. agronomy m@

Article

The Impact of Soil Water Content on Yield,
Composition, Energy, and Water Indicators of the
Bioenergy Grass Saccharum spontaneum ssp.
aegyptiacum Under Three-Growing Seasons

Danilo Scordia 1*, Silvio Calcagno !, Alessandra Piccitto ?, Cristina Patane 2
and Salvatore Luciano Cosentino 12

! Dipartimento di Agricoltura, Alimentazione e Ambiente (Di3A), University of Catania, via Valdisavoia 5,
95123 Catania, Italy; silvio.calcagno@phd.unict.it (5.C.); alessandra.piccitto@phd.unict.it (A.P.);
sl.cosentino@unict.it (S.L.C.)

2 CNR-Istituto per la BioEconomia (IBE), Sede Secondaria di Catania, Via P. Gaifami 18, 95126 Catania, Italy;
cristinamaria.patane@cnr.it

* Correspondence: dscordia@unict.it; Tel.: +39-095-4783-459

Received: 14 July 2020; Accepted: 27 July 2020; Published: 30 July 2020

Abstract: Raising water and energy productivity in agriculture can contribute to reducing the
pressure on the limited freshwater availability and non-renewable energy sources. Bioenergy
perennial grasses are efficient from a water perspective and can afford a low-energy cultivation
system; however, crop selection and cultivation practices for minimizing land use change and
maximizing resource use efficiencies remain a challenging task in view of sustainable bioeconomy
development. The present work investigated the soil water effect on a long-term plantation of
Saccharum (Saccharum spontaneum ssp. aegyptiacum), a bioenergy perennial grass holding great
promise for semiarid Mediterranean areas. The plantation was in its 13th year following
establishment and was subjected to three levels of irrigation for three successive growing seasons.
Regression models between crop water use (CWU) and productivity, biomass composition, energy,
and water indicators showed different prediction curves. Raising CWU (from 230 to 920 mm)
enhanced the dry biomass yield (from 14.8 to 30.1 Mg ha) and the net energy value (from 257.6 to
511 GJ ha™'). On the same CWU range, unirrigated crops improved the energy efficiency (from 99.8
to 58.5 GJ ha), the energy productivity (from 5.6 to 3.4 Mg GJ) and the water productivity (from
114.5 to 56.1 MJ m) by reducing the water footprint (from 8.7 to 17.8 m3 GJ-!). Biomass composition
was also superior in unirrigated crops, as the lower heating value, structural polysaccharides, and
the acid detergent lignin were higher, while ash and soluble compounds were lower. Present
findings demonstrated the good yield levels and persistence of Saccharum, improving our
knowledge of plant responses to changing soil water availability to maximize energy and conserve
natural resources, paving the way for sustainable bioeconomy development in the Mediterranean
area.
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1. Introduction

Climate change scenarios predict that extreme weather events will increase in the future. In the
Mediterranean area, the frequency of water stress episodes is rising due to prolonged summers and
low rainfall, meanwhile, population growth and increasing energy demand is projected to increase
water needs between 22% and 74% by the end of the century to stabilize crop production [1-3]. In
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this context, agriculture needs to secure food, goods, and commodities through adaptation strategies.
On the other hand, agriculture can play a key role to mitigate greenhouse gas emissions (GHG)
leading to climate change, and to replace the current fossil fuel based economy with a carbon neutral
economy. The transition from a fossil fuel economy to a bioeconomy relies on growing bioenergy
crops and on utilizing available crop residues for bioconversion into renewable energies and non-
energy bioproducts [4,5].

Prime-quality lands must be committed to sustain food production, thus bioenergy crops should
be cultivated on marginal lands to minimize competition for natural resources and changes in land
use, and forest and biodiversity losses. Nowadays, there is an increasing interest to define and map
marginal lands, and to investigate bioenergy crops suitable for such unproductive areas [5]. In
Europe, a considerable loss of utilized agricultural area was recorded in recent decades, mainly due
to biophysical constraints to grow food crops, farm structure, and farmer-specific reasons [6]. This
risk seems to intensify in the period between 2015 and 2030 [7], and in the Mediterranean substantial
areas of agricultural land is already becoming marginal and often abandoned due to increasing
dryness [8]. This unprofitable area for food crops could support bioeconomy development through
the sustainable intensification of bioenergy crops that use available water efficiently and that are able
to grow in low-input cultivation systems [8-10]. Raising water and energy productivity in
agriculture, that is, reducing the water footprint and external energy per unit of production, will
contribute to reducing the pressure on the limited freshwater resources and non-renewable energy
sources [11,12]. The water footprint links the water consumption to the unit biomass production, with
a large footprint indicating high demand for water resources while reducing agricultural input such
as irrigation, fertilizers, pesticides, and herbicides increases the energy efficiency and reduces the
environmental impact associated with the cultivation phase [11-13].

Perennial rhizomatous grasses (PRGs) have demonstrated their capacity to thrive under a range
of unfavorable conditions (e.g., drought, salinity, flood and slope), the high energy and water
efficiency, and the environmental sustainability [13-17]. Although the energy cost is quite high in the
establishment phase, the perennial habit, the lignocellulosic structure, and the capacity to mobilize
nutrients makes these species ideal candidates for low-input cultivation systems in the long-term [5].
Among PRGs, C4 photosynthetic plants (i.e., miscanthus and switchgrass) are preferred to the Cs (i.e.,
reed canarygrass and giant reed) due to a more efficient use of natural resources, such as light, water,
and nutrients [18,19].

Apart from the most-investigated PRGs, the Mediterranean is a reach area of nearly unexplored
PRGs that are abundantly widespread in hot and drought-prone environments [20,21]. Recently,
Cosentino et al. [22] have shown that the PRG Saccharum spontaneum ssp. aegyptiacum, native to North
Africa and naturalized in the south of Italy (the Sicily region), has many traits of a drought-resilient
bioenergy crop. It is a C4 plant with high water use efficiency and high biomass yield under both
favorable and water stress conditions. Scordia et al. [23] attributed the high yield to a long green leaf
area duration, high radiation, and water use efficiency. Under severe water stress, physiological and
morphological adjusting mechanisms were detected, suggesting both drought avoidance and
tolerance [22,23]. In a four-year field trial in rainfed conditions, this crop showed an average
productivity, energy efficiency, and net energy value well above the other native perennial grasses
compared side-by-side [21]. Biomass quality improved with the winter harvest as compared with the
autumn harvest, as overwinter sustains senescence, the decrease in moisture and ash content, and
the increase in structural polysaccharides [21]. Saccharum has also shown its potential as a feedstock
for biochemical conversion to produce advanced bioethanol [24,25], and key quality traits for low-
temperature thermochemical processes [26].

Although Saccharum is naturalized in Sicily, it is still an undomesticated crop, and as such needs
further insights to optimize the agricultural practices and to understand trade-offs for yield, quality,
and resource use efficiencies in a long-term perspective [15,27-29]. The present experiment evaluated
the biomass yield and composition (structural polysaccharides, neutral detergent soluble, acid
detergent lignin, ash), energy, and water indicators (lower heating value and net energy value, energy
efficiency and productivity, water productivity and footprint) of a long-term plantation of Saccharum
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subjected to changing soil water availability for three successive growing seasons in a semiarid
Mediterranean area. Regression models were fitted to understand the rate of change of the dependent
variables under a wide range of crop water use given by different irrigation regimes and growing
seasons.

