9% in CK in 2016. To conclude, N was the most limiting factor
in switchgrass productivity and the combined N, P, and K nutrient supply management strategy
is recommended based on the consideration of quality and quantity of switchgrass as forage and
bioenergy feedstock on semiarid marginal land.

Keywords: nutrient omissions; chemical composition; livestock forage; bioenergy feedstock;
theoretical ethanol yield

1. Introduction

Switchgrass (Panicum virgatum L.) is a perennial C4 grass widely distributed in North America.
In recent years, it has been successfully introduced in northern China [1,2]. The crop is one of the
most photosynthetically efficient crops and therefore has been proposed as a model feedstock crop to
generate both forage and non-food bioethanol [3]. The most desirable characteristics of switchgrass,
when it is considered as a bioenergy feedstock, include its low input requirements, high biomass yield
potential, and high cellulose but low lignin and ash contents [4,5]. Because of the adequate nutrients,
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such as a high crude protein (CP) content and quality of fibers, switchgrass aboveground parts are
widely used as forage [6].

Moreover, switchgrass is popularly planted on marginal lands in semiarid regions due to its
high tolerance to various stresses and high nutrient- and water-use efficiencies [7,8]. The sustainable
development of switchgrass on marginal lands at low-cost and with high-yielding biomass feedstock
of desirable quality is currently a promising solution to address the China’s increasing demand
for bioenergy feedstock, as well as to overcome the country’s shortages of forage. However, poor
infrastructure and soil fertility are problems that face crop production on marginal lands, resulting
in a lower biomass quality and yield compared to the same crop grown in normal croplands [9].
Therefore, the proper management of nutrients is of great significance in promoting the development
of switchgrass grown on marginal lands [10].

Nitrogen (N) is the most important nutrient and cellular structural protein in the process of plant
growth and plays a key role in cell division [11]. Phosphorus (P) is also an important component
of plant, which is involved in plant photosynthesis and respiration as the basic substance of nucleic
acids [12,13]. Potassium (K) is primarily involved in enzyme activation [14,15]. The application of
NPK fertilizer affects switchgrass growth and development processes and contributes to dry matter
formation [16,17]. Previous studies suggested that N is the foremost agronomic stimulant for plants’
productivity [18]; however, for the most efficient use of N and to increase production and stabilize
crops yield, the crops also require the uptake of sufficient P and K [19-21]. Accordingly, the response
of crops productivity to nutrient omissions has been the focus of extensive research. Subedi and
Ma [22] reported that lack of N and K application reduced maize (Zea mays L.) yields by 10-22% and
13%, respectively, but the omission of P had a lesser effect, in a humid temperate region of eastern
Canada. Dai et al. [23] reported that in China Huaihe River Basin the most limiting element is N for
the growth and yield of rice (Oryza sativa L.) and winter wheat (Triticum aestivum L.), compared with P
and K. In a nutrient omission study, Kurwakumire et al. [24] discovered that N and P remained the
most limiting nutrients for maize productivity, whereas the addition of K did not increase grain yield.
Wang et al. [25] found that seed yield and dry biomass of winter oilseed rape (Brassica napus L.) are
reduced, respectively, 61.0% and 60.6% by N deficiency, 38.3% and 37.2% by P deficiency, and 14.4%
and 14.3% by K deficiency.

Switchgrass produced for biofuel responds positively to N fertilizer in numerous studies,
although there were some variety and location variations [10,26-28]. Hoagland et al. [29] reported
the positive response of biomass and thermal energy yields of switchgrass to N fertilizer. In addition,
Sadeghpour et al. [30] found that N fertilizer had little effect on biofuel quality (minerals and
non-structural carbohydrates) of switchgrass. Ameen et al. [31] elucidated that the application of N
fertilizer significantly increased switchgrass CP content, protein yield, and bioethanol yield, but did not
affect other quality components of forage and biofuel feedstock. The response of switchgrass produced
for both forage and bioenergy to P and K fertilization has also been examined [13,15,32]. However,
little information is available on the effects of N, P, or K nutrients deficiency on chemical compositions of
switchgrass produced on semiarid marginal land under rain-fed conditions. Moreover, the management
practices of the switchgrass used for bioenergy and forage are different [33]. For bioenergy purpose,
the focus is primarily on biomass yield and quality, whereas for forage, the nutritive value is
equally important. To make the fertilizer management of switchgrass clearer and more efficient for
forage or biofuel production, a better understanding of the effects of different nutrient treatments on
the feedstock and identifying the limiting nutrient is needed.

