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A B S T R A C T   

Freshwater (FW) scarcity as a result of prolonged drought has reduced FW availability to agriculture in the arid 
west Texas region in order to meet demands from other sectors. Alternatively, there is enormous potential to 
utilize treated urban wastewater (TWW) for agricultural irrigation. However, the soil salinization potential of 
TWW is a concern as it can be detrimental to crops and soil quality. Alternative crops that are both less water- 
intensive and salt-tolerant are therefore needed to sustain this region’s agriculture. Switchgrass is a perennial 
grass that is well adapted to grow on marginal lands and is a novel crop for lignocellulosic bioenergy feedstock. 
However, its performance when irrigated with TWW on arid soils of far west Texas is largely unknown. This field 
study evaluated the yield potential and composition of switchgrass biomass as affected by TWW along with soil 
quality changes, using a split-plot experimental design. Results indicate that biomass yields were not affected by 
TWW irrigation and there were no significant differences between TWW and FW across years. With respect to 
biomass composition, cellulose and lignin contents were lower, while ash content was significantly higher in 
TWW treatment. Theoretical ethanol production was not affected. Soil salinity and sodicity increased overtime 
but this increase was more prominent under TWW irrigation. However, application of gypsum and sulfur 
significantly reduced soil sodicity. These results indicate that switchgrass can tolerate soil salinity induced by 
TWW application and therefore can be successfully grown on these marginal arid soils as a bioenergy feedstock.   

1. Introduction 

Climate change has caused changes in weather patterns that resulted 
in frequent high temperature events and erratic rainfall patterns 
creating extended periods of drought, especially in semi-arid and arid 
regions such as Southwest United States [1,2] including far west Texas. 
Recent model projections have also showed that the Southwest US is 
going to experience more frequent and hotter droughts in future [3–5]. 
Same is the case for the state of Texas with higher drought risk expected 
in the latter half of 21st century [6]. This exacerbates the long–term 
freshwater (FW) shortages in these areas and puts FW supply systems at 
an increased risk of water shortage [1] to meet agricultural and 
municipal water demands. Furthermore, increased FW demand from 
municipal and industrial sector, due to growing population and indus
trialization, has resulted in diversion and reduced allocation of FW to 
agriculture sector. In 2020, water needs in Texas were projected as 51 

and 28%, respectively for agriculture and municipal sectors. However, 
by 2070, water needs by municipal sector is projected to increase to 39% 
and that of agriculture will reduce to 36% (TWDB, 2017). This is a 
substantial reduction in irrigation water availability to agriculture and 
puts agricultural productivity at risk [7]. It is therefore important that 
better water management strategies must be adopted to efficiently uti
lize available water resources and keep agriculture sustainable in this 
region. 

United States Department of Agriculture (USDA) recommends 
diversifying water resource profile in order to meet agricultural water 
demands [8]. Using non–traditional water resources such as treated 
wastewater from urban water treatment plants is one approach that 
could augment FW supplies and help maintain agricultural productivity 
in this region [7,9]. El Paso county located in the far west Texas region 
has an extremely arid climate and is part of the middle Rio Grande basin. 
Agriculture in this region largely relies on FW supplies from the Rio 
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Grande river [10], which receives its water from snowpack on moun
tains of southern Colorado. Cropping pattern in this region is dominated 
by water-intensive crops including cotton (Gossypium hirsutum L.), pecan 
(Carya illinoinensis L.) and alfalfa (Medicago sativa L.) [11]. However, 
recent droughts and reduced snow water equivalent has severely 
impacted the FW availability in the river. This has reduced FW alloca
tion to the irrigation districts and farmers are forced to abandon fields 
dedicated to annual crops such as cotton and divert the little available 
water to salvage perennial cash crops such as pecans [12]. The city of El 
Paso produces about 7900 ha-meter of treated wastewater (TWW), of 
which only 13% is reused for industrial and commercial landscape 
irrigation. Therefore, there is great potential for diverting this water to 
agricultural irrigation and improve agricultural sustainability. 

Treated wastewater, on the other hand, contains higher dissolved 
salt concentrations and could negatively affect soil quality by causing 
soil salinization and reduce crop productivity [13,14]. While cotton can 
tolerate soil salinity, both pecan and alfalfa are salt-sensitive crops and 
are not suitable for TWW irrigation. Therefore, it is important to 
diversify cropping pattern and find alternative crops that are both 
salt-tolerant and less water intensive than traditional crops. At this 
juncture, growing bioenergy crops such as switchgrass (Panicum virga
tum L.) could be a potential alternative due to its tolerance to environ
mental stresses and increased demand for lignocellulosic biomass 
feedstocks in bioenergy production [8]. Growing such bioenergy crops 
on abandoned marginal lands, a characteristic of this region, can expand 
their acreage into non-traditional growing areas, enhance ecosystem 
services of marginal lands [15] and help generate farm income to 
farmers [16], in addition to meeting the mandated Renewable Fuels 
Standards (RFS2) goal to use 36 billion gallons of renewable bio-based 
fuels by 2022 [17]. 

There is a growing interest in non–traditional fuels such as bio
ethanol produced from bioenergy feedstocks. In U.S. corn-based bio
ethanol production is at forefront in bioenergy production and is a first- 
generation biofuel production technology [18]. However, due to the 
ease of availability of lignocellulosic biomass feedstocks, lignocellulosic 
biofuel production has gained importance as a second–generation bio
energy production [8,19]. Warm season perennial C4 grasses such as 
switchgrass and miscanthus (Miscanthus giganteus L.) have gained 
increased attention as potential sources of lignocellulosic feedstock for 
biofuel production [20]. Switchgrass, is considered as a strong and 
model candidate for bioenergy feedstock due to its desirable traits 
including; perenniality, high water and nutrient use efficiencies, 
adaptability to marginal lands with low input requirement, tolerance to 
environmental stresses, high biomass yield potential and improved 
carbon sequestration [21–27]. Switchgrass was even shown to produce 
more renewable energy than the non-renewable energy consumed [28]. 
Due to these desirable properties, switchgrass can be a suitable candi
date for bioenergy crop production in arid west Texas. 

Moreover, there are two types of switchgrass based on their habitats 
i.e., upland and lowland [23]. Lowland ecotypes were reported to pro
duce more biomass than upland ecotypes, have delayed flowering and 
late maturity with thick stems and dense bunching, enabling them to 
better adapt to the southern latitudes such as the current study site [29, 
30]. Among the lowland ecotypes, “Alamo” cultivar was shown to be 
promising with wider adaptability spanning across different USDA 
hardiness zones including Texas [10,31,32]. Previous studies have 
evaluated switchgrass biomass production on various marginal lands but 
its performance under TWW irrigation on degraded arid soils of west 
Texas has not been tested yet. 

Due to TWW’s tendency to increase soil salinization, the precise ef
fects of TWW irrigation on agronomic performance of switchgrass, its 
biomass yield and composition are largely unknown and needs investi
gation. Therefore, the specific objectives of this study were: 1) to eval
uate biomass yield potential, biomass compositional changes and 
theoretical ethanol production in switchgrass grown with TWW irriga
tion; 2) to quantify changes in rootzone soil salinity and sodicity 

overtime with TWW irrigation. We hypothesize that TWW irrigation 
deteriorates soil quality as a result of soil salinization, which negatively 
effects switchgrass plant growth and reduced biomass yields and 
biomass quality. 

2. Materials and methods 

2.1. Study site and experimental design 

A three-year field study was started in April of 2017 at the Texas 
A&M AgriLife Research and Extension Center El Paso, TX, USA (31⁰ 39′

27.31′′ N, 106⁰16’ 8.32” W) (Fig. 1). The study site is characterized as 
having an arid climate with an annual average precipitation of ~0.17 m 
and a potential evapotranspiration rate of 1.94 m [8]. Mean annual 
temperature ranges from − 3.6 ◦C in winter to 35.8 ◦C during summer. 
The dominant soil map unit at the study site was Saneli Silty Clay loam 
(clayey over sandy or sandy-skeletal, montmorillonitic calcareous, 
thermic Vertic Torrifluvents). A split-plot randomized complete block 
experimental design was used in this study with irrigation water type as 
the main plot factor and soil amendment application as the subplot 
factor. The two water types included fresh (FW) and treated urban 
wastewater (TWW). Amendment application consisted of either a com
bined application of gypsum and elemental sulfur (GS) or a 
no-amendment control (NA). All treatment combinations were repli
cated three times. There were a total 12 individual experimental plots 
with each plot measuring 5.6 m long and 2.6 m wide. 