2. Materials and Methods

2.1. Field Trial

The long-term plantation of Saccharum (Saccharum spontaneum L. ssp. aegyptiacum Willd. Hack.)
is located at the Experimental farm of the University of Catania, Italy (Figure 1).

Experimental site

10 0° S°E 10° 15°E 20% 25°E 30° 35% °E

Figure 1. Experimental Farm of the University of Catania located in south-eastern Sicily, Italy (10 m
a.s.l, 37°24'35.8” N lat., 15°03'31.7” E long.).

Details of field trial set-up and crop management were previously reported in Cosentino et al.
[22]. Briefly, clonal rhizomes were established in the spring of 2005 in a soil with the following
properties: 9.8% silt, 56.6% sand, 33.6% clay, 1.6% organic matter, 0.09 g kg™ total N, 53.4 mg kg
available P, 300.1 g kg exchangeable K, and pH 7.6. The bulk density was 1.1 g cm™. The soil
moisture contents at field capacity (at -0.03 MPa) and nominal wilting point (at -1.5 MPa) were 27 g
and 11 g H20 100 g dry weight respectively. One rhizome m=2 was used in a randomized block
design three times replicated with a single plot measuring 15 m? (5 x 3 m). Before transplanting 100
kg N ha? and 100 kg P20s ha' as ammonium sulfate and superphosphate, respectively, were
supplied. Weeds were controlled manually during the year of establishment. In post-establishment
and up to the sixth growing season (2010/2011), neither fertilization nor weed control and pest
management were performed. Supplemental irrigation was applied only when leaf rolling was
detected, and aboveground biomass was harvested each year during winter-time. From the seventh
growing season (2011/12) to the present, a drip irrigation system was used to differentiate the soil
water in three levels, namely the 100% of maximum crop evapotranspiration restoration (I10-100%
ETm), the 50% ETm restoration (Iso) and no irrigation (Io—rainfed condition). In the same period,
crops remained unfertilized, without the necessity to control weeds or pests. The water used for
irrigation had a total amount of CaCOs of 250 + 24 mg L, an electrical conductivity of 1300 + 120 puS
cm™ and a pH of 7.5 + 0.2. The irrigation volume was determined as the maximum available soil
water content in a 0.6 m soil depth, and irrigation was scheduled when the sum of daily ETm matched
the volume. Rainfall events were subtracted in the daily calculations [22,30].

In the present experiment, irrigation levels described above (Lo, Iso and o) were compared in
three successive growing seasons (2017/18, 2018/19 and 2019/20, hereinafter referred to 2017, 2018
and 2019), corresponding to the 13th, 14th, and 15th yearly harvest, respectively. For each irrigation
level, the crop water use (CWU) was determined by means of water balance from plant re-growth up
to the last irrigation:
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CWU=I+P+AC
where CWU = crop water use (mm); I = water supplied by means of irrigation (mm); P = precipitation
(mm); AC = difference between soil water content at plant re-growth and soil water content after the
last irrigation (mm). Soil samples were collected to a depth of 0.6 m in each irrigation treatment,
growing season, and replication, at the beginning of each growing season and then when the
irrigation was suspended. Fresh soil samples were immediately weighted, closed in plastic zip bags
and then transferred in a ventilated oven to dry at 105 °C up to a constant weight.

2.2. Measurements and Determinations

Maximum and minimum air temperature and rainfall were measured by a weather station
connected to a data logger (Delta-T Devices Ltd, WS-GP1 Compact Weather Station, Cambridge, UK).
The reference crop evapotranspiration (ETo) was calculated from the Class A evaporation pan (mm
d) by the pan coefficient of 0.80 [31]. Both equipment were located 150 m from the experimental
field. Daily data was aggregated to ten-day increments, from re-sprouting to the end of each growing
season.

Aboveground biomass was harvested in winter each year (approx. mid-February) by removing
edge plants in all sides of the plots to obtain a sampling area for biomass weight of 6 m? (3 x 2 m).
Biomass was cut 5 cm above ground level and fresh sub-samples were randomly collected,
immediately weighted, and then dried to a constant weight at 65 °C. The percentage dry weight was
used to calculate the dry biomass yield, which was referred to the unit land area (dry matter yield;
DMY, Mg ha™).

Dry sub-samples were then ground through a 1-mm sieve in a mill IKA-WERFE, Gmbh & Co.,
KG, Staufenim Breisgau, Germany) for biomass composition determinations. Hemicellulose (HL),
cellulose (CL), acid detergent lignin (ADL), ash (ASH) and the neutral detergent soluble (NDS) were
determined by a near-infrared spectrometer (NIR, SpectraStar™ 2500XL-R, Unity Scientific, Milford,
MA, USA) in a previously developed calibration for lignocellulosic perennial grasses, as reported in
Scordia et al. [21]. The biomass lower heating value (LHV) of each sample was obtained by applying
the conversion factor proposed by Odum [32] for carbohydrates, proteins, and lipids, modified for
structural polysaccharides, ADL and NDS [33].

The LHV (M] kg) multiplied by the DMY (Mg ha™) represented the energy output (GJ ha™). As
mentioned above, the plantation is managed as low-input; thus weed control, fertilization, and crop
protection are not executed. Energy input (GJ ha) was equivalent to the aboveground biomass
harvest and the irrigation. For the harvesting practice (a chipping and loading single-pass system)
the same energy consumption was assumed for Io, Iso, and Lo treatments, equivalent to 3.40 GJ ha™
[34]. The energy input for irrigation water of Iso and oo treatments was assumed to be 1.0 M] m=, as
reported by Bosatto et al. [35] for the drip irrigation system in the Mediterranean environment.

Energy and water indicators were calculated at the farm gate level, as following: i) net energy
value (NEV, GJ ha™) = energy output-energy input; ii) energy efficiency (EE, GJ ha™) = energy
output/energy input; iii) energy productivity (EP, Mg GJ) = dry matter yield/energy input; iv) water
productivity (WP, M] m=) = energy output/crop water use; v) water footprint (WF, m? GJ) = crop
water use/energy output.

2.3. Statistical Analysis

Since the same treatments were applied to the same plots for more than one year, collected data
were subjected to one-way analysis of variance (ANOVA) using repeated measurements in time,
where the growing season represents the within-factor, and the irrigation the between-factor (SPSS,
PASW Statistics 18). When data failed Mauchly’s sphericity test, the univariate results were adjusted
by using the Greenhouse-Geisser Epsilon and the Huynh-Feldt Epsilon correction factors. When
univariate results satisfied sphericity tests for within-subjects effects, the F-values and associated p-
values for between-subjects effects were tested. Differences between means were evaluated for
significance using the Student-Newman-Keuls (S.N.K.) test at 95% confidence level.
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Relationships between crop water use and measured data were calculated by linear and non-
linear regression models. Coefficients were considered significant at p < 0.05. The Shapiro-Wilk test
was developed to test residuals for normality, and the goodness of fit was assessed by calculating R?
(SigmaPlotl1, Systat Software Inc., San Jose, CA, USA).

3. Results

3.1. Meteorological Trend

Air temperature across each growing season was quite similar, ranging from 23.2 to 24.1 °C for
the maximum, from 13.0 to 13.4 °C for the minimum, and from 18.3 to 18.7 °C for the mean. It was
the lowest in winter, gradually increased from spring to peak in summer and then slowly decreased
in autumn down to the lowest values in the next winter (Figure 2).
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Figure 2. Meteorological trend, maximum (Tmax), mean (Tmean) and minimum (Tmin) air temperatures
(°C), rainfall, and reference evapotranspiration (ETo) (mm), at the Experimental Farm of the University
of Catania during 2017/18 (2017), 2018/19 (2018) and 2019/20 (2019) growing season.