Thus, the objectives here were (1) to clarify the quality compositions and theoretical ethanol
yield (TEY) (quantitative index) of switchgrass for forage and bioenergy in responses to N, P,
and K omissions; and (2) to determine which of the N, P, and K is the most limiting factor in
switchgrass productivity. The findings of this study are expected to help determine the N, P, and K
fertilization strategy of switchgrass grown as a bioethanol and forage feedstock in rain-fed, sandy
wastelands in semiarid regions.
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2. Materials and Methods

2.1. Experimental Site

A two-year field experiment was conducted on a sandy wasteland in Gangika (42°58" N, 122°51" E,
179 m above sea level) in East Inner Mongolia, North China. The study site has a semiarid climate and
the soil belongs to Aridosol with texture of loamy sand according to the USA soil classification [34].
Multi-year (30-year) average precipitation is 451 mm compared with the potential evaporation of
2000 mm. Multi-year mean maximum and minimum air temperatures are 13.6 °C and 2.3 °C,
respectively. The switchgrass growing period was from May to September, and the precipitation during
the period was 421 mm in 2015 and 344 mm in 2016 (Figure 1). The mean maximum and minimum air
temperatures were 26.6 °C and 15.4 °Cin 2015 and 27.4 °C and 16.1 °C in 2016, respectively. Loamy sand
soil (79% sand, 11% silt, and10% clay) had a pH of 8.3 with 8.9 g kg~ organic matter. The total nitrogen
(0.6 g kg1), available phosphorus (8.8 mg kg™!), and available potassium (129.3 mg kg™!) were tested
within 20 cm of surface layer soil, used the average values for 2015 and 2016.
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Figure 1. Monthly precipitation and maximum and minimum temperatures during the switchgrass
growth period in 2015 and 2016.

2.2. Experimental Design and Operation

Firstly, a switchgrass (var. Blackwell, Oklahoma, USA) field with a 5-ha area was planted in rows
in 2008. The width between rows was 60 cm, however, as the growing years increased, the plant row
width increased continuously, and by 2015 the row width was about 20 cm, while the width between
rows was about 40 cm. Before planting, the land was ploughed with depth of 20 cm. During the
first three years of planting, irrigation was carried out in the field once a year with 60 m? fresh water,
weeds were removed, and 300 kg ha~! urea was applied. Mowing was carried out annually before
frost with stubble height of 5 cm. The experiment was conducted in the field in 2015 and 2016, at which
time the average plant tillers density was 1202 m~2. A randomized complete block design with
four replications was implemented with the nutrient treatments showing in Table 1 and including a
complete dose of the recommended fertilizer mixtures of NPK, doses with PK, NK, or NP, and no
fertilizer input as control (CK). The total area of the experiment was 800 m?, and each replicate plot
was 3 m X 6 m in size.

In the both study years, the switchgrass plants returned to green stage on 18 May. On 6 July
(elongation date), and 11 August (anthesis date) in both years, fertilizers of N as urea, P,Os as triple
superphosphate, and K,O as potassium sulfate were applied according to the treatments design
(Table 1). The switchgrass cultivation trials were rain-fed, and weeds were removed manually in
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either year. Chemicals were not applied to control weeds, insects, and diseases, which did not adversely
affect the crop.