2.2. Irrigation water source and analyses 

Regular tap water was used as the source of freshwater, which is 
filtered and chlorine-disinfected Rio Grande river water. Treated 
wastewater was sourced from a local municipal wastewater treatment 
plant (Roberto Bustamante). The treatment process for TWW consisted 
of screening, de-gritting, pre-aeration, primary settling, aeration, sec
ondary settling and chlorine disinfection. Both FW and TWW samples 
were collected at their source during each growing season using pre- 
cleaned 0.5 L polyethylene bottles. Collected samples were stored at 
4 ◦C until further chemical analysis is completed. Sub samples of both 
waters were filtered through a 0.45 μm syringe filter and analyzed for 
chemical properties including pH, electrical conductivity (EC), cations 
(calcium–Ca2+, magnesium–Mg2+, sodium–Na+, potassium–K+, 
ammonium–NH4

+), and anions (chloride–Cl− , nitrate–NO3
− , 

sulfate–SO4
2− , phosphate–PO4

3− ) using methods described in the Stan
dard Methods for the Examination of Water and Wastewater by Amer
ican Public Health Association (APHA). Electrical conductivity and pH 
of waters were measured on aliquot samples using a Fisher brand 
accumet XL600 multichannel benchtop meter (Fisher Scientific Com, 
NH). The cations and anions were determined using ion-exchange 
chromatography on a Dionex ICS-1100. (Dionex Corporation, Sunny
vale, CA). Relevant chemical properties of both FW and TWW used in 
this study are given in Table 1. 

2.3. Soil amendment application 

Elemental sulfur (S) and Gypsum (CaSO4⋅2H2O) were added to 
respective amended plots at the rates equivalent to 10 and 1 Mg ha− 1 

and were applied only once at the beginning of the experiment (2017) 
before planting and incorporated into the soil to a depth of 0.15 m. 
Gypsum was added to the soil with the main aim of countering soil 
sodicity that may increase as a result of irrigation water application, 
especially TWW. Also, it is a common practice for growers to add 
elemental S to solubilize native CaCO3 (up to 10% by weight in the 
upper 0.75 m) to aid in in-situ gypsum formation. The goal behind this 
amendment application is to test if such application would affect the 
switchgrass biomass production other than the irrigation water, as these 
amendments are normally included in a farmer’s soil management 
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routine in this region and are also capable of transiently increasing soil 
salinity, specifically gypsum. 

2.4. Plot management 

Initial soil preparation at the experiment site included tilling using a 

disking harrow and then leveling using a field cultivator to prepare a 
seedbed. Individual plots were made by making raised earthen berms 
(~0.20 m in height). Each individual plot was separated from each other 
by a 0.60 m wide buffer strip to avoid any edge effects of treatments and 
lateral percolation of irrigation water into adjacent plots. An inter-row 
spacing of 0.90 m and intra-row spacing of 0.05 m was followed as 

Fig. 1. Graphical illustration of study site in El Paso, TX.  
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per the literature review. There were three rows of switchgrass in each 
plot and lowland cultivar “Alamo” was transplanted after initial 
germination in small pots in the greenhouse. Transplantation was 
completed in late May of 2017. Before transplanting, starter fertilizer 
was applied to all plots in bands at a rate of 120, 120, and 120 kg ha− 1 of 
nitrogen (N), phosphorus (P2O5) and potassium (K2O), as urea, mono
ammonium phosphate and sulfate of potash, respectively. All fertilizer 
was applied only at the beginning of the experiment. Weeds in the plots 
were controlled by a combination of manual weeding and application of 
a post-emergence herbicide (Atrazine). All plots were irrigated by flood 
irrigation method as it is the most common practice in this region. 
Irrigation was scheduled every 3–4-week intervals based on the evapo
transpiration rates of each month. A total of 8 irrigations were scheduled 
with each irrigation event receiving 0.0762 m of water. At the end of a 
cropping season, each experimental plot received a total of 0.61 m of 
irrigation water. 

2.5. Soil sampling and analyses 

Before the onset of the experiment (March 2017), soil samples were 
collected to characterize the general soil properties of the study site. 
Soils were collected randomly from four different regions of the site from 
both 0–0.15 and 0.15–0.30 m depths. These soils were analyzed for their 

physical and chemical characteristics as presented in Table 2. Soil par
ticle size was measured using the hydrometer method as given in Gavlak 
et al. (2003). The cation exchange capacity of the soil was estimated 
following the Bower method of Na+ saturation using 1 M sodium acetate 
solution with pH adjusted to 8.2, followed by ethanol rinsing and 
replacing adsorbed Na + by NH4

+ using a 1 M ammonium acetate solu
tion with pH adjusted to 7.0 (Richards, 1954). The exchange capacity of 
the soil was calculated by measuring the Na+ concentration in the 1 M 
ammonium acetate extract as given in Richards, (1954). The electrical 
conductivity of soil (ECe) and pH were measured on soil saturated paste 
extracts (SPE) following the methods given in Richards (1954) using 
Fisher brand accumet XL600 multichannel benchtop meter (Fisher Sci
entific Com, NH). Water-soluble cations (Na+, K+, Ca2+, and Mg2+) were 
analyzed on saturated paste extracts by inductively coupled plasma- 
optical emission spectrophotometry using a PerkinElmer Avio 200 
spectrophotometer (PerkinElmer, Inc., MA). Sodium adsorption ratio 
(SAR) of soils was estimated using the equation given in Chaganti et al. 
[8]. 

The soil organic matter content was determined using the loss on 
ignition method (Gavlak et al., 2003). 

Pre-study (May 2017) and end of the study (December 2019)) soil 
samples were collected from each experimental plot at 0–0.15 m and 
0.15–0.30 m soil depths s using a 0.05 m diameter soil auger. Three 
random soil samples were collected from each experimental plot at each 
depth and were composited. Composite soil samples were air-dried, 
mixed and ground to pass through a 2–mm sieve to achieve unifor
mity. Pre-study and end of the study soil samples from all experimental 
plots were analyzed for specific soil quality indices including ECe, and 
SAR using methods described above. 

2.6. Switchgrass biomass harvesting and analysis 

Switchgrass plants were harvested in November after ~180 days 
(May–Oct) of growth every year from all three rows in each test plot 
using hand implements. Plants were cut at the base, approximately 0.15 
m above the soil surface. Total biomass from each plot was bagged and 
weighed for fresh weight. Bagged biomass was dried in a forced air oven 
at 70 ◦C until a constant weight was reached. Total dry weight of above- 
ground biomass was recorded for each individual test plot. Sub-samples 
of dried switchgrass biomass from each treatment were ground to pass 
through a 1–mm sieve using a commercial grinder and ~0.015 kg of 
sample was sent to external forage laboratory (Dairy one laboratory, 
Ithaca, NY, USA) for determining the composition of biomass including 
water-soluble carbohydrates (WSC), neutral detergent fiber (NDF), acid 
detergent fiber (ADF), lignin and ash content using near-infrared 
reflectance spectroscopy [33]. Cellulose content was calculated as the 
difference between ADF and lignin, while hemicellulose content was 
calculated as the difference between NDF and ADF. Theoretical ethanol 
production (TEP, L ha− 1) was calculated using the equations [22,34] 
given below:  

TEPss = WSC (g kg− 1) × F1 × F2 × 1.267 (ml g− 1) × dry biomass weight (kg 
ha− 1)                                                                                             (1)  

TEPC + H = Cellulose + hemicellulose content (g kg− 1) × F1 × F2 × F3 × F4 
× 1.267 (ml g− 1) × dry biomass weight (kg ha− 1)                                (2) 

where, F1 is the coefficient of conversion of sugar to ethanol (0.51); F2 is 
the conversion efficiency of sugar to ethanol (0.85); F3 is the coefficient 
of conversion cellulose and hemicellulose to sugar (1.11); F4 is the 
conversion efficiency of cellulose and hemicellulose to sugar (0.85) [22] 
and 1.267 is the specific volume of ethanol [33]. Total theoretical 
ethanol production was calculated as a sum of TEPss and TEPC + H. 