Rainfall was higher in the 2018 growing season (811 mm) as compared with both 2017 (377 mm)
and 2019 (396 mm). The reference evapotranspiration (ETo) was 1290, 1244 and 1299 mm in 2017,
2018, and 2019, respectively. Although rainfall amount was different among growing seasons,
distribution patterns narrowly changed among yearly seasons; it was 62-64% in autumn, 9-16% in
winter, 8-15% in spring and 9-13% in summer. On the contrary, ETo was higher in summer (39-41%)
than spring (28-32%), autumn (16-17%) and winter (13-14%). The whole season drought index
(P/PET) was 0.29, 0.65, and 0.30 in the 2017, 2018, and 2019, respectively. In the period of crop
irrigation (from mid-May to the end of August), rainfall was higher in the 2018 (109.2 mm) and ETo
was lower (567.5 mm) as compared with 2017 and 2019 growing seasons (11.0 and 23.2 mm for rainfall
and 606.9 and 574.3 mm for ETO, respectively).

The crop water use (CWU) in the 2017, 2018, and 2019 growing season were: 230.1, 357.8, and
259.7 mm in Io; 530.9, 683.6 and 481.9 mm in Iso; 801.1, 919.4 and 744.3 mm in T, respectively.

3.2. Biomass Yield and Composition

ANOVA showed a significant effect of irrigation water (W) and growing season (S) on biomass
dry matter yield (DMY), neutral detergent soluble (NDS), hemicellulose (HC), cellulose (CL), acid
detergent lignin (ADL), and ash (ASH) content. The W x S interactions were all significant (Table 1).

Generally, the wetter the growing season (as in 2018) or the greater the CWU (I100 > Iso > Io), the
higher the DMY, the NDS, and the ASH content. Drier seasons (as in 2017 and 2019) or lower CWU
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improved the HL, the CL, and the ADL content. Overall, the significantly highest DMY was
registered in lioo in 2018 (30.1 Mg DM ha'), while the significantly lowest was in loin the 2017 growing
season (14.8 Mg DM ha). Similar patterns were observed for NDS (22.7% in T in 2018 and 18.1% in
Ioin 2017) and ASH content (7.6% in 1100 in 2018 and 6.1% in 10 in 2017).

Table 1. Repeated measures analysis of variance (ANOVA) for the main effects and interactions on
dry matter yield (DMY), neutral detergent soluble (NDS), hemicellulose (HL), cellulose (CL), acid
detergent lignin (ADL), and ash content (ASH) of Saccharum under changing irrigation (W) and
growing season (S). Degree of freedom (DF); adjusted mean square (Adj MS); Significance indicated
by *atp<0.05, ** at p<0.01, ** at p <0.001. LSD value indicates a significant “water x growing season”
interaction at p < 0.05.

S DF DMY NDS HC CL ADL ASH
ource Adj MS
Water (W) 2 374.68 ***  32.22°%*  3534**  12.426*** 2959 ** 2651 ***
Season (S) 2 13.91 *** 0.443 ** 0.655 ** 1.030 ** 0.146**  0.454 **
W xS 4 4.12** 0.199 ** 0.120 **  0.0196 ** 0.066*  0.0607 **
Error(T) 12 0.095 0.009 0.001 0.001 0.003 0.003
Error 6 0.433 0.109 0.005 0.004 0.006 0.016
i S Mg ha™! % wiw % wiw % wiw % wiw % wiw
10 2017 14.8+0.69 18.1+0.37 30.4+0.07 37.0+0.04 83+0.03 6.1+0.14
150 2017 253+028 20.8+0.52 294+0.02 353+003 77+011 6.6+0.11
1100 2017 293+042 225+012 28.8+0.05 342+0.02 69+004 7.4+0.06
10 2018 192+040 19.0+0.39 295+0.07 358+0.08 79+0.06 6.7+0.11
150 2018 27.3+041 21.0+0.14 29.0+0.12 347+0.09 73+0.06 7.2+0.18
1100 2018 30.1+0.25 22.7+0.09 285+0.07 341+0.07 7.0+011 7.6+05
10 2019 16.8+1.01 185+0.71 29.8+0.01 36.7+0.06 82+0.04 6.3+0.10
150 2019 242+030 20.7+0.15 289+0.14 353+0.02 7.6+0.07 6.9+0.20
1100 2019 293+1.83 225+0.11 28.6+0.06 342+0.10 69+0.12 7.3+0.07
LSDw~s)  <0.05 1.044 0.524 0.112 0.100 0.123 0.634

On the contrary, HL, CL, and ADL content were the highest in Io in 2017 (30.4%, 30.7%, and 8.3%,
respectively), and the lowest in Iioo in 2018 (28.5%, 34.1%, 7.0%, respectively). Iso treatment was at the
middle range of statistical significance for both biomass yield and composition.

3.3. Energy and Water Indicators

ANOVA showed a significant effect of irrigation water (W), growing season (S), and the WxS
interactions on lower heating value (LHV), net energy value (NEV), energy efficiency (EE), energy
and water productivity (EP and WP, respectively), and water footprint (WF) (Table 2).

Table 2. Repeated measures ANOVA for main effects and interactions on net energy value (NEV),
energy efficiency (EE), energy productivity (EP), water productivity (WP), and water footprint (WF)
of Saccharum under changing irrigation (W) and growing season (S). Degree of freedom (DF); adjusted
mean square (Adj MS); Significance indicated by * at p < 0.05, ** at p <0.01, ** at p < 0.001. LSD value
indicates a significant “irrigation x growing season” interaction at p < 0.05.

S DF LHV NEV EE EP WP WEF
ource Adj MS
Water (W) 2 0.3742 % 106412 ***  1377.15***  3.857 *** 4644.3 ***  102.62 ***
Season (S) 2 0.0050% 3633 *** 539.70 ***  1.975 *** 715.9 *** 17.66 ***
W xS 4 0.0025 * 1822 ** 75.52 ** 0.161* 31.85 *** 0.405 *
Error(T) 12 0.0001 21.0 0.62 0.002 2.13 0.068
Error 6 0.0007 119.0 5.48 0.018 54.98 0.856
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W S M] kg GJ ha't GJ ha't Mg GJ MJ m3 m3 GJ!
10 2017 17.7+0.01 2949+122 87.8+359 435+020 113.7+6.97 8.79+0.70
150 2017 17.5+0.04 4375+393 73.6+0.61 420+0.04 835+135 12.0+0.14
1100 2017 172+0.02 497.4+7.87 585+0.83 3.39+0.05 632+3.01 158+0.31
10 2018 17.5+0.02 336.2+6.81 99.8+2.01 5.65+0.12 941+4.86 10.6+0.49
150 2018 17.3+0.03 471.7+6.02 88.1+1.05 5.04+0.07 69.4+2.75 14.4+0.27
1100 2018 17.1+0.01 511.0+4.95 69.7+0.69 4.04+0.03 56.1+4.86 17.8+0.05
10 2019 17.6+0.03 257.6+175 768515 496+029 1145+7.76 8.73+0.77
150 2019 17.4+0.04 4160+3.88 724+064 415+005 875+1.45 114+0.15
1100 2019 17.2+0.01 519.1+322 63.9+372 371+021 679+1.10 14.7+1.10
LSDwxs)  <0.05 0.043 17.30 3.714 0.215 11.75 1.468

Generally, the wetter the growing season (as in 2018) or the greater the CWU (I100 > Iso > Io), the
higher the NEV and the WEF. Drier seasons (as in 2017 and 2019) or lower CWU improved the LHV,
EE, EP, and WP. Overall, the highest and the lowest LHV were registered in o in 2017 (17.7 M] kg™)
and in 100 in 2018 (17.1 MJ kg™), respectively. lo also showed the highest EE and EP in 2018 (99.8 GJ
ha and 5.56 Mg GJ, respectively), and the highest WP (114.5 M] m) in 2019.