Table 1. Fertilizer dose (kg ha™1) of nitrogen (N), phosphorus (P), and potassium (K) in the treatments
NPK, PK (N omission), NK (P omission), and NP (K omission) and the blank control (CK) for switchgrass
grown in 2015 and 2016. Fertilizer application splits (%) are shown for elongation and anthesis.

Nutrient Treatment Split
. - - CK (Blank Elongation  Anthesis
-1
(kg ha™1) NPK PK (N Omission) NK (P Omission) NP (K Omission) Control) (%) (%)
N 120 0 120 120 0 65 35
P 100 100 0 100 0 100 0
K 45 45 45 0 0 100 0

2.3. Sample Collection and Measurements

On 27 September 2015 and 28 September 2016, a 1 m? area (three random rows, each row harvested
with the length of 55.6 cm) of aboveground switchgrass plants was harvested manually in each plot.
Additionally, for detecting biomass, each plot fresh weight was collected. A part of the switchgrass
samples was separated into three tissues, namely leaves (blade and sheath), stems, and panicles.
The three parts of plant were weighed separately for fresh weight test. Samples were cut into 2-3 cm
lengths by using a hand hay cutter and then subsampled and weighted. To calculate the dry biomass
yield, one subsample of fresh weight was weighed before inserting into an oven at 70 °C to dry ata
constant weight. The dried aboveground samples (stems, leaves, and panicles) were sieved to pass
through a 0.5-mm mesh, and then the samples were temporarily stored in a 4 °C refrigerator for
chemical analysis.

We measured the CP content by Kjeldahl distillation method [35] and protein yield was
calculated by multiplying CP by the biomass yield. The soluble sugar content was determined
by the anthrone method [36] with a UV-VIS spectrometer (TU-1901, Beijing Purkinje Instruments Co.,
Ltd., Beijing, China). Neutral- and acid-detergent fiber (NDF, ADF) and acid detergent lignin were
measured with an Ankom apparatus (Ankom 220, Fairport, NY, USA) [37]. Cellulose and hemicellulose
were calculated by the difference between ADF and acid detergent lignin and the difference between
NDF and ADFE, respectively. The ash content was determined in a muffle furnace (VULCAN 3-550,
Densply International Inc., York, PA, USA) at 550 °C.

2.4. Calculations and Data Analyses

Some animal feed quality indices were calculated by formulas [38,39], such as dry matter
digestibility (DMD), dry matter intake (DMI), relative feed value (RFV), total digestible nutrients (TDN),
and net energy for lactation (NEy,).

DMD = 88.9 — 0.779 x ADF 1)
DMI = 120 + NDF @)

RFV = DMD x DMI = 1.29 3)
TDN = —1.291 x ADF + 101.35 ()
NE; = (1.044 — 0.0119 X ADF) x 2.205 (5)

In this study, theoretical ethanol yield (TEY) included two components one was soluble sugar
(TEYsg) and another was insoluble sugar (cellulose and hemicellulose) (TEYjs), which were calculated
by the following equation [40]:

TEYss = Soluble sugar X dry matter X F; x F» X 1000 + p 6)
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TEYs = Insoluble sugar X dry matter X F; X F» X F3 X F4 X 1000 + p (7)

where F; = 0.51, is the conversion factor of sugar to ethanol; F, = 0.85, is the process efficiency of
sugar converted to ethanol; F3 = 1.11, is the conversion factor of cellulose and hemicellulose to sugar;
F, = 0.85, is the process efficiency of cellulose and hemicellulose to sugar; p = 0.79 g mL™, is the
specific gravity of ethanol.

Four replications were used to calculate the means and standard errors. To assess the effects
of year, nutrient treatment, and their interaction, SPSS 24.0 analytical software package (IBM SPSS Inc.,
Chicago, IL, USA) was used to perform the ANOVA analysis. For significance analysis of the means,
the F-protected least significant difference test was carried out at the p < 0.05 level.