2.7. Statistical analysis 

All data were checked for normality and equality of variances tests 

Table 1 
Chemical composition of fresh and treated wastewaters used in this study (mean 
± SE, n = 4).  

Property Fresh Water Treated wastewater 

pH 6.82 ± 0.06 6.89 ± 0.04 
ECiw (dS m− 1) 0.75 ± 0.07 1.80 ± 0.30 
SAR 2.96 ± 0.39 5.42 ± 0.60 
SAR Adj 2.85 ± 0.28 5.90 ± 0.57 
Na+ (mg L− 1) 107 ± 6.40 268 ± 37.0 
NH4

+ (mg L− 1) 3.49 ± 1.55 6.44 ± 2.44 
K+ (mg L− 1) 13.5 ± 2.13 23.5 ± 2.71 
Mg2+ (mg L− 1) 13.9 ± 2.73 22.8 ± 3.97 
Ca2+ (mg L− 1) 105 ± 8.27 146 ± 12.1 
F− (mg L− 1) 0.33 ± 0.06 1.30 ± 0.97 
Cl− (mg L− 1) 75.9 ± 9.45 241 ± 46.7 
NO3

− (mg L− 1) 4.58 ± 0.43 60.2 ± 10.9 
PO4

3− (mg L− 1) 3.84 ± 2.86 6.42 ± 0.58 
SO4

2− (mg L− 1) 121 ± 14.4 254 ± 42.9 
CO3

2− + HCO3
− (mg L− 1) 116 ± 10.5 93.0 ± 6.17 

ECw: Electrical conductivity of water; SAR: Sodium Adsorption Ratio of water. 

Table 2 
Initial physical and chemical characteristics of study site soils at 0–15 and 15–30 
cm depths (mean ± SE, n = 4).  

Soil characteristic 0–15 cm 15–30 cm 

Sand (%) 41.9 ± 0.81 48.9 ± 6.04 
Silt (%) 33.5 ± 0.94 28.1 ± 5.92 
Clay (%) 24.5 ± 0.93 23.0 ± 0.50 
Texture class Loam Loam 
Organic Matter (%) 0.60 ± 0.01 0.64 ± 0.02 
CEC (cmolc kg− 1) 12.5 ± 0.32 12.9 ± 0.18 
Bulk Density (g cm− 3) 1.31 ± 0.03 1.44 ± 0.24 
Saturated Paste Extract  
pH 7.37 ± 0.02 7.25 ± 0.04 
ECe (dS m− 1) 0.86 ± 0.10 1.32 ± 0.31 
SAR (mmol l− 1)0.5 1.96 ± 0.21 2.81 ± 0.57 
Soluble Na+ (mmolc l− 1) 4.83 ± 0.79 7.11 ± 0.92 
Soluble K+ (mmolc l− 1) 0.66 ± 0.02 0.57 ± 0.05 
Soluble Ca2+ (mmolc l− 1) 11.6 ± 1.09 12.3 ± 1.71 
Soluble Mg2+ (mmolc l− 1) 0.75 ± 0.11 0.98 ± 0.12 
Soluble Cl− (mmolc l− 1) 13.7 ± 1.59 7.06 ± 0.65 
Soluble SO4

2− (mmolc l− 1) 10.2 ± 0.35 11.5 ± 1.02 

CEC: Cation Exchange Capacity of soil; ECe: Electrical conductivity of soil 
saturated paste extract; SAR: Sodium Adsorption Ratio of soil saturated paste 
extract. 
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and were subjected to analysis of variance using the General Linear 
Model (GLM) repeated measures analysis in SPSS (v.27) to determine 
the significance (at 5% level) of main (water type) and sub-plot 
(amendment application) factors and their respective interactions. 
Water type and amendment effects were considered as fixed effects and 
year was considered as a repeated measure in the model. When soil 
quality measurements were considered (ECe and SAR), depth of the soil 
was also included in the model as a fixed factor in addition to water type 
and amendment application. When statistically significant (at P ≤ 0.05 
or unless otherwise stated), treatment means were separated using the 
Tukey’s HSD test. Correlation analysis was used to assess the relation
ship between TEP and switchgrass biomass yields. Similarly, to assess 
the relationship between switchgrass biomass yields and soil ECe and 
SAR; a simple linear model was fit using the lm() function in R Studio. 
All graphics were generated using Sigma Plot v.14.5. 

3. Results and discussion 

3.1. Biomass yields 

During the year of 2017, there were no reportable biomass yields, 
therefore, yields for 2018 and 2019 years are only reported (Table 3). 
The switchgrass biomass yields ranged from a low of 9.1 Mg ha− 1 to a 
high of 12.6 Mg ha− 1 across all treatments and two years (Table 3). Year, 
water type and amendment application and their respective interactions 
did not have any significant effect on switchgrass biomass yields 
(Table 3). In general, mean biomass yields were higher in the year 2018 
compared to 2019. Average biomass yields for FW and TWW across both 
the years were 11.5 and 10.6 Mg ha− 1, respectively. Application of 
gypsum and sulfur also did not produce any yield advantage relative to 
unamended treatments. Mean yields were 10.7 and 11.5 Mg ha− 1 for 
unamended and GS treatments, respectively. 

Our study results concur with those reported by Ganjegunte et al. 
[10], who also reported that switchgrass biomass yields for the “Alamo” 
did not differ significantly in the first three years between water types 
and soil amendment applications under greenhouse experimental con
ditions. Also, these authors reported no effect of amendment application 
on switchgrass yields, a result consistent with the current study. It can be 
assumed that the amendment application would counter soil salinity and 
sodicity and would facilitate better biomass production. However, 
Ganjegunte et al. [10] attributed this affect to the high native calcium 
sources (calcite 10% and gypsum 2.5% by weight, respectively) found in 
the upper 0.75 m of soils in the study area [10] that could supply in situ 
Ca2+ for up to 3 years. Therefore, application of external gypsum did not 
produce any added benefit. Similarly, in a related study conducted in the 
same study site, Chaganti et al. [8] also reported no yield response of 

bioenergy sorghum to gypsum and sulfur application. 
On the other hand, irrigating with TWW did not negatively affect 

biomass production of switchgrass. This result is contrasting our original 
hypothesis where we assumed that TWW irrigation would increase soil 
salinity and sodicity overtime and decrease biomass production. Our soil 
quality results show that in fact, both soil salinity and sodicity increased 
after three years (Figs. 3 and 4) but there was no biomass reduction 
observed. A simple regression analysis also revealed that there was no 
significant relationship between switchgrass biomass yields and either 
soil salinity or sodicity (Fig. 5). Contrastingly, Ganjegunte et al. [10] 
reported decreased switchgrass biomass yields after 6 years of contin
uous irrigation with TWW. In a greenhouse study, Pica et al. [35] also 
reported that the switchgrass biomass yields were affected by low 
quality produced water irrigation. However, Zanetti et al. [36] showed 
that lowland switchgrass cultivar “Alamo” could tolerate salinity up to 
14 dS m− 1 without any effect on biomass production. It should be noted 
that soil salinity in the Ganjegunte et al. [10] and Pica et al. [35] studies 
increased beyond 14 dS m− 1 and therefore likely resulted in reduced 
switchgrass biomass yields. In the current study, the soil salinity did not 
exceed 14 dS m− 1 after three years of irrigation with TWW and GS 
application and thus the biomass production was not negatively 
affected. 