The highest overall NEV and WF were associated to Iio in 2018 (511 GJ ha™ and 17.8 m® GJ,
respectively), and the lowest to Io in 2019 (257.6 GJ ha and 8.7 m® GJ, respectively). Even in this
case, the Iso treatment was at the middle range for both energy and water indicators.

3.4. Relationships Among Crop Water Use, Yield, Composition, Energy and Water

The fitted equations between crop water use (CWU) and biomass yield (DMY), and CWU and
biomass composition (NDS, HL, CL, ADL and ASH) had significant estimated parameters and small
standard errors of the regressions contributing to a good adaption of fitted data (Table 3).

Table 3. Estimated coefficients, standard error, t-and P-value of the fitted equations between crop
water use and biomass yield and composition of Saccharum under changing irrigation and growing

season.
Relationship Equation Coefficient Value SE t-Value P-Value
a 33635 0.774 43430  <0.001
CWUvs DMY y =ax (1 - expt®) b 0.0024 00001 18759  <0.001
_ y0 16772 03814 43976  <0.001
CWU vs NDS y=y0+ax a 0.007 0.0006 11.038  <0.001
0 28153 0.1657 169.888  <0.001
= 0+ Z y
CWU vs HC y=yo+Q a 485588 66400 7313 0.002
0 33261 01662 200106  <0.001
W L =y0+ ¢ Y
CWUvs C y=y0+Q) a 892410 66.601 13399  <0.001
0 6.622 01381 47939  <0.001
WU vs ADL =y0+ ¢ Y
CWU vs y=y0+Q) a 419799 55351 7584  0.001
_ y0 57670 0.1183 487447  <0.001
CWU vs ASH y=y0+ax a 0.0021 0.0002 105519  <0.001

CWU (crop water use, mm); DMY (dry matter yield, Mg ha1); NDS (neutral detergent soluble, %
w/w); HC (hemicellulose, % w/w); CL (cellulose, % w/w); ADL (acid detergent lignin, % w/w);
ASH (ash, % w/w).

The normality test indicated that residuals were normally distributed, and regressions showed
high goodness of fit (R? from 0.88 to 0.99; Figure 3). The relationship between CWU and DMY was
described by an asymptotic equation, with maximum DMY value of 33.63 Mg ha!. Within the range
of the observed data the DMY increased almost linearly, from 14.9 to 20.2 Mg ha™ at CWU in the
range of 230-360 mm (corresponding to the observed data of lo treatment). At higher CWU (450-700
mm), approximately in the range of the Is treatment, the DMY increase was less than proportional



Agronomy 2020, 10, 1105 8 of 16

(from 23.1 to 28.0 Mg ha™). Further increase in the CWU (750-920 mm) led to small increases of DMY
(from 28.7 to 30.4 Mg ha™, corresponding to the I treatment). The relationships between CWU and
NDS, and between CWU and ASH, were described by linear equations, indicating that within the
limit of the observed data both depended variables increased linearly with the CWU. Hence, the
lowest NDS and ASH values were in Io and proportionally increased in Iso and in Tio (from 18.0% at
CWU of 230 mm to 23.2% at CWU of 920 mm for NDS, and from 6.2 to 7.7% for ASH in the same
CWU range). The relationships between CWU and structural polysaccharides (HL and CL,
respectively), and CWU and ADL were described by inverse polynomial equations. The trends
showed a rapid decrease of the dependent variables as the CWU increased from 230 to 360 mm (from
30.3% to 29.5% for HL, from 37.1% to 35.7% for CL and from 8.5% to 7.8% for ADL), followed by a
lower rate of change at CWU of 450-680 mm (from 29.2% to 28.9% for HL, from 35.8% to 34.6% for
CL and from 7.6% to 7.2% for ADL) to an almost flat rate at CWU of 700-920 mm (from 28.8% to
28.7% for HL, from 34.5% to 34.2% for CL and from 7.2% to 7.1% for ADL).
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Figure 3. Relationships between crop water use (mm) and dry matter yield (DMY), and biomass
composition (neutral detergent soluble—NDS, hemicellulose—HL, cellulose—CL, acid detergent
lignin—ADL, and ash content) of Saccharum under changing irrigation and growing season.
Regression significance indicated by ** at p <0.01, ** at p <0.001.
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The fitted equations between crop water use (CWU) and energy indicators (LHV, NEV, EE, and
EP), and between CWU and water indicators (WP and WF) showed high significance of the estimated
parameters, except for the relationships between CWU and EE, and CWU and EP, where “a”
coefficients, which represent the slopes of the linear equations, were not significant (Table 4).

Table 4. Estimated coefficients, standard error, - and P-value of the fitted equations between crop
water use and energy and water indicators of Saccharum under changing irrigation and growing

season.
Relationship Equation Coefficient Value SE t-Value  P-Value
_ y0 17.8392  0.0360  495.4335  <0.001
CWUvs LY Y =y0rax a ~0.0007 000005 -125399  <0.001

570.603 26.850 21.251 <0.001

CWUvsNEVy=a (1~ exp™) 00027  0.0003 8905 <0.001

CWUWSEE  y=y0rax U lome oo oo oo
CWUWEP  y=y0rax Vo e oo s i
CWU vs WP y=y0+ax " S0 oot 1sez0 ool
CWUWWE  y=y0eax A A

CWU (crop water use, mm); LHV (lower heating value, MJ kg™); NEV (net energy value GJ ha™);
EE (energy efficiency, GJ ha); EP (energy productivity, Mg GJ™); WP (water productivity, MJ m=3);
WEF (water footprint (m? GJ').

With the exception of CWU and EE, and CWU and EP, regressions were significant and showed
high goodness of fit (R? ranging from 0.94 to 0.99; Figure 4). The relationship between CWU and LHV
was predicted by a linear, negative trend, indicating a steady decrease of LHV as the CWU increased
(from 17.7 MJ kg at 230 mm to 17.1 MJ kg at 920 mm of CWU). Although regressions were not
significant, negative linear trends were also predicted for the CWU and EE (from 87.4 GJ ha' at 230
mm to 64.9 GJ ha'! at 920 mm of CWU), and for the CWU and EP (from 4.9 Mg GJ' at 230 mm to 3.8
Mg GJ* at 920 mm of CWU). A negative, linear trend was also found for the relationships between
CWU and WP, indicating a proportional decrease of WP with CWU (from 110.7 to 53.6 M] m™ at
CWU from 230 to 920 mm).

The asymptotic equation, which described the CWU and NEV relationship, predicted a
maximum NEV value of 570.6 GJ ha! at the highest CWU level. NEV increased almost linearly at
CWU in the range of 230-360 mm (from 262.0 to 352.1 GJ ha™), followed by a less than proportional
increasing trend at CWU from 450 to 700 mm (from 399.5 to 482.9 GJ ha), and a further lower rate
of change at CWU between 750 and 920 mm (from 493.6 to 521.6 GJ ha™).