3. Results

3.1. Effects of Year, Nutrient Treatment, and Their Interaction

The ANOVA results for the effects of year, nutrient treatment, and year X nutrient treatment on all
studied parameters are presented in Table 2. Both year and nutrient treatment significantly affected the
ash (p < 0.001, p < 0.05, respectively) and TEY (p < 0.05, p < 0.001, respectively). The NDF (p < 0.001),
DMI (p < 0.001), RFV (p < 0.001), soluble sugar (p < 0.05), and hemicellulose (p < 0.001) were significant
affected by year, whereas the nutrient treatment showed significant effected on CP content (p < 0.001)
and protein yield (p < 0.001). The year X nutrient treatment interaction significantly affected NDF,
DM, and RFV (p < 0.01).

Table 2. ANOVA results for year, nutrient treatment (N, P, and K), and their interactions on crude
protein, protein yield, neutral- and acid-detergent fiber (NDF, ADF), dry matter digestibility (DMD),
dry matter intake (DMI), relative feed value (RFV), total digestible nutrients (TDN), net energy for
lactation (NEp), soluble sugar, cellulose, hemicellulose, ash, and theoretical ethanol yield (TEY) of
switchgrass in 2015 and 2016.

Year X Nutrient

Parameter Year (df = 1) Nutrient Treatment (df = 4) Treatment (df = 4)
Crude Protein (%) ns e ns
Protein Yield (kg ha™1) ns o ns
NDF (%) i ns it
ADF (%) ns ns ns
DMD (%) ns ns ns
DMI (%) i ns it
TDN (%) ns ns ns
NEL (%) ns ns ns
REV (%) i ns wt
Soluble Sugar (g kg_l) * ns ns
Cellulose (g kg‘l) ns ns ns
Hemicellulose (g kg_l) xEE ns ns
Ash (g kg™) o * ns
TEY (Lha™!) * ook ns

ns: non- significant; *: significant at p < 0.05; **: significant at p < 0.01; ***: significant at p < 0.001.

3.2. Biomass Compositions

The average CP content in aboveground switchgrass in the nutrient treatments across the two
experimental years was 53.5 g kg™ in NPK, 55.2 g kg™! in NP, 51.4g kg™! in NK, and 47.1 gkg™! in
PK (Table 3). These CP values were higher (p < 0.05) than that of CK by 26.0% (NPK), 30.5% (NP),
21.5% (NK), and 11.3% (PK). The highest CP values were in the NP treatment, with 54.8 g kg~! and
55.5 g kg~! in 2015 and 2016, respectively. The other compositions of aboveground forage quality
(i.e,, NDF, ADE, DMD, DMI, TDN, NE; , and RFV) were not significantly affected by nutrient treatments,
and no obvious patterns were observed in these chemical compositions during the two years (Table 3).
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The highest NDF and ADF values were in the NK treatment in 2015 but in the NP or PK treatment
in 2016. The results of DMD, DMI, TDN, NEL and RFV are opposite; these parameters values were
higher in the NP and NPK treatments in 2015, and correspondingly were higher in the NK in 2016.
When averaged across nutrient treatments, the NDF content was lower by 5.7% in 2015 than that in
2016 (p < 0.05). However, the DMI and RFV averaged across the five nutrient treatments in 2015 were
higher (p < 0.05) by 5.8% and 7.2%, respectively, than those for 2016 (Table 3).

Table 3. Crude protein (CP), neutral- and acid-detergent fiber (NDF, ADF), dry matter digestibility (DMD),
dry matter intake (DMI), total digestible nutrients (TDN), net energy for lactation (NEr ), and relative
feed value (RFV) of the switchgrass aboveground plant for the treatments NPK, PK, NK, and NP and
the blank control (CK) in 2015 and 2016.