Regardless, the yields reported in this study under irrigated condi
tions are comparable or well above those reported in literature under 
various water regimes (irrigated vs. non-irrigated) and soil conditions 
(marginal vs. non-marginal) using the same “Alamo’ cultivar [31,37–42, 
47]. For example, Emery et al. [47] reported switchgrass yields ranging 
between 9 and 12 Mg ha− 1, when two cultivars were evaluated for two 
years under simulated drought conditions (conditions like what found in 
the current study area) in Southwest Michigan, USA. Similarly, Fu et al. 
[37] found switchgrass biomass yields averaged at 12.6 Mg ha− 1 over 
two years when evaluated under marginal soil conditions in Northern 
China. Ameen et al. [38], on the other hand reported lower biomass 
yields (~8.1 Mg ha− 1) when switchgrass was grown on a semi-arid land 
for two-years. Nevertheless, our results support the findings from liter
ature that switchgrass is indeed a drought-tolerant crop in addition to 
being salt-tolerant and therefore could be a viable alternative to 
water-intensive crops grown in this region. 

3.2. Biomass quality 

3.2.1. Nitrogen 
The nitrogen concentration of switchgrass biomass ranged between 

2.9 g kg− 1 to 5.9 g kg− 1 (Table 4) and was significantly affected by water 
type and amendment application. Irrigating with TWW significantly 
increased biomass N concentrations. Biomass nitrogen concentration in 
TWW treatment was almost twice the concentration of N found in FW 
irrigated biomass. Mean biomass N for TWW and FW treatments stood at 
3.2 and 5.7 g kg− 1, respectively. This increase in biomass N concentra
tion can be mostly attributed to the addition of readily available N 
through TWW (in the form of nitrate, NO3

− ), which facilitated greater 
uptake of N by switchgrass plants. On the other hand, biomass N con
centrations significantly decreased (P < 0.1) in GS soils relative to non- 
amended soils (Table 4). This is most likely due to increase in soil 
salinity after GS application, which negatively impacted the N uptake 
from soil [43]. Wastewater application should have had the same effect 
as TWW also increased soil salinity. However, we believe that the extra 
nitrogen supply in a readily available form negated the salinity affect in 
the TWW irrigated soils and in fact contributed for higher N uptake by 
switchgrass plants. This ultimately shows the alternative potential of 
TWW to supply N to bioenergy feedstocks grown on marginal lands. 
However, higher N content in bioenergy feedstock is not desirable as 
having high N can affect the efficiency of biomass conversion to biofuel 
during pyrolysis [44,45]. Nevertheless, the biomass N levels found in 
this study are closer to those reported by Aurangzaib et al. [23] in the 
same ’Alamo’ switchgrass cultivar and by Wilson et al. [44] in an upland 

Table 3 
Switchgrass biomass yields (mean ± SE) for two water and soil amendment 
treatments during the 2018 and 2019 cropping seasons.  

Cropping year 2018 2019 

Water type Amendment Biomass Yield (Mg ha− 1) 
FW NA 11.4 ± 2.59a 10.5 ± 0.82 
FW GS 12.6 ± 2.01 11.8 ± 1.77 
TWW NA 10.7 ± 0.97 10.2 ± 1.23 
TWW GS 12.4 ± 2.46 9.1 ± 1.05 
Source  P > F  
Year  0.28  
Water type  0.47  
Amendment  0.55  
Year × water type 0.68  
Year × Amendment 0.58  
Water type × Amendment 0.72  
Year × Water type × Amendment 0.56   

a Columns or rows with same or no letters indicate that there were no sig
nificant differences at P < 0.05, Tukey’s test. FW: Freshwater; WW: Treated 
Wastewater; NA: No Amendment; GS: Gypsum + Sulfur. 
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switchgrass cultivar. 

3.2.2. Water soluble carbohydrates 
Water soluble carbohydrates (simple soluble sugars) concentrations 

ranged from 1.5 to 2.9 g 100 g− 1 across two years, water types, soil 
amendment treatments (Table 4). Water type and amendment applica
tion did not cause any significant differences in WSC concentrations 
after three years of study. However, it should be noted that there was a 
trend of higher WSC concentrations in the switchgrass plants irrigated 
with TWW. This is contrasting to the premise that increase in salinity 
could reduce K uptake and negatively affect tissue rehydration processes 
that are crucial for sugar transport and metabolism [8]. Similarly, 
Chaganti et al. [8] also showed that the WSC concentrations in biomass 
sorghum did not reduce, even though soil salinity increased after 
wastewater application. Previously, Ganjegunte et al. [10] also reported 
that WSC concentrations in switchgrass biomass did not differ between 
water types and soil amendment treatments under greenhouse condi
tions, a result similar to the current study. No response of WSC to 
changes in salinity can be attributed to the higher salinity tolerance of 
switchgrass than the levels of soil salinity observed here, which ulti
mately did not affect the sugar metabolism. Nonetheless, the levels of 
WSC observed in switchgrass biomass in the Ganjegunte el al [10]. study 
are much higher (7–16 g 100 g− 1) than those observed in this study. In 
addition, other studies have also reported rather higher soluble sugar 
concentrations in switchgrass biomass than what was found in the cur
rent study [22,23,25,34]. Lower soluble sugar concentrations observed 
in this study can be attributed to the marginal nature of our soils and 
more importantly due to a delayed harvesting in late fall. The time of 
harvesting and plant maturity was shown to significantly influence 
non-structural carbohydrate dynamics in switchgrass plants with soluble 
sugar content decreasing as plants mature with time [23]. 

3.2.3. Hemicellulose and cellulose 
Hemicellulose concentrations ranged between 29.7 and 32.0 g 100 

g− 1 (Table 4) and did not significantly differ between the two water 
types. However, GS application significantly (p < 0.1) reduced hemi
cellulose concentration in switchgrass biomass. Mean hemicellulose 
concentrations of amended (GS) and non-amended treatments were 28.6 
and 30.8 g 100 g− 1, respectively. On the other hand, cellulose concen
trations fell between 34.6 and 39.3 g 100 g− 1 and significantly (p < 
0.05) differed between the two water treatments with no effect of soil 
amendment application. Switchgrass irrigated with TWW had signifi
cantly lower cellulose concentrations relative to FW irrigated plants. 
Mean cellulose concentrations were 39.2 and 35.2 g 100 g− 1 for FW and 
TWW treatments, respectively. Increased salt stress associated with 
TWW and GS application likely resulted in lower holocellulose (hemi
cellulose + cellulose) concentrations in plant cell wall due to possible 
alterations in cellulose synthesis pathways [46]. Even though TWW or 
GS application reduced the levels of either cellulose or hemicellulose in 
switchgrass biomass, the levels observed in this study are well within the 

range reported in several recent studies [10,22,23,25,47]. Higher cel
lulose and hemicellulose concentrations are more desirable in ligno
cellulosic biomass feedstocks during the biochemical conversion process 
for liquid bioethanol synthesis [48,49]. 

3.2.4. Lignin 
Switchgrass biomass lignin concentration ranged between 5.9 and 

7.6 g 100 g− 1 across two water types and soil amendment treatments 
(Table 4). Irrigating with TWW irrigation significantly (P < 0.1) 
decreased biomass lignin concentration in switchgrass biomass. Mean 
lignin concentrations were 7.3 and 6.3 g100 g− 1 for FW and TWW 
treatments, respectively. On the other hand, soil amendment application 
did not cause any significant changes in biomass lignin levels. The lignin 
content observed in this study is consistent with those reported by some 
previous studies [10,23,50,51]. For example, in a study conducted by 
Aurangzaib et al. [23] in Iowa, lignin concentrations in lowland ’Alamo’ 
cultivar increased in switchgrass biomass with delayed harvesting time 
but never exceeded 6 g 100 g− 1. Similarly, Lemus et al. [50] reported a 
mean biomass lignin concentration of 6.1 g 100 g− 1 when 20 switchgrass 
cultivars were evaluated for their biomass yield and quality in southern 
Iowa. In the same study, the lignin concentration in ’Alamo’ cultivar was 
found to be 5.7 g 100 g− 1 [50]. Our results however, match very close to 
the Ganjegunte et al. [10] study, where biomass lignin concentrations 
fell in the approx. range of 4–7 g 100 g− 1 when the same ’Alamo’ 
cultivar was grown under greenhouse experimental conditions. On the 
other hand, Yan et al. [51] and Alexander et al. [52] reported rather very 
high lignin concentrations in ’Alamo’ switchgrass cultivar with con
centrations exceeding 20 g 100 g− 1. Lignin is a complex cross-linked 
polymer and is highly recalcitrant that adds stability to the cell wall. 
However, its insolvability in water and as a “glue” between cellulose and 
hemicellulose, presence of higher lignin contents is a major barrier to 
bioethanol production [48,53] and therefore feedstock with low lignin 
content is preferred. 