On the other hand, the relationship between CWU and WF was described by a positive linear
equation, indicating that the WF proportionally increased with CWU (from 8.6 m? GJ! at 230 mm to
17.1 m3 GJ at 920 mm).
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Figure 4. Relationships between crop water use (mm) and energy indicators (lower heating value—
LHYV, net energy value—NEYV, energy efficiency —EE, energy productivity — EP) and water indicators
(water productivity — WP, water footprint—WF) of Saccharum under changing irrigation and growing
season. Regression significance indicated by *** at p < 0.001, or (ns) not significant.

4. Discussion

Global demands for food, water, and energy will rise over the next decades [36], posing further
challenges to the Mediterranean agriculture that already faces bio-physical and socio-economic
limitations [3,37]. It is imperative that agriculture will take these threats as opportunities, by
diversifying crop options, introducing new cropping systems with locally adapted genotypes
combined with sustainable agronomic practices to provide raw material for the bioeconomy and to
conserve natural resources [38]. Advanced research on locally adapted plants, aimed at identifying
stress-resilient traits and to breed resource-efficient and climate-resilient genotypes, will likely play
a key role in strength synergies among farmers, practitioners, and industries to optimize bioeconomy
value chains [39-44].

The present study improved our knowledge of the long-term behavior of the perennial
bioenergy grass Saccharum, which is naturalized in the south Mediterranean, providing reliable
information on biomass yield and composition, energy, and water indicators, which are fundamental
to sustainably intensify perennial cropping systems in this environment and in similar semiarid
conditions worldwide. The meteorological parameters throughout the experimental period
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highlighted a trend towards drier summer seasons, with high risk of prolonged drought and
substantial inter-annual precipitation variability. Two out the three growing seasons (2017 and 2019)
had a dryness index (P/PET) well below the threshold of 0.5 set in the study of the Joint Research
Center for delineation of drought affected areas [45]. Although the 2018 was a wet season, the largest
part of precipitation (around 500 mm) were registered in the fall when plants are at the onset of
senescence and water uptake is limited [23]. In the spring-summer period, corresponding to the rapid
vegetative crop development, the ETo was five-fold higher than precipitation in 2018. The ETo was
eleven-fold and eight-fold higher than precipitation in the spring-summer of 2017 and 2019,
respectively, exacerbating drought conditions in this crucial phase of the crop’s biological cycle
[46,47].

Nonetheless, Saccharum demonstrated good yield levels and persistence of the plantation, even
under rainfed conditions and variable growing seasons, suggesting it possesses drought-resilient
traits to cope with water stress episodes and prolonged summer droughts [48,49]. As expected,
raising soil water content (CWU) by means of irrigation significantly enhanced the biomass yield
(DMY) and the net energy value (NEV). On the contrary, rainfed crops significantly improved the
energy efficiency (EE), the energy productivity (EP) and the water productivity (WP) by raising the
water footprint (WF) per unit of production. Biomass composition was also superior in rainfed than
irrigated crops, as the lower heating value (LHV), structural polysaccharides (hemicellulose—HL and
cellulose—CL) and acid detergent lignin (ADL) were significantly higher, while ash (ASH) and
soluble content (NDS) were significantly lower. This is of utmost importance for thermochemical
processes [26], but is less influential for biochemical conversions since an increase in structural
polysaccharides was accompanied by an increase in ADL, which is notoriously a barrier to hydrolytic
enzymes [50].

Fitting models predicted most of the relationships analyzed quite well, helping to answer all of
the research questions underpinning the problem posed in this study.

The DMY as function of CWU was described by an asymptotic equation, in accordance with our
previous study on Saccharum at an early stage of its lifespan, namely in the 7-9th year following the
establishment [22]. While the slope values were similar, the DMY asymptotic value was higher in the
previous investigation (37.86 vs 33.63 Mg ha™), which agrees with the long-term behavior of
perennial rthizomatous grasses. Indeed, depending on environmental and growing conditions, many
authors argued for an upward DMY trend in the first 4 to 8 years, followed by a declining phase after
10-12 years [15,51-53]. The present results refer to a plantation in the 13-15th year, therefore in the
second phase of the plantation lifespan. The lowest DMY found in rainfed crops (o), particularly
when the driest growing season occurred in 2017 (DMY was 56% lower the asymptotic value),
corroborated the importance of precipitation amount and distribution for unirrigated crops in this
area [15,21,33].

The NEV, which expresses the gained difference in energy between the energy content of the
biomass and the energy expended to produce it, showed a similar asymptotic trend found for the
DMY. This NEV range is slightly higher than Miscanthus x giganteus and slightly lower than Arundo
donax cultivated in the South Mediterranean in the first four years following the establishment [54].
In rainfed conditions, the present NEV averaged 295.3 G] ha™! yr! over three years, while a rainfed
Saccharum plantation had a NEV of ~335 GJ ha™' yr! as the average of the first three years following
the establishment [21], which agrees with the long-term behavior mentioned above.

The increasing, linear trend predicted for the NDS and the ASH with CWU suggested that
irrigated crops (lio and Iso) had a higher availability of non-structural components and minerals in
their cell walls than rainfed crops. This could be explained by the higher ratio of green leaves to stems
at harvest in irrigated crops (data not shown), as leaves in grasses generally contain more ash but
also more protein, soluble carbohydrates, and other non-structural components [55,56].

On the other hand, structural compound of the plant cell wall (i.e., HL, CL and ADL) to the CWU
were predicted by inverse polynomial equations, with the largest value at the lowest CWU levels; the
rate of change of the depended variables was rapid at low CWU values, reduced at intermediate
CWU and leveled off at the highest CWU. Apart from the water effect, the higher stem to leaf ratio
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in rainfed crops likely improved structural polysaccharides. A similar downward trend was
previously observed in the study by Cosentino et al. [22], where rainfed Saccharum crops showed
higher hemicellulose, cellulose, and lignin than mid and full irrigated crops. Biomass composition in
Saccharum was comparable with levels found for many other perennial grasses, such as Miscanthus x
giganteus, Miscanthus sinensis, Arundo donax, Cymbopogon hyrthus, Sorghum halepense, Oryzopsis
milianea, and Panicum virgatum [21,25,26,56,57].

The negative, linear relationship between the LHV and CWU corroborates the negative
correlation between LHV and ash, and the positive correlation between LHV and structural
polysaccharides and lignin content [26,58]. Similar observations were already reported in the younger
Saccharum stand, where the Io had the significantly highest LHV, Iio the lowest and Iso was at the
middle range [22].

The EE and the EP were also negatively related with the CWU. Although both regressions were
not significant and the goodness of fit were quite low (R? of 0.38 and 0.33, respectively), the decreasing
trend suggested that both energy indicators were depended on the energy expended to produce one
unit of output. It follows that the biomass energy content over the energy invested per unit land (EE)
and the biomass produced per unit energy invested (EP), respectively, were the highest when the
irrigation water was not provided, as the energy cost for the drip irrigation was assumed at 1 MJ per
m? of water supplied [35]. A rainfed Saccharum cultivated in the same area and similar agricultural
management showed an average EE of around 110 GJ ha™ yr, with a peak of 154.8 GJ ha™ at the
third harvest [21]. In the present study, the three-year average EE was 88.1 G] ha! yr! under rainfed
conditions, highlighting that long-term energy efficiency and productivity was supported by a good
persistence of the stand. When irrigated at full water restoration (Lioo), the EE in the three-growing
seasons reduced from 16% to 33% and the EP from 22% to 28%.