Treatment Forage Quality (%)
(el g NDF ADF DMD DMI TDN NEL RFV

2015
NPK 546 +0.15a 581+28bc 329+23 632+18 207+0.10ab 58.8 +3.0 1.44 +0.06 101.5+74a
PK 434+046bc  58.8+24abc 334+14 629+14 2.04=+0.09abc 582 +24 1.42 +0.05 99.6 + 6.3 ab
NK 5.14 + 0.60 ab 624+0.7a 351+08 615+06 1.92+0.02c 56.0 +1.1 1.38 +0.02 91.8+1.8b
NP 548 +094 a 571+18¢ 329+21 633+17 210+007a 589 +2.77 1.44 £ 0.06 1032 +4.8a
CK 3.92+0.50 ¢ 609+29ab  340+20 624+1.6 1.97+0.09bc 574 +2.6 1.41 +0.05 95.5 + 6.6 ab

2016
NPK 5.20 + 0.31 ab 634+08ab 350+06 61.7+49 1.89+0.02ab 56.2+0.8 1.38 +0.02 90.5+0.6b
PK 5.07 + 0.36 ab 632+31ab 351+13 61.6+1.0 1.90+0.09ab 56.1+1.7 1.38 +0.03 90.8 +4.4b
NK 5.13 £ 0.67 ab 60.7+0.6b 339+09 625+07 198+0.02a 57.6+1.2 1.41 +0.02 959+19a
NP 555+ 0.54a 64.0+14a 350+03 61.6+03 1.87+0.04b 56.1 +0.4 1.38 £ 0.01 895+22b
CK 453 +043 ¢ 630+1.7ab 344+18 621+14 191+0.05ab 569 +2.3 1.40 + 0.05 91.8 + 4.3 ab

Values are expressed as means + standard deviation. Different letters in a column indicate significant differences
(p <0.05).

Contents of soluble sugar, cellulose, hemicellulose, and ash in aboveground switchgrass were
not significantly different among the various nutrient treatments in either year (Table 4), except for
hemicellulose in 2015 and ash in 2016. The average soluble sugar content over the years was 9.7%
higher in the PK (N omission) than that in the NPK (74.6 g kg_l). For the two-year average, the highest
cellulose (319.3 g kg™!) and hemicellulose (276.9 g kg™!) content were observed in the CK. By contrast,
the plant ash content was significantly lower in the PK and CK than that in the N nutrient treatments
(NPK, NK, and NP). The average soluble sugar content of each nutrient treatments was higher in
2015 (82.0 g kg~!) than that in 2016 by 10.7% (p < 0.05); whereas, the opposite trend was found for
hemicellulose and ash contents, which were higher (p < 0.05) in 2016 than in 2015.

Table 4. Soluble sugar, cellulose, hemicellulose, and ash content of the switchgrass aboveground plant
for the treatments NPK, PK, NK, and NP and the blank control (CK) in 2015 and 2016.

Treatment Bioenergy Quality (g kg~1)
Soluble Sugar Cellulose Hemicellulose Ash
2015
NPK 77.0+11.2 294.6 £+ 36.1 2519 +11.0 ab 54.6+9.1
PK 85.7+7.1 305.5 +£26.7 253.8 +12.7 ab 50.0 +3.6
NK 753+ 1.6 307.1 £ 14.0 272.7+71a 55.1+5.0
NP 88.0£3.3 296.1 £18.5 2421 +256b 574+74
CK 83.9+15.3 318.4 +16.6 268.6 +13.8 a 54.8 +3.2
2016
NPK 721 +47 3122+73 284.6 £ 13.7 75.9 + 5.6 abc
PK 779 £ 4.2 315.6 £20.1 280.9 + 35.4 70.6 + 5.6 be
NK 719 +£89 313.8 £10.9 2684 + 6.7 78.4 +3.7 ab
NP 72.6 +10.2 318.7+£9.3 290.2 £12.5 82.1+88a
CK 76.2 +13.6 3202+194 285.1+7.6 67.6£58¢

Values are expressed as means + standard deviation. Different letters in a column indicate significant differences
(p < 0.05).
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3.3. Partitioning of Chemical Compositions