3.2.5. Ash 
Switchgrass biomass ash contents ranged from 4.2 to 6.9 g 100 g− 1 

across all treatments (Table 4). Irrigating with TWW significantly 
increased biomass ash content relative to FW treatment. Wastewater 
treatments had 36% higher ash content than their FW counterparts. 
Though soil amendment application did not have a statistically signifi
cant effect on biomass ash content, there was a definite trend observed 
where GS treatments had higher ash contents than non-amended treat
ments. Mean ash contents were 6.1 and 5.1 g 100 g− 1 for GS and non- 
amended treatments, respectively. Higher ash contents in TWW and 
GS treatments can be attributed to higher soil salinity observed in these 
soils, which resulted in higher mineral uptake by plants. Higher ash 
contents in switchgrass biomass under elevated salinity conditions were 
also reported by the Ganjegunte et al. [10] study. These authors also 
found higher ash contents under TWW irrigation than FW irrigation. Ash 
contents in this study ranged between 6.5 and 12 g 100− 1 in switchgrass 

Table 4 
Composition of switchgrass biomass for two water and soil amendment treatments at the end of the third year (2019 data) (mean ± SE).  

Biomass parameter Nitrogen Hemicellulose Cellulose Lignin WSC Ash TEY 

Water type (W) —g kg− 1— ———————————————————————————————————————————g 100 
g− 1——————————————————————————————————— 

—L ha− 1— 

FW 3.20 ± 0.96 ba 30.9 ± 1.16 39.1 ± 1.13 a 7.32 ± 0.26 a 1.72 ± 0.15 4.76 ± 0.54 a 4119 ± 271 
WW 5.68 ± 0.92 a 28.5 ± 2.31 35.2 ± 0.80 b 6.28 ± 0.44 b 2.67 ± 0.59 6.48 ± 0.77 b 3334 ± 300 
Amendment (A) 
NA 4.70 ± 1.03 A 30.8 ± 1.26 A 36.8 ± 1.11 7.15 ± 0.25 1.97 ± 0.48 5.14 ± 0.38 3740 ± 279 
GS 4.18 ± 0.85 B 28.6 ± 2.21 B 37.5 ± 0.82 6.45 ± 0.45 2.42 ± 0.26 6.11 ± 0.92 3712 ± 384 
Source P > F 
W <0.05 0.28 <0.05 <0.05 0.19 <0.05 0.25 
A <0.1 <0.1 0.43 0.11 0.41 0.14 0.95 
W x A 0.83 0.89 0.6 0.72 0.87 0.82 0.47  

a Columns with same or no letters indicate that there were no significant differences between water type (lowercase) and amendment (uppercase) treatments at P <
0.05, Tukey’s test. FW: Freshwater; WW: Treated Wastewater; NA: No Amendment; GS: Gypsum + Sulfur. 
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biomass [10]. However, it is important to note that the ash contents 
found in this study are consistent with those reported under non-saline 
conditions elsewhere [23,25,44,50]. For example, Tang et al. [25] re
ported ash contents ranging between 5.0 and 8.2 g 100 g− 1 in switch
grass biomass feedstock when grown on semi-arid lands. Similarly, 
Aurangzaib et al. [23] and Wilson et al. [44] also found ash contents 
decreasing to levels closer to 7.0 g 100 g− 1 as switchgrass plants 
matured. On the other hand, Yan et al. [51] and Ameen et al. [22] re
ported much lower concentrations of ash (~1.5–2 g 100 g− 1) in 
switchgrass biomass. Generally, lower ash concentrations are favored as 
higher ash contents reduce the efficiency of biochemical conversion 
process by reducing hydrocarbon yields while also increasing mainte
nance costs [23,54]. 

3.2.6. Theoretical ethanol production (TEP) 
Theoretical ethanol production varied between 3334 and 4119 L 

ha− 1 (Table 4) among different treatments. Though TEP was lower in 
TWW treatment than FW, the differences were not statistically signifi
cant. Soil amendment application also did not cause any significant 
differences in ethanol production. Theoretical ethanol production is a 
function of biomass yield and WSC, cellulose and hemicellulose contents 
[22]. In this study, biomass yields were not significantly affected by 
either water type or amendment application though there were some 
effects observed on biomass composition. A strong positive correlation 
(R = 0.94) was also seen with biomass yields (Fig. 2), which indicates 
that TEP is highly dependent on biomass yields in addition to feedstock 
composition. A similar result was reported by Ameen et al. [22], where 
there was a strong correlation between TEP and biomass yields. How
ever, the average TEP reported in the Ameen et al. study (2211 L ha− 1) 
was lower than the TEP (3726 L ha− 1) seen in this study, largely due to 
lower biomass yields [22] than what were seen in the current study. 
However, TEP levels observed in our study are closer to other studies, 
such as 3691, 3701, 3753, and 4273 L ha− 1 reported by Schmer et al. 
[34], Adler et al. [55], Scagline–Mellor et al. [56], and Liu et al. [57], 
respectively. 

3.3. Soil quality 

3.3.1. Soil salinity 
Temporal changes in soil salinity (ECe) after application of two water 

types and soil amendments are presented in Fig. 3. Statistically signifi
cant effects of year (P < 0.001), watertype (P < 0.001) amendment (P <
0.1), and depth (P < 0.001) were observed on soil salinity. Also, there 
were some significant interactions between year × water (P < 0.001), 
year × amendment (P < 0.05), year × depth (P < 0.001), watertype ×
depth (P < 0.01) and year × watertype x depth (P < 0.01). After three 
years, regardless of irrigation water and soil amendments, soil salinity 
significantly increased across both the depths. On average soil salinity 
increased by 68% from 0.88 to 1.47 dS m− 1 in FW irrigated soils across 
both the depths. This is an expected result due to the arid climate of this 
region that is characterized by high temperatures and low precipitation 
and irrigation water application not exceeding evapotranspiration. This 
results in net salt accumulation in the soil profile due to inadequate salt 
leaching. Irrigation with TWW however, worsened this effect with 
higher increases in soil salinity observed relative to both FW and pre- 
study baseline soils (Fig. 3). Soil salinity across both the depths in 
TWW irrigated plots was twice as much as in FW irrigated plots and 
almost quadrupled after three years relative to baseline soils. Higher soil 
salinity associated with TWW irrigation can be attributed to its high 
dissolved salt concentrations (Table 1) [8,10,58–60] and therefore 
continuous application likely resulted in higher salt accumulation in the 
root zone. 

On the other hand, gypsum and sulfur application significantly 
increased (Fig. 3) soil salinity across both the depths regardless of irri
gation water type. This is not surprising as gypsum is a neutral “salt” and 
releases Ca2+ and SO4

2+ ions upon dissolution into soil solution and thus 
can potentially increase soil electrical conductivity transiently [61]. 
Highest soil ECe values were observed consistently in the WW–GS 
treatment at both 0–15 (Figs. 3A) and 15–30 cm (Fig. 3B) depths with 
salinities reaching beyond the threshold of 4 dS m− 1. However, this 
cannot be considered as a negative result as gypsum application is 
largely considered beneficial due to Ca2+ release, which helps in 
maintaining soil structure and improve soil water infiltration, especially 
in soils affected by sodium [58,62–64]. Nevertheless, higher salinities in 
WW–GS treatment can be attributed to the cumulative effect of salt 

Fig. 2. Correlation between biomass yield and theoretical ethanol production (2019 data).  
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accumulation through TWW and gypsum + sulfur application. Soil 
depth on the other hand, also had significant effect on soil salinity. In 
general, after three years, soil ECe was significantly higher in the 15–30 
cm depth compared to the upper 0–15 cm layer across the two water 
types and soil amendment treatments (Fig. 3A and B). This was likely 
due to downward leaching of salts by irrigation water [8]. More 
importantly, it should be noted that increase in soil salinity either by 
TWW application or gypsum + sulfur application did not cause signifi
cant yield reductions in switchgrass biomass. Linear regression also 
revealed no relationship between biomass yields and soil salinity (Fig. 5) 

proving that yields were not affected by changes in soil salinity. This is 
likely due to higher salinity threshold (~14 dS m− 1) of switchgrass [36] 
than the soil salinity levels observed in this study. This highlights that 
switchgrass as a bioenergy feedstock, can be successfully grown on 
marginal lands with TWW under elevated soil salinity. 