The negative relationship between the WP and the CWU showed that the biomass energy
content associated with a one-unit shift in the water supplied decreased linearly (from 114.5 MJ m=
in Io to 56.1 M] m= in Lioo), which agrees with the relationships found between the water use efficiency
(WUE, g L) and the CWU of Miscanthus x giganteus [59], Arundo donax [30], and Saccharum [22] tested
in the same location. Such WP corresponds to a WUE of 6.0 in Io, 4.6 in Iso and 3.6 g L' yr in I
across the three growing seasons, which is quite comparable to the WUE values of 5.9 (lo), 4.2 (Is0),
and 3.3 g L (L) found by Cosentino et al. [22] with this Saccharum plantation in the 2013 growing
season (the 9th year following the establishment).

The linear increase of WF raising the CWU confirmed that rainfed crops improved the
cultivation system with regard to the volume of water consumption per GJ of biomass produced.
Averaging over the three-growing seasons, the WF in Io was 9.4 m® GJ! yr, increasing by 34% in Iso
and by 72% in L. It has been shown that the WF changes with crops, cultivation systems, and
environmental conditions [12]. The global average water footprint per ton of crop has been estimated
to be 200 m?* Mg in sugar crops, 1000 m® Mg in fruit, 1600 m® Mg in cereals, and 2400 m?® Mg in
oil crops [60]. The present results converted into dry tons had a lower WF than even sugar crops
when Saccharum used only precipitations (from 154.1 to 186.2 m® Mg in Io). However, the WF was
larger when the irrigation was provided to the Saccharum plantation (from 199.0 to 249.9 m® Mg in
Iso and from 254.4 to 305.7 m® Mg in L), suggesting the importance of water management in
Mediterranean cropping systems. The WF of the perennial bioenergy grass Miscanthus was 334, 629,
828, and 1082 m?® Mg in different environmental conditions, namely those found in North Europe,
United States, Brazil, and Zimbabwe, respectively [61]. The present long-term plantation of Saccharum
showed a reduced WF over the best results achieved by Miscanthus in the North Europe, indicating
the great potential of locally adapted species in the sustainable use of natural resources.

5. Conclusions

Successful cultivation of bioenergy crops in drought affected areas requires a deep
understanding of the interaction between genotype and environment across successive growing
seasons, particularly when new cropping systems are employed and climatic conditions are difficult
to predict. Locally adapted genotypes, such as Saccharum spontaneum ssp. aegyptiacum, which is
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naturalized in southern Italy, demonstrate good yield levels and persistence of the plantation despite
a meteorological trend towards drier summer seasons and strong inter-annual precipitation
variability.

Biomass dry matter yield and net energy value can be maximized by using irrigation water. On
the other hand, cultivating Saccharum without irrigation improved the biomass composition, the
energy efficiency, the energy productivity, and the water productivity by reducing the water
footprint.

The main findings suggest a high energy sustainability of this crop grown in the absence of input
(irrigation, fertilization, crop protection) for more than ten years, which contributes to enhancing our
knowledge of sustainable crop management across the south Mediterranean area and in similar
semiarid environmental conditions worldwide.

Using drought-resilient species and tailored agronomic practice represents a worthwhile
strategy towards approaches that are more sustainable and resilient against future challenges. It is
worth mentioning that Saccharum is still an undomesticated wild-type species with great genetic
potential for improvements. Further research on phenotypic selections of outstanding genotypes
from diverse environments across the Mediterranean basin would potentially allow the selection of
key traits for improving yield, quality, and drought-resilience. Finally, an integrated environmental
assessment, including a soil nitrogen balance, would provide a more holistic approach to the long-
term sustainability of the system as a whole. However, as with similar perennial bioenergy grasses,
advanced research in several areas is still required (large-scale cultivation, non-invasiveness,
maintenance of biodiversity, ecosystem services, etc.) in order to implement effective supply chains
from the field to the biorefinery based on Saccharum as a raw material.

Author Contributions: Conceptualization by D.S.; Data curation by D.S.; Formal analysis by D.S.; Funding
acquisition by S.L.C.; Investigation by D.S., S.C. and A.P.; Methodology by D.S.; Resources by S.L.C.; Software
by D.S.; Supervision by D.S.; Validation by D.S.; Visualization by D.S.; Writing —original draft by D.S.; Writing —
review & editing by D.S., C.P. and S.L.C. All authors have read and agreed to the published version of the
manuscript.

Funding: This paper is part of a project that has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 727698, project MAGIC (Marginal lands for
growing industrial crops: turning a burden into an opportunity).

Acknowledgments: Authors gratefully acknowledge Matteo Maugeri, Santo Virgillito and Giancarlo Pataneé of
the “Dipartimento di Agricoltura, Alimentazione e Ambiente (Di3A), University of Catania” for field trial set-
up and maintenance.

Conflicts of Interest: The authors declare no conflict of interest.

References

World Energy Outlook 2014; International Energy Agency: Paris, France, 2014.

2. Fader, M,; Shi, S.; Von Bloh, W.; Bondeau, A.; Cramer, W. Mediterranean irrigation under climate change:
More efficient irrigation needed to compensate increases in irrigation water requirements. Hydrol. Earth
Syst. Sci. 2016, 20, 953-973.

3. Cramer, W.; Guiot, J.; Fader, M.; Garrabou, J.; Gattuso, J.P.; Iglesias, A.; Lange, M.A; Llasat, M.C,; Paz, S.;
Penuelas, J.; et al. Climate change and interconnected risks to sustainable development in the
Mediterranean. Nat. Clim. Chang. 2018, 8, 972-980.

4. Scarlat, N.; Dallemand, J.F.; Monforti-Ferrario, F.; Nita, V. The role of biomass and bioenergy in a future
bioeconomy: Policies and facts. Env. Dev. 2015, 15, 3-34.

5. Scordia, D.; Cosentino, S.L. Perennial Energy Grasses: Resilient Crops in a Changing European Agriculture.
Agriculture 2019, 9, 169.

6. Von Cossel, M.; Lewandowski, I.; Elbersen, B.; Staritsky, I.; Van Eupen, M.; Igbal, Y.; Mantel, S.; Scordia,
D.; Testa, G.; Cosentino, S.L.; et al. Marginal agricultural land low-input systems for biomass production.
Energies 2019, 12, 3123.



Agronomy 2020, 10, 1105 14 of 16

7.

10.

11.

12.

13

14.

15

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Perpina Castillo, C.; Kavalov, B.; Diogo, V.; Jacobs-Crisioni, C.; Batista e Silva, F.; Lavalle, C. Agricultural
land abandonment in the EU within 2015-2030. JRC Policy Insight. JRC113718, European Commission 2018,
https://ec.europa.eu/jrc/en/luisa.

Panoutsou, C.; Chiaramonti, D. Socio-Economic Opportunities from Miscanthus Cultivation in Marginal
Land for Bioenergy. Energies 2020, 13, 2741; doi:10.3390/en13112741.

Soldatos, P.; Lychnaras, V.; Panoutsou, C.; Cosentino, S.L. Economic viability of energy crops in the EU:
The farmer’s point of view. Biofuels Bioprod. Bioref. 2010, 4, 637-657.

Von Cossel, M.; Wagner, M.; Lask, ].; Magenau, E.; Bauerle, A.; Cossel, V.V.; Warrach-Sagi, K.; Elbersen, B.;
Staritsky, I.; van Eupen, M.; et al. Prospects of bioenergy cropping systems for a more social-ecologically
sound bioeconomy. Agronomy 2019, 9, 605.