Unexpectedly, nutrient treatments had non-significant effects on most of the selected forage and
bioenergy quality components of leaves, stems, and panicles. Averaged across nutrient treatments and
both years, panicles had the highest values of CP, DMI, DMD, TDN, NE; , RFV, and ash, followed by
leaves and stems (Figure 2). The opposite order was observed for NDF, ADF, soluble sugar, cellulose,
and hemicellulose contents. The CP content in panicles averaged across years and treatments was
1.8-fold higher than that in leaves and 5.6-fold higher (p < 0.05) than that in stems. Compared with
contents in panicles, the NDF and ADF averaged across years and treatments were significantly higher
in stems, by approximately 25.3% and 32.1%, respectively (p < 0.05). Whereas, the values of DMI,
DMD, TDN, NE; , and RFV in panicles were 25.6%, 12.6%, 23.9%, 19.5%, and 41.5% higher than that in
stems, respectively (p < 0.05). Moreover, the highest NDF and ADF values in stems were observed
in the NK treatment. Similarly, the highest values of DMD, DMI, TDN, NE; , and RFV for panicles
averaged across years were in the NK treatment (P omission).

When averaged across nutrient treatments and years, the contents of soluble sugar (2.2-fold),
cellulose (1.3-fold), and hemicellulose (1.2-fold) were higher (p < 0.05) in stems than in panicles (Figure 2).
By contrast, the ash (1.6-fold) content was higher in panicles than in stems. Furthermore, the highest
contents of soluble sugar, cellulose, and hemicellulose in stems were in the CK, compared with the
other nutrient treatments. The highest level of ash was in panicles in the NP treatment in both years,
with 78.8 g kg™! in 2015 and 94.9 g kg™! in 2016.

121 a 80 50 3.0-
1 2 . )
9 84 b g 701 I b g 404 T b e@:25 I
et T By = T c = b
o a =
O 4 2 601 [ < 30- T Baofc T
c l i
ol 8 B 50- 20- 154
704 a 701 o 1.81 140- a
. 657 lTj I = bl a  _120; I
§ c é 604 c T 9 1.6 b '|' &\o/ l])_
] = 100
% 60 T % '[ o T E c
A 55-I = 5O'I < 4 f 2 gl [
504———— 404 1.2 . 60 j—y—'—\
~130y 4007 4 = 3501 100- A
& = 2 a ]
2100 [ 2 350 W = 3004 l W I
] o0 % c = 0 b
an ] ° an 604
> g E [ 271
5 70 = 3001 = 250- S
= 5 8 < 40-
= o 5
o \/@‘g‘ oo (g G (B o G\ g

Figure 2. The chemical compositions in switchgrass stems, leaves, and panicles, including crude
protein (CP), neutral- and acid-detergent fiber (NDF, ADF), dry matter intake (DMI), dry matter
digestibility (DMD), total digestible nutrients (TDN), net energy for lactation (NEp), relative feed
value (RFV), soluble sugar, cellulose, hemicellulose, and ash averaged across the treatments (NPK, PK,
NK, and NP and the blank control) and both years. Different small letters denote significant differences
among tissues within a year (p < 0.05). The bars represent the standard error.
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3.4. Crude Protein Yield and Theoretical Ethanol Yield

The average protein yields across the two years were 421.3 kg ha~! for the NPK, 372.4 kg ha! for
the NP, and 355.5 kg ha™! for the NK (Figure 3), which were significantly higher than the yields for the
PK (299.2 kg ha™!) and the CK (227.2 kg ha™!).

The TEY ranged from 1836 to 2532 L ha™! in 2015 and from 1960 to 2797 L ha~! in 2016 and tended
to be the highest in the NPK and the lowest in the CK (Figure 4). Compared with the NPK treatment,
the PK, NK, and NP treatments resulted in a significant (p < 0.05) reduction in TEY (15.1%, 14.7%,
and 10.5% lower) in 2016; but, the TEY was not significant in 2015 for these treatments. The TEY
from insoluble sugar (cellulose and hemicellulose) was the highest proportion (87.6%) of total yield,
regardless of nutrient treatment or year (Figure 4). Furthermore, a significant positive relationship was
detected between protein yield and TEY (r = 0.825, p < 0.01), indicating that the protein yield and TEY
could be improved synergistically.