3.3.2. Soil sodicity 
Changes in soil sodicity (SAR) overtime at both depths are given in 

Fig. 4A and B. Individual effects of year (P < 0.001), water type (P <
0.001), amendment (P < 0.05) and depth (P < 0.001) were all 

Fig. 3. Changes in soil salinity (ECe) (mean ± SE) at (A) 0–15 cm and (B) 0–30 
cm soil depths as affected by water type and amendment combinations before 
(2017) and after the end (2019) of the experiment. Lower case letters indicate 
significant differences between treatment combinations within each year at P <
0.05, Tukey’s test. Upper case letters indicate significant differences between 
years within each treatment combination at P < 0.05, Tukey’s test. FW; 
Freshwater; TWW; Treated wastewater; NA: No amendment; GS: Gypsum +
sulfur amendment. 

Fig. 4. Changes in soil sodicity (SAR) (mean ± SE) at (A) 0–15 cm and (B) 
0–30 cm soil depths as affected by water type and amendment combinations 
before (2017) and after the end (2019) of the experiment. Lower case letters 
indicate significant differences between treatment combinations within each 
year at P < 0.05, Tukey’s test. Upper case letters indicate significant differences 
between years within each treatment combination at P < 0.05, Tukey’s test. 
FW; Freshwater; TWW; Treated wastewater; NA: No amendment; GS: Gypsum 
+ sulfur amendment. 
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statistically significant. There were also significant interactions 
observed between year × watertype (P < 0.001), year × depth (P <
0.05). Results show that soil sodicity generally increased after three 
years regardless of water type and amendment application. Soil SAR 
increased almost three times from 2.1 to 6.3 at the end of third year. 
Increase in SAR is generally due to the natural accumulation of Na+ that 
is being added through irrigation waters that increases Na+ ion con
centration in soil solution relative to Ca2+ and Mg2+ ions. Moreover, 
“valence dilution” [58] could also increase monovalent cation concen
tration (specifically, Na+), relative to divalent cations such as Ca2+ and 
Mg2+ that likely contributed for increase in soil SAR. After three years, 
the overall soil sodicity increased by approximately 3 times at both 0–15 
and 15–30 cm depths (Fig. 4A and B) compared to pre–study baseline 
soils. At the same time, the relative increase in soil sodicity was much 
higher in the TWW irrigated soils compared to FW irrigated soils. This 
was an expected outcome as TWW contains high Na+ concentration 
compared to FW (Table 1). Increase in soil SAR due to TWW application 
is a common result reported in the literature [8,10,65,66]. 

Application of gypsum and sulfur on the other hand, significantly 
reduced soil SAR in both FW and TWW irrigated plots after three years 
when compared to non-amended plots (Fig. 4). Gypsum is a well-known 
traditional soil amendment applied to correct soil sodicity as it readily 
supplies Ca2+ to counter Na+ in the soil solution or on exchange complex 
and aids in maintaining soil structure and water permeability [64]. 
Therefore, lower soil SAR values observed here are due to gypsum sol
ubilization and enrichment of soil solution with Ca2+ that facilitated Na 
+ removal and its leaching into deeper layers. This is further substanti
ated by higher soil SAR values generally seen in the lower 15–30 cm 
depth than at 0–15 cm (Fig. 4A and B). Regardless, soil SAR reduced by 
20% and 18% in the FW–GS and WW–GS treatments across both the 
depths, respectively, relative to their non-amended treatments. These 
results are in conjunction with those reported by Chaganti et al. [8], who 
also reported significant reductions in soil SAR with gypsum application 
in bioenergy sorghum plots. Similarly, in a greenhouse study, Ganje
gunte et al. [10] also reported higher SAR values in untreated TWW 
irrigated soils and at lower soil depths due to Na+ leaching. Many other 
studies have also reported significant reductions in soil SAR after gyp
sum application [58,67–70]. Overall, these results highlight that 

long-term application of TWW can increase soil sodification, but appli
cation of gypsum can help keep soil SAR values well below the threshold 
of 13, above which the effects of sodium on soil structure become more 
apparent. More importantly, increased soil sodicity did not affect 
switchgrass biomass yields as regression analysis did not show any sig
nificant trend between soil SAR and biomass yields (Fig. 5). 

4. Conclusions 

Our results show that biomass yields and consequently, theoretical 
ethanol production, was not affected by TWW irrigation, although there 
were some changes in biomass quality. Results also indicate that TWW 
can exacerbate soil salinity and sodicity. Sodicity from TWW can 
negatively affect soil quality over long-term. However, gypsum appli
cation negated soil sodicity suggesting that an appropriate soil man
agement practice should be in place to mitigate sodic hazard of TWW. 
Nevertheless, increase in soil salinity and sodicity did not negatively 
affect switchgrass biomass production, which likely is due to higher 
salinity tolerance of switchgrass than the levels observed in this study. In 
conclusion, our results are novel in that they will have important im
plications in diversifying cropping pattern in arid west Texas while also 
extending acreage of bioenergy crops into marginal lands of this region, 
without competing for arable lands used in food production. We believe 
that these results are also pertinent and could help diversify crop re
gimes in arid and semi-arid regions elsewhere in the world, where water 
availability and salinity issues are prevalent. Above all, use of TWW for 
irrigating such bioenergy crops, helps extend the fresh water supplies to 
more demanding sectors and results in efficient water reuse for pro
ducing clean energy. 
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[7] M.R. Suri, J.L. Dery, J. Pérodin, N. Brassill, X. He, S. Ammons, M.E. Gerdes, 
C. Rock, R.E.R. Goldstein, U.S. farmers’ opinions on the use of nontraditional water 
sources for agricultural activities, Environ. Res. 172 (2019) 345–357, https://doi. 
org/10.1016/j.envres.2019.02.035. 

[8] V.N. Chaganti, G. Ganjegunte, G. Niu, A. Ulery, R. Flynn, J.M. Enciso, M.N. Meki, J. 
R. Kiniry, Effects of treated urban wastewater irrigation on bioenergy sorghum and 
soil quality, Agric. Water Manag. 228 (2020) 105894, https://doi.org/10.1016/j. 
agwat.2019.105894. 

[9] J.L. Dery, C.M. Rock, R.R. Goldstein, C. Onumajuru, N. Brassill, S. Zozaya, M. 
R. Suri, Understanding grower perceptions and attitudes on the use of 
nontraditional water sources, including reclaimed or recycled water, in the semi- 
arid Southwest United States, Environ. Res. 170 (2019) 500–509, https://doi.org/ 
10.1016/j.envres.2018.12.039. 

[10] G. Ganjegunte, A. Ulery, G. Niu, Y. Wu, Effects of treated municipal wastewater 
irrigation on soil properties, switchgrass biomass production and quality under 
arid climate, Ind. Crop. Prod. 99 (2017) 60–69, https://doi.org/10.1016/j. 
indcrop.2017.01.038. 

[11] G. Ganjegunte, J. Clark, Improved irrigation scheduling for freshwater 
conservation in the desert southwest U.S, Irrigat. Sci. 35 (2017) 315–326, https:// 
doi.org/10.1007/s00271-017-0546-8. 

[12] G. Ganjegunte, A. Ulery, G. Niu, Y. Wu, Soil organic carbon balance and nutrients 
(NPK) availability under treated wastewater irrigation for bioenergy sorghum 
production in an arid ecosystem, Arch. Agron Soil Sci. 65 (2019) 345–359, https:// 
doi.org/10.1080/03650340.2018.1503414. 