Fernando, A.L.; Duarte, M.P.; Almeida, J.; Boléo, S.; Mendes, B. Environmental impact assessment of energy
crops cultivation in Europe. Biofuel Bioprod. Bioref. 2010, 4, 594-604.

Mekonnen, M.M.; Hoekstra, Y.A. Water footprint benchmarks for crop production: A first global
assessment. Ecol. Indic. 2014, 46, 214-223.

. Schmidt, T.; Fernando, A.L.; Monti, A.; Rettenmaier, N. Life Cycle Assessment of Bioenergy and Bio-Based

Products from Perennial Grasses Cultivated on Marginal Land in the Mediterranean Region. Bioenergy Res.
2015, 8, 1548-1561.

Lewandowski, I; Scurlock, J.M.; Lindvall, E.; Christou, M. The development and current status of perennial
rhizomatous grasses as energy crops in the US and Europe. Biomass Bioenerg. 2003, 25, 335-361.

. Alexopoulou, E.; Zanetti, F.; Scordia, D.; Zegada-Lizarazu, W.; Christou, M.; Testa, G.; Cosentino, S.L.; Monti,

A. Long-Term Yields of Switchgrass, Giant Reed, and Miscanthus in the Mediterranean Basin. Bioenergy
Res. 2015, 8, 1492-1499.

Fernando, A.L.; Boléo, S.; Barbosa, B.; Costa, J.; Duarte, M.P.; Monti, A. Perennial Grass Production
Opportunities on Marginal Mediterranean Land. Bioenergy Res. 2015, 8, 1523-1537.

Cosentino, S.L.; Copani, V.; Scalici, G.; Scordia, D.; Testa, G. Soil erosion mitigation by perennial species
under Mediterranean environment. Bioenergy Res. 2015, 8, 1538-1547.

Triana, F.; Nassi o Di Nasso, N.; Ragaglini, G.; Roncucci, N.; Bonari, E. Evapotranspiration, crop coefficient
and water use efficiency of giant reed (Arundo donax L.) and miscanthus (Miscanthus x giganteus Greef et
Deu.) in a Mediterranean environment. GCB Bioenergy 2015, 7, 811-819, doi:10.1111/gcbb.12172.

Jones, M.B.; Finnan, J.; Hodkinson, T.R. Morphological and physiological traits for higher biomass
production in perennial rhizomatous grasses grown on marginal land. GCB Bioenergy, 2015, 7, 375-385,
doi:10.1111/gcbb.12203.

Sulas, L.; Franca, A.; Sanna, F.; Re, G.A.; Melis, R.; Porqueddu, C. Biomass characteristics in Mediterranean
populations of Piptatherum miliaceum — A native perennial grass species for bioenergy. Ind. Crop Prod. 2015,
75,76-84.

Scordia, D.; Testa, G.; Copani, V.; Patane, C.; Cosentino, S.L. Lignocellulosic biomass production of
Mediterranean wild accessions (Oryzopsis miliacea, Cymbopogon hirtus, Sorghum halepense and Saccharum
spontaneum) in a semi-arid environment. Field Crops Res. 2017, 214, 56-65.

Cosentino, S.L.; Copani, V.; Testa, G.; Scordia, D. Saccharum spontaneum L. ssp. aegyptiacum (Willd.) Hack.
a potential perennial grass for biomass production in marginal land in semi-arid Mediterranean
environment. Ind. Crop. Prod. 2015, 75, 93-102.

Scordia, D.; Testa, G.; Csentino, S.L.; Copani, V.; Patane, C. Soil water effect on crop growth, leaf gas
exchange, water and radiation use efficiency of Saccharum spontaneum L. ssp. aegyptiacum (Willd.) Hackel
in semi-arid Mediterranean environment. Ital. |. Agron. 2015, 10, 185-191.

Scordia, D.; Cosentino, S.L.; Jeffries, T.W. Second generation bioethanol production from Saccharum
spontaneum L. spp. aegyptiacum (Willd.) Hack. Bioresour. Technol. 2010, 101, 5358-5365.

Scordia, D.; Testa, G.; Cosentino, S.L. Perennial grasses as lignocellulosic feedstock for second-generation
bioethanol production in Mediterranean environment. Ifal. . Agron. 2014, 9, 84-92.

Scordia, D.; van den Berg, D.; van Sleen, P.; Alexopoulou, E.; Cosentino, S.L. Are herbaceous perennial
grasses suitable feedstock for thermochemical conversion pathways? Ind Crop Prod. 2016, 91, 350-357.
Copani, V.; Cosentino, S.L.; Testa, G.; Scordia, D. Agamic propagation of giant reed (Arundo donax L.) in
semi-arid Mediterranean environment. Ital. ]. Agron. 2013, 8, 18-24.



Agronomy 2020, 10, 1105 15 of 16

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44

45.

Scordia, D.; Zanetti, F.; Varga, S.S.; Alexopoulou, E.; Cavallaro, V.; Monti, A.; Copani, V.; Cosentino, S.L.
New Insights into the Propagation Methods of Switchgrass, Miscanthus and Giant Reed. Bioenergy Res.
2015, 8, 1480-1491.

Cavallaro, V.; Scordia, D.; Cosentino, S.L.; Copani, V. Up-scaling agamic propagation of giant reed (Arundo
donax L.) by means of single-node stem cuttings. Ind. Crop. Prod. 2019, 128, 534-544.

Cosentino, S.L.; Scordia, D.; Sanzone, E.; Testa, G.; Copani, V. Response of giant reed (Arundo donax L.) to
nitrogen fertilization and soil water availability in semi-arid Mediterranean environment. Eur. J. Agron.
2014, 60, 22-32.

Doorenbos, J.; Pruitt, W.O. Guidelines for predicting crop water requirements. In Irrigation and Drainage
Paper No. 24; FAO: Rome, Italy, 1977; Volume 179.

Odum, E.P. Basi di ecologia. Piccin, Padova 1988, 584.

Zanetti, F.; Scordia, D.; Calcagno, S., Acciai, M.; Grasso, A.; Cosentino, S.L.; Monti, A. Trade-off between
harvest date and lignocellulosic crop choice for advanced biofuel production in the Mediterranean area.
Ind. Crop. Prod. 2019, 138, 111439, doi:10.1016/j.indcrop.2019.06.002.

Pari, L.; Curt, M.D.; Sanchez, J.; Santangelo, E. Economic and energy analysis of different systems for giant
reed (Arundo donax L.) harvesting in Italy and Spain. Ind. Crops Prod. 2016, 84, 176-188.

Borsato, E.; Martello, M.; Marinello, F.; Bortolini, L. Environmental and Economic Sustainability
Assessment for Two Di_erent Sprinkler and A Drip Irrigation Systems: A Case Study on Maize Cropping.
Agriculture, 2019, 9, 187; doi:10.3390/agriculture9090187.

Climate Change, Water and Food Security; Water Reports No. 36; Food and Agriculture Organization of the
United Nations: Rome, Italy, 2011.

Vicente-Serrano, S.M.; Lopez-Moreno, ].I; Begueria, S.; Lorenzo-Lacruz, J.; Sanchez-Lorenzo, A.; Garcia-
Ruiz, ].M.; Azorin-Molina, C.; Moran-Tejeda, E.; Revuelto, J.; Trigo, R.; et al. Evidence of increasing drought
severity caused by temperature rise in southern Europe. Environ. Res. Lett. 2014, 9, 0440011EA.