6007 m2015 w2016

ab b ab &
0_
NP

Nutrlent treatment

B~

wh

o
1

Protein yield (kg ha™)
=

Figure 3. Differences in protein yield of switchgrass for the nutrient treatments NPK, PK, NK, and NP
and the blank control (CK) in two years. Different small letters denote significant differences among
the treatments for each year (p < 0.05). The bars represent the standard error.
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Figure 4. Differences in the theoretical ethanol yield (TEY) from soluble sugar (SS), insoluble sugar (IS),
and total sugar in switchgrass for the nutrient treatments NPK, PK, NK, and NP and the blank control
(CK) in 2015 and 2016. Different small letters denote significant differences among the treatments
(p < 0.05). The bars indicate the standard error.

4. Discussion

4.1. N Supply Needs to Be the Focus for Switchgrass as a Candidate Forage Crop

Although maize is currently the more common silage crop, switchgrass is emerging as an
alternative or supplement forage crop that can be cultivated in marginal conditions because of its lower
nitrogen and water requirements. When compared with the full application of all macro-elements in
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this study, the CP content and protein yield of switchgrass decreased significantly with the omission
of N, whereas the omission of P and K had less effect in both cropping years, suggesting a soil
deficiency of N. This result is consistent with that of previous studies that confirm N is the major
nutrient requirement for switchgrass [3,28,41]. Nitrogen application can improve the forage quality of
switchgrass by increasing CP content [42]. Burton et al. [43] reached similar conclusions and found
that N greatly increased CP in Bermuda grass (Cynodon dactylon L. ‘Coastal’) and that the omission
of P and K reduced annual forage yields but had little, if any, effect on the CP. Indeed, in the P and
K omission treatments in this study, a slight reduction was observed in protein yield. Furthermore,
switchgrass receiving a combined application of fertilizers produces more biomass than with the
N fertilizer alone [13,15,32,44]. Therefore, nutrient supply and demand should be matched when
developing sustainable switchgrass cropping systems, and a proper scheme of N, P, and K nutrient in
low-fertility wastelands (i.e., specific soil conditions) should be fully considered.

Although slightly better forage quality was observed in aboveground switchgrass in the NPK or NP
treatment when averaged across years, the N, P, or K deficiency had relatively little effect on fiber quality
than protein yield, indicating the forage quality of switchgrass was greatly limited by other factors,
such as genotype, growth year, harvest frequency and time, and water supply [41,42,45,46]. As Allison
etal. [45], Kering et al. [15], and Ameen et al. [31] reported that the application of fertilizers had limited
effects on switchgrass cell wall composition. The latter authors suggested that a rate of N fertilization
(60 kg N ha~!) combined with P (100 kg ha™!) and K (45 kg ha™1) is sufficient to produce good
quality forage on semiarid marginal land. Furthermore, the panicles of switchgrass showed significant
increases in forage quality compositions compared with those in stems and leaves. These results are
consistent with those reports by Burner et al. [47] and Cherney et al. [48]. Combined with high N content
of panicles has a negative impact on the feedstock quality for bioenergy utilization, so switchgrass
panicle is more suitable for forage.

4.2. Application of NPK Needs to Be the Focus for Switchgrass as a Candidate Bioenergy Crop

The increasing demand for maize-based ethanol will create a significant arable land
requirement [49]. Currently, switchgrass is considered a viable long-term ethanol feedstock to
replace maize, and with the use of marginal lands, the emerging switchgrass bioenergy industry is
likely to have economic, environmental, and social benefits [6,50,51].