[13] D.L. Corwin, S.A. Bradford, Environmental impacts and sustainability of degraded 
water reuse, J. Environ. Qual. 37 (2008), https://doi.org/10.2134/jeq2008.0210. 
S-1-S-7. 

[14] S. Toze, Reuse of effluent water - benefits and risks, in: Agricultural Water 
Management, Elsevier, 2006, pp. 147–159, https://doi.org/10.1016/j. 
agwat.2005.07.010. 

[15] H. Blanco-Canqui, Energy crops and their implications on soil and environment, 
Agron. J. 102 (2010) 403–419, https://doi.org/10.2134/agronj2009.0333. 

[16] R.L. Ray, A. Fares, E. Risch, Effects of drought on crop production and cropping 
areas in Texas, agric, Environ. Lett. 3 (2018) 170037, https://doi.org/10.2134/ 
ael2017.11.0037. 

[17] J. Burkhardt, The impact of the Renewable Fuel Standard on US oil refineries, 
Energy Pol. 130 (2019) 429–437, https://doi.org/10.1016/j.enpol.2019.03.058. 

[18] A.H. Hirani, N. Javed, M. Asif, S.K. Basu, A. Kumar, A review on first- and second- 
generation biofuel productions, in: Biofuels Greenh. Gas Mitig. Glob. Warm. Next 
Gener. Biofuels Role Biotechnol., Springer India, 2018, pp. 141–154, https://doi. 
org/10.1007/978-81-322-3763-1_8. 

[19] A.H. Hirani, N. Javed, M. Asif, S.K. Basu, A. Kumar, A review on first- and second- 
generation biofuel productions, in: Biofuels Greenh. Gas Mitig. Glob. Warm. Next 
Gener. Biofuels Role Biotechnol., Springer India, 2018, pp. 141–154, https://doi. 
org/10.1007/978-81-322-3763-1_8. 

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

[21] S.B. McLaughlin, L.A. Kszos, Development of switchgrass (Panicum virgatum) as a 
bioenergy feedstock in the United States, Biomass Bioenergy 28 (2005) 515–535, 
https://doi.org/10.1016/j.biombioe.2004.05.006. 

[22] A. Ameen, C. Tang, J. Liu, L. Han, G.H. Xie, Switchgrass as forage and biofuel 
feedstock: effect of nitrogen fertilization rate on the quality of biomass harvested in 
late summer and early fall, Field Crop. Res. 235 (2019) 154–162, https://doi.org/ 
10.1016/j.fcr.2019.03.009. 

[23] M. Aurangzaib, K.J. Moore, S.V. Archontoulis, E.A. Heaton, A.W. Lenssen, S. Fei, 
Compositional differences among upland and lowland switchgrass ecotypes grown 
as a bioenergy feedstock crop, Biomass Bioenergy 87 (2016) 169–177, https://doi. 
org/10.1016/j.biombioe.2016.02.017. 

[24] C. Zheng, Y. Iqbal, N. Labonte, G. Sun, H. Feng, Z. Yi, L. Xiao, Performance of 
switchgrass and miscanthus genotypes on marginal land in the yellow river delta, 
Ind. Crop. Prod. 141 (2019) 111773, https://doi.org/10.1016/j. 
indcrop.2019.111773. 

[25] C.C. Tang, L.P. Han, G.H. Xie, Response of switchgrass grown for forage and 
bioethanol to nitrogen, phosphorus, and potassium on semiarid marginal land, 
Agronomy 10 (2020), https://doi.org/10.3390/agronomy10081147. 

[26] L. Wright, A. Turhollow, Switchgrass selection as a “ model” bioenergy crop: a 
history of the process, Biomass Bioenergy 34 (2010) 851–868, https://doi.org/ 
10.1016/j.biombioe.2010.01.030. 

[27] D.R. Keshwani, J.J. Cheng, Switchgrass for bioethanol and other value-added 
applications: a review, Bioresour. Technol. 100 (2009) 1515–1523, https://doi. 
org/10.1016/j.biortech.2008.09.035. 

[28] M.R. Schmer, K.P. Vogel, R.B. Mitchell, R.K. Perrin, Net energy of cellulosic 
ethanol from switchgrass, Proc. Natl. Acad. Sci. U.S.A. 105 (2008) 464–469, 
https://doi.org/10.1073/pnas.0704767105. 

[29] M.D. Casler, K.P. Vogel, C.M. Taliaferro, N.J. Ehlke, J.D. Berdahl, E.C. Brummer, R. 
L. Kallenbach, C.P. West, R.B. Mitchell, Latitudinal and longitudinal adaptation of 
switchgrass populations, Crop Sci. 47 (2007) 2249–2260, https://doi.org/ 
10.2135/cropsci2006.12.0780. 

[30] M.D. Casler, K.P. Vogel, C.M. Taliaferro, R.L. Wynia, Latitudinal adaptation of 
switchgrass populations, Crop Sci. 44 (2004) 293–303, https://doi.org/10.2135/ 
cropsci2004.2930. 

[31] J.R. Kiniry, M.V.V. Johnson, S.B. Bruckerhoff, J.U. Kaiser, R.L. Cordsiemon, R. 
D. Harmel, Clash of the titans: comparing productivity via radiation use efficiency 
for two grass giants of the biofuel field, Bioenergy Res 5 (2012) 41–48, https://doi. 
org/10.1007/s12155-011-9116-8. 

[32] M.A. Sanderson, R.L. Reed, W.R. Ocumpaugh, M.A. Hussey, G. Van Esbroeck, J. 
C. Read, C.R. Tischler, P.M. Hons, Switchgrass cultivars and germplasm for 
biomass feedstock production in Texas, Bioresour, Technol. 67 (1999) 209–219, 
https://doi.org/10.1016/S0960-8524(98)00132-1. 

[33] K.P. Vogel, B.S. Dien, H.G. Jung, M.D. Casler, S.D. Masterson, R.B. Mitchell, 
Quantifying actual and theoretical ethanol yields for switchgrass strains using NIRS 
analyses, Bioenergy Res 4 (2011) 96–110, https://doi.org/10.1007/s12155-010- 
9104-4. 

[34] M.R. Schmer, K.P. Vogel, R.B. Mitchell, B.S. Dien, H.G. Jung, M.D. Casler, 
Temporal and spatial variation in switchgrass biomass composition and theoretical 
ethanol yield, Agron. J. 104 (2012) 54–64, https://doi.org/10.2134/ 
agronj2011.0195. 

[35] N.E. Pica, K. Carlson, J.J. Steiner, R. Waskom, Produced water reuse for irrigation 
of non-food biofuel crops: effects on switchgrass and rapeseed germination, 
physiology and biomass yield, Ind. Crop. Prod. 100 (2017) 65–76, https://doi.org/ 
10.1016/j.indcrop.2017.02.011. 

[36] F. Zanetti, W. Zegada-Lizarazu, C. Lambertini, A. Monti, Salinity effects on 
germination, seedlings and full-grown plants of upland and lowland switchgrass 
cultivars, Biomass Bioenergy 120 (2019) 273–280, https://doi.org/10.1016/j. 
biombioe.2018.11.031. 