The Water-Energy-Food Nexus. A New approach in Support of Food Security and Sustainable Agriculture; Food
and Agriculture Organization of the United Nations: Rome, Italy, 2014. Available online:
http://www.fao.org/3/a-bl496e.pdf (accessed on 27 July 2020).

Haworth, M.; Marino, G.; Riggi, E.; Avola, G.; Brunetti, C.; Scordia, D.; Testa, G.; Gomes, M.T.G.; Loreto,
F.; Cosentino, S.L.; et al. The effect of summer drought on the yield of Arundo donax is reduced by the
retention of photosynthetic capacity and leaf growth later in the growing season. Ann. Bot. 2019, 124, 567—
579.

Clifton-Brown, J.; Harfouche, A.; Casler, M.D.; Jones, H.D.; Macalpine, W.].; Murphy-Bokern, D.; Smart,
L.B.; Adler, A.; Ashman, C.; Awty-Carroll, D.; et al. Breeding progress and preparedness for mass-scale
deployment of perennial lignocellulosic biomass crops switchgrass, miscanthus, willow and poplar. Glob.
Chang. Biol. Bioenergy 2019, 11, 118-151.

Stavridou, E.; Webster, R.]J.; Robson, P.R.H. Novel Miscanthus genotypes selected for different drought
tolerance phenotypes show enhanced tolerance across combinations of salinity and drought treatments.
Ann. Bot. 2019, 124, 653-674.

Clifton-Brown, J.; Schwarz, K.U.; Awty-Carroll, D.; Iurato, A.; Meyer, H.; Greef, J.; Gwyn, J.; Mos, M.;
Ashman, C.; Hayes, C.; et al. Breeding strategies to improve Miscanthus as a sustainable source of biomass
for bioenergy and biorenewable products. Agronomy 2019, 9, 673.

Scordia, D.; Scalici, G.; Clifton-Brown, J.; Robson, P.; Patane¢, C.; Cosentino, S.L. Wild miscanthus
germplasm in a drought-affected area: Physiology and agronomy appraisals. Agronomy 2020, 10, 679,
doi:10.3390/agronomy10050679.

. Tillman, D.; Socolow, R.; Foley, J.A.; Hill, J.; Larson, E.; Lynd, L.; Pacala, S.; Reilly, J.; Searchinger, T.;

Somerville, C.; et al. Beneficial biofuels—The food, energy, and environment trilemma. Science 2009, 325,
270-271.

Confalonieri, R.; Jones, B.; Van Diepen, K.; Van Orshoven, J. Scientific contribution on combining
biophysical criteria underpinning the delineation of agricultural areas affected by specific constraints. In
Methodology, Factsheets for Plausible Criteria Combinations; Terres, .M., Hagyo, A., Wania, A., Eds.; European
Commission, Joint Research Centre, Institute for Environment and Sustainability: Luxembourg: 2014; EU —
Scientific and Technical Research Series: ISSN 1831-9424, ISBN 978-92-79-44340-4, d0i:10.2788/844501.



Agrononty 2020, 10, 1105 16 of 16

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Meneguzzo, F.; Pasqui, M.; Menduni, G.; Messeri, G.; Gozzini, B.; Grifoni, D.; Rossi, M.; Maracchi, G.
Sensitivity of meteorological high-resolution numerical simulations of the biggest floods occurred over the
Arno river basin, Italy, in the 20th century. J. Hydrol. 2004, 288, 37-56.

Caloiero, T.; Veltri, S.; Caloiero, P.; Frustaci, F. Drought Analysis in Europe and in the Mediterranean Basin
Using the Standardized Precipitation Index. Water, 2018, 10, 1043, d0i:10.3390/w10081043.

Cosentino, S.L.; Patane, C.; Sanzone, E.; Testa, G.; Scordia, D. Leaf gas exchange, water status and radiation
use efficiency of giant reed (Arundo donax L.) in a changing soil nitrogen fertilization and soil water
availability in a semi-arid Mediterranean area. Eur. J. Agron. 2016, 72, 56—69.

Haworth, M.; Cosentino, S.L.; Marino, G.; Brunetti, C.; Scordia, D.; Testa, G.; Riggi, E.; Avola, G.; Loreto,
F.; Centritto, M. Physiological responses of Arundo donax ecotypes to drought: A common garden study.
GCB Bioenergy 2017, 9, 132-143.

Scordia, D.; Cosentino, S.L.; Jeffries, T.W. Enzymatic hydrolysis, simultaneous saccharification and
ethanolfermentation of oxalic acid pretreated giant reed (Arundo donax L.). Ind. Crop. Prod. 2013, 49, 392—
399.

Clifton-Brown, J.; Breuer, J.; Jones, M.B. Carbon mitigation by the energy crop, Miscanthus. Glob. Chang.
Biol. Bioenergy 2007, 13, 2296-2307.

Angelini, L.G.; Ceccarini, L.; Nassi o Di Nasso, N.; Bonari, E. Comparison of Arundo donax L. and
Miscanthus x giganteus in a long-term field experiment in Central Italy: Analysis of productive
characteristics and energy balance. Biomass Bioenerg. 2009, 33, 635-643.

Larsen, S.U.; Jorgensen, U.; Kjeldsen, ].B.; Lerke, P.E. Long-term Miscanthus yields influenced by location,
genotype, row distance, fertilization and harvest season. Bioenergy Res. 2014, 7, 620—-635.

Mantineo, M.; D’ Agosta, G.M.; Copani, V.; Patane, C.; Cosentino, S.L. Biomass yield and energy balance of
three perennial crops for energy use in the semi-arid Mediterranean environment. Field Crop. Res. 2009, 114,
204-213.

Monti, A.; Di Virgilio, N.; Venturi, G. Mineral composition and ash content of six major energy crops.
Biomass Bioener. 2008, 32, 216-223.

Monti, A.; Zanetti, F.; Scordia, D.; Testa, G.; Cosentino, S.L. What to harvest when? Autumn, winter, annual
and biennial harvesting of giant reed, miscanthus and switchgrass in northern and southern Mediterranean
area. Ind. Crop Prod. 2015, 75, 129-134.

Gulias, J.; Melis, R.; Scordia, D.; Cifre, J.; Testa, G.; Cosentino, S.L.; Porqueddu, C. Exploring the potential
of wild perennial grasses as a biomass source in semi-arid Mediterranean environments. Ital. ]. Agron. 2018,
13, 937.

Parikh, J.; Channiwala, S.A.; Ghosal, G.K. A correlation for calculating HHV from proximate analysis of
solid fuels. Fuel 2005, 84, 487-494.

Cosentino, S.L.; Patane, C.; Sanzone, E.; Copani, V.; Foti, S. Effect of soil water content and nitrogen supply
on the productivity of Miscanthus x giganteus Greef and Deu. in Mediterranean environment. Ind. Crop.
Prod. 2007, 25, 75-88.

Mekonnen, M.M.; Hoekstra, A.Y. The green, blue and grey water footprint of crops and derived crop
products. Hydrol. Earth Syst. Sci. 2011, 15, 1577-1600.

Gerbens-Leenes, W.; Hoekstra, A.Y.; van der Meer, T.H. The water footprint of bioenergy. Proc. Natl. Acad.
Sci. 2009, 106, 10219-10223.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open

@ @ access article distributed under the terms and conditions of the Creative Commons
Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).