It was found that TEY of CK decreased significantly, which revealed that nutrient reserve of sand
wasteland in the study area was insufficient, and fertilization was still the key to efficient production.
Of the various treatments with nutrient deficiencies, N deficiency had the largest negative effects on
the TEY. Similarly, Jungers et al. [52] reported that N fertilization consistently increases switchgrass
ethanol yield, whereas the effect of P and K fertilizers is limited. The ethanol yield dropped in the N, P,
and K omission (particularly N omission) compared with NPK which was consistent with previous
reports [31,53]. The consistently higher average ethanol yields in the NPK treatment than those in
the other treatments, coupled with the lower variability in yield observed for this treatment, indicate
that amendment with NPK helps to reduce spatial-temporal variability [19]. Thus, the input of N is
important for switchgrass produced in marginal lands for bioenergy feedstock, and the proper nutrient
management (N, P, and K) is required for maximum biofuel production [15]. Moreover, the average
ethanol yields on marginal land in this study (2665 L ha™!) are comparable with yields in previous
field experiments conducted under similar marginal conditions. For example, the TEY of switchgrass
approached 2491 L ha™! on a semiarid sandy wasteland [54]. Ameen et al. [31] found that ethanol
production fluctuated from 2126 to 2426 L. ha~! for switchgrass conducted at the same site as in the
present study. On saline-alkali land in a semi-humid region, the TEY of maize straw is 1800 L ha~! [55].
It was reported that the TEY of switchgrass was 3919 L ha~!, when applying best management practices,
slightly higher than that of maize aboveground plant, which ranged from 2862 to 3826 L ha™! on
marginal land [53]. These results highlight that switchgrass dedicated for bioenergy use will need to
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have similar or greater TEY than that of the current annual crop (maize) for widespread adoption to
meet renewable energy demands, particularly on marginal, infertile soils in semiarid, rain-fed regions.

In addition to ethanol yield, the soluble sugar, cellulose, and hemicellulose are important quality
parameters when switchgrass is produced as feedstock for biofuel. However, the omission of N, P,
or K had no significant effect on these indicators. With the omission of N (PK) and CK treatments,
the feedstock quality of switchgrass as a biofuel crop was marginally greater than with the other
nutrient treatments. Similar to previous studies, it indicated that N fertilization has no meaningful
effect on the biomass quality other than the yield of the biofuel produced [16,31,56]. Therefore,
the desired feedstock characteristics can be manipulated via breeding programs and other types of
cultivation managements.

For the ideal quality of switchgrass as ethanol feedstock, high contents of soluble sugar, cellulose,
and hemicellulose and low contents of N and ash are desired. The stems and leaves are more meaningful
compared with panicles of switchgrass for TEY production; they not only contribute the greatest
proportion to total plant biomass but also have better quality of the compositions mentioned above.
These results are similar to the reports of Madakadze et al. [57] and Cherney et al. [48]. As switchgrass
matures, more energy is partitioned to reproductive (stem) development, and stems have greater fiber
and total non-structural carbohydrates contents [47,58]. To obtain optimal bioenergy crop production,
minimizing ash and N contents of stem and leaf tissues is beneficial [30,59,60]. In another study, a low
N content in samples minimized NOy emissions during the combustion process and showed a positive
correlation between with a high heating value [47,61]. Overall, stem and leaf are more suitable than
panicles as bioethanol feedstock or combustion feedstock for electricity generation.

5. Conclusions

Switchgrass is proposed as a candidate feedstock for either bioethanol or silage production on
sandy wastelands in the semiarid, rain-fed conditions of North China. The N omission treatment
had the greatest negative effect on CP content, protein yield, and TEY, followed by P or K deficiency.
However, the forage and bioenergy quality compositions of switchgrass were less sensitive to the
omission of N, P, or K. The partitioning of compositions indicated the panicles of switchgrass had
higher contents of nutrients for forage, whereas the compositions of stems and leaves were better
suited for bioethanol production. Overall, N was the most limiting factor in switchgrass productivity
and integrated NPK nutrient management has an overriding effect on the switchgrass cultivation
systems in semiarid marginal lands.
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