V.N. Chaganti et al.                                                                                                                                                                                                                            

https://doi.org/10.1111/socf.12274
https://doi.org/10.1126/sciadv.1400082
https://doi.org/10.1126/sciadv.1400082
https://doi.org/10.1002/2015GL066727@10.1002/(ISSN)1944-8007.CALDROUGHT1
https://doi.org/10.1002/2015GL066727@10.1002/(ISSN)1944-8007.CALDROUGHT1
https://doi.org/10.1007/s00442-019-04550-6
https://doi.org/10.1007/s00442-019-04550-6
https://doi.org/10.7930/J0CJ8BNN
https://doi.org/10.1029/2020ef001552
https://doi.org/10.1016/j.envres.2019.02.035
https://doi.org/10.1016/j.envres.2019.02.035
https://doi.org/10.1016/j.agwat.2019.105894
https://doi.org/10.1016/j.agwat.2019.105894
https://doi.org/10.1016/j.envres.2018.12.039
https://doi.org/10.1016/j.envres.2018.12.039
https://doi.org/10.1016/j.indcrop.2017.01.038
https://doi.org/10.1016/j.indcrop.2017.01.038
https://doi.org/10.1007/s00271-017-0546-8
https://doi.org/10.1007/s00271-017-0546-8
https://doi.org/10.1080/03650340.2018.1503414
https://doi.org/10.1080/03650340.2018.1503414
https://doi.org/10.2134/jeq2008.0210
https://doi.org/10.1016/j.agwat.2005.07.010
https://doi.org/10.1016/j.agwat.2005.07.010
https://doi.org/10.2134/agronj2009.0333
https://doi.org/10.2134/ael2017.11.0037
https://doi.org/10.2134/ael2017.11.0037
https://doi.org/10.1016/j.enpol.2019.03.058
https://doi.org/10.1007/978-81-322-3763-1_8
https://doi.org/10.1007/978-81-322-3763-1_8
https://doi.org/10.1007/978-81-322-3763-1_8
https://doi.org/10.1007/978-81-322-3763-1_8
https://doi.org/10.1111/gcbb.12533
https://doi.org/10.1016/j.biombioe.2004.05.006
https://doi.org/10.1016/j.fcr.2019.03.009
https://doi.org/10.1016/j.fcr.2019.03.009
https://doi.org/10.1016/j.biombioe.2016.02.017
https://doi.org/10.1016/j.biombioe.2016.02.017
https://doi.org/10.1016/j.indcrop.2019.111773
https://doi.org/10.1016/j.indcrop.2019.111773
https://doi.org/10.3390/agronomy10081147
https://doi.org/10.1016/j.biombioe.2010.01.030
https://doi.org/10.1016/j.biombioe.2010.01.030
https://doi.org/10.1016/j.biortech.2008.09.035
https://doi.org/10.1016/j.biortech.2008.09.035
https://doi.org/10.1073/pnas.0704767105
https://doi.org/10.2135/cropsci2006.12.0780
https://doi.org/10.2135/cropsci2006.12.0780
https://doi.org/10.2135/cropsci2004.2930
https://doi.org/10.2135/cropsci2004.2930
https://doi.org/10.1007/s12155-011-9116-8
https://doi.org/10.1007/s12155-011-9116-8
https://doi.org/10.1016/S0960-8524(98)00132-1
https://doi.org/10.1007/s12155-010-9104-4
https://doi.org/10.1007/s12155-010-9104-4
https://doi.org/10.2134/agronj2011.0195
https://doi.org/10.2134/agronj2011.0195
https://doi.org/10.1016/j.indcrop.2017.02.011
https://doi.org/10.1016/j.indcrop.2017.02.011
https://doi.org/10.1016/j.biombioe.2018.11.031
https://doi.org/10.1016/j.biombioe.2018.11.031


Biomass and Bioenergy 151 (2021) 106160

11

[37] H.M. Fu, F.Y. Meng, R.L. Molatudi, B.G. Zhang, Sorghum and switchgrass as biofuel 
feedstocks on marginal lands in northern China, Bioenergy Res 9 (2016) 633–642, 
https://doi.org/10.1007/s12155-015-9704-0. 

[38] A. Ameen, C. Tang, L. Han, G.H. Xie, Short-term response of switchgrass to 
nitrogen, phosphorus, and potassium on semiarid sandy wasteland managed for 
biofuel feedstock, Bioenergy Res 11 (2018) 228–238, https://doi.org/10.1007/ 
s12155-018-9894-3. 

[39] R.T. Koide, B.T. Nguyen, R. Howard Skinner, C.J. Dell, P.R. Adler, P.J. Drohan, 
M. Licht, M.B. Matthews, R. Nettles, K. Ricks, J. Watkins, Comparing biochar 
application methods for switchgrass yield and C sequestration on contrasting 
marginal lands in Pennsylvania, USA, Bioenergy Res 11 (2018) 784–802, https:// 
doi.org/10.1007/s12155-018-9940-1. 

[40] Y. Yue, X. Hou, X. Fan, Y. Zhu, C. Zhao, J. Wu, Biomass yield components for 12 
switchgrass cultivars grown in Northern China, Biomass Bioenergy 102 (2017) 
44–51, https://doi.org/10.1016/j.biombioe.2017.05.001. 

[41] M.D. Casler, S. Sosa, L. Hoffman, H. Mayton, C. Ernst, P.R. Adler, A.R. Boe, S. 
A. Bonos, Biomass yield of switchgrass cultivars under high- versus low-input 
conditions, Crop Sci. 57 (2017) 821–832, https://doi.org/10.2135/ 
cropsci2016.08.0698. 

[42] E. Alexopoulou, F. Zanetti, E.G. Papazoglou, M. Christou, Y. Papatheohari, 
K. Tsiotas, I. Papamichael, Long-term studies on switchgrass grown on a marginal 
area in Greece under different varieties and nitrogen fertilization rates, Ind. Crop. 
Prod. 107 (2017) 446–452, https://doi.org/10.1016/j.indcrop.2017.05.027. 

[43] Y. Hu, U. Schmidhalter, Drought and salinity: a comparison of their effects on 
mineral nutrition of plants, J. Plant Nutr. Soil Sci. 168 (2005) 541–549, https:// 
doi.org/10.1002/jpln.200420516. 

[44] D.M. Wilson, D.L. Dalluge, M. Rover, E.A. Heaton, R.C. Brown, Crop management 
impacts biofuel quality: influence of switchgrass harvest time on yield, nitrogen 
and ash of fast pyrolysis products, Bioenergy Res 6 (2013) 103–113, https://doi. 
org/10.1007/s12155-012-9240-0. 

[45] A.A. Boateng, K.B. Hicks, K.P. Vogel, Pyrolysis of switchgrass (Panicum virgatum) 
harvested at several stages of maturity, J. Anal. Appl. Pyrolysis 75 (2006) 55–64, 
https://doi.org/10.1016/j.jaap.2005.03.005. 

[46] C. Kesten, A. Menna, C. Sánchez-Rodríguez, Regulation of cellulose synthesis in 
response to stress, Curr. Opin. Plant Biol. 40 (2017) 106–113, https://doi.org/ 
10.1016/j.pbi.2017.08.010. 

[47] S.M. Emery, K.A. Stahlheber, K.L. Gross, Drought minimized nitrogen fertilization 
effects on bioenergy feedstock quality, Biomass Bioenergy 133 (2020) 105452, 
https://doi.org/10.1016/j.biombioe.2019.105452. 

[48] S. Rezania, B. Oryani, J. Cho, A. Talaiekhozani, F. Sabbagh, B. Hashemi, P. 
F. Rupani, A.A. Mohammadi, Different pretreatment technologies of lignocellulosic 
biomass for bioethanol production: an overview, Energy 199 (2020) 117457, 
https://doi.org/10.1016/j.energy.2020.117457. 

[49] M. Rastogi, S. Shrivastava, Recent advances in second generation bioethanol 
production: an insight to pretreatment, saccharification and fermentation 
processes, Renew. Sustain. Energy Rev. 80 (2017) 330–340, https://doi.org/ 
10.1016/j.rser.2017.05.225. 

[50] R. Lemus, E.C. Brummer, K.J. Moore, N.E. Molstad, C.L. Burras, M.F. Barker, 
Biomass yield and quality of 20 switchgrass populations in southern, Iowa, USA, 
Biomass and Bioenergy 23 (2002) 433–442, https://doi.org/10.1016/S0961-9534 
(02)00073-9. 

[51] J. Yan, Z. Hu, Y. Pu, E. Charles Brummer, A.J. Ragauskas, Chemical compositions 
of four switchgrass populations, Biomass Bioenergy 34 (2010) 48–53, https://doi. 
org/10.1016/j.biombioe.2009.09.010. 

[52] L. Alexander, C. Hatcher, M. Mazarei, E. Haynes, H. Baxter, K. Kim, C. Hamilton, 
R. Sykes, G. Turner, M. Davis, Z.Y. Wang, N. Labbé, C. Neal Stewart, Development 
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