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Abstract: Switchgrass (Panicum virgatum L.) has been identified in the USA as an ideal biomass crop,
in relation to its wide environmental suitability, mainly linked to the availability of both upland and
lowland ecotypes, allowing the possibility of growing this species in most of the North American
region. Switchgrass is conventionally grown for forage, but more recently, it has been considered
as a model biofuel crop. Early European studies on switchgrass as a bioenergy crop started in the
late 1990s, when a multi-location field trial was established in Greece (Aliartos) and Italy (Ozzano)
to compare the productivity of 13 switchgrass genotypes, including upland (Carthage, Blackwell,
Caddo, CIR, Forestburg, SU 94-1, Summer) and lowland (Alamo, Kanlow, Pangburn, SL 93-2, SL 93-3,
5L94-1) genotypes. The scope was to identify the most suitable ecotype within each environment and,
possibly, the best performing variety. The trials lasted 17 years (1998-2014) in Greece and 13 years
(1998-2010) in Italy. While in Italy the trial was rainfed and unfertilized, in Greece, where the soil was
marginal, drip irrigation was always applied, and the plots were fertilized regularly. The biomass
yields in Greece, as averages across the 17 years, were similar for the lowland and upland varieties
(11.5 vs. 11.1 Mg ha™!, respectively), while in Italy, as averages across the 13 years, the differences
were relevant: 15.4 vs. 11.3 Mg ha™! for lowland and upland, respectively. Alamo (lowland) was the
most productive variety, both in Greece and Italy, with average annual yields of 12.7 and 16.6 Mg ha™!,
respectively; CIR in Greece (10.1 Mg ha~!) and Forestburg in Italy (9.1 Mg ha™!) (both upland) were
the least productive genotypes. The present results demonstrate the good suitability of switchgrass
as biomass crop for the Mediterranean climate. Despite the very marginal soil (i.e., very shallow
and with a sandy texture) in the Greek trial, the application of regular fertilization and irrigation
produced biomass yields above 11 Mg ha™! (grand mean) in the present 17-year-long study.

Keywords: perennial grass; biomass yield; plant height; tiller density; advanced biofuels;
stand duration

1. Introduction

Switchgrass (Panicum virgatum L.) is a C4 perennial grass and one of the predominant native
species of the North American tallgrass prairies. This species gained attention in USA as a warm-season
pasture grass for fodder production in areas where C3 plants were less productive. Almost 30 years
ago, the USDA-DOE identified switchgrass as a promising herbaceous species for bioenergy feedstock
production [1]. Early European studies on switchgrass as an energy feedstock started in the late 1990s [2]

Agronomy 2020, 10, 923; d0i:10.3390/agronomy10070923 www.mdpi.com/journal/agronomy


http://www.mdpi.com/journal/agronomy
http://www.mdpi.com
https://orcid.org/0000-0003-4729-2082
http://www.mdpi.com/2073-4395/10/7/923?type=check_update&version=1
http://dx.doi.org/10.3390/agronomy10070923
http://www.mdpi.com/journal/agronomy

Agronomy 2020, 10, 923 2of 14

and later continued within several EU research projects [3-7]. Switchgrass has relatively low input
requirements, and it was found to be suited to marginal land less suitable for food production [4,8,9],
avoiding/reducing food vs. fuel competition.

Apparently, switchgrass as a biomass crop has an economic lifespan of about 10-15 years, and such
a value is generally taken for predicting its economic and environmental impacts [10-12]. However,
there is no clear evidence of the real economic lifespan of switchgrass in the literature, with no or very
few papers showing yield results from long-term (>10-15 years) field cultivations of switchgrass [4,13].
Therefore, despite its importance for economic and environmental assessment studies, the economic
life of switchgrass still remains an uncertain issue and should be investigated. It was reported in [11]
that a yearly productivity above 10 Mg DM ha~!, with an average biomass cost ranging between 55
and 75 EUR Mg}, represents the breakeven yield for switchgrass when grown on marginal land in
Southern Europe; however, the level of agronomic management in terms of the inputs applied would
significantly affect the revenues for farmers.

The availability of two distinct ecotypes, lowland and upland, derived from the natural adaptation
to/selection for different environments, with distinct genetic and morphological characteristics [14-16],
tremendously enlarges the potential growing areas for switchgrass. The lowland ecotype performs
well in humid, warm environments, and its specific characteristics are an early starting of regrowth,
late flowering, thick stems, tall plants, and a high dry matter yield [17]. The upland ecotype is more
adapted to cold and semi-arid climates, tends to grow shorter, and is less coarse than the lowland
type [17]. The availability of many switchgrass varieties within each ecotype makes feasible its
cultivation in most European countries. In the late 1990s, a number of field trials were established in
five European countries (the Netherlands, the UK, Greece, Germany and Italy) to test the suitability
and productivity of switchgrass in Europe (see www.switchgrass.nl, for an extended review). Very few
trials have been carried out with tenacity for more than ten years, even without any public or third-party
funding whatsoever. In the present paper, we report and discuss the results of two long-term trials in
Greece (1998-2014) and Italy (1998-2010) comparing thirteen switchgrass varieties (including both
lowlands and uplands, Table 1). This will enable an improved understanding of the productivity and
economic lifespan of switchgrass as a biomass crop in Southern Europe.
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Table 1. Ecotype, ploidy level, origin, 100-seed weight, and short description of the thirteen switchgrass varieties tested in Greece and Italy.

Variety Ploidy Origin Maturity 100-Seed Weight (mg) Description/Selection
Lowland
g o Selected for its high forage potential. Up to 2.5 m high with wide leaves. It has late
Alamo [18-20] X South Texas 27 Very late o4 maturity. Alamo was a USDA NRCS release from Knox City Texas.
Selected for leafiness, vigor, and retention of green leaf blades late in season. It is a tall
Kanlow [18-20] 4X Central Oklahoma ~ 34.8° Very late 85 coarse type adapted to lowlands with high water tables but performs well on upland
soils. It was released by USDA NRCS (Kansas Agricultural Experiment Station).
Pangburn [20] 4X Arkansas (34°) 96 Developed at USDA-NRCS Plant Material Center, Cape May, N.J.
SL 93-2 [21] 4X 87 . g
SL93-3 [21] 4X 26-30° 100 Developed at OSU by Tahraeflirtl;:)] jngrﬁolf;l;ss, derived from Alamo and
SL94-1 [21] 4X 91 germp
Upland
Has medium height with large and leafy stems. Although upland it can be grown on
Blackwell [18-20] 8X Northern Oklahoma ~ 36.7° Mid/late 142 lowland sandy areas. Total forage yield, disease resistance, and seedling vigor is good.
It was released by the USDA NRCS (Kansas Agricultural Experiment Station).
Grows better than CIR & Blackwell in northern and mid-Atlantic areas in USA. High
Carthage [18,22,23] 8X North Carolina 36° Late 148 protein content (8-10%). It grows best on sandy to loamy soils and not well on heavier
soils. Carthage was released from the USDA NRCS, Cape May, New Jersey (2006).
Caddo [18-20,24] 8X Northern Oklahoma ~ 34.8° Late 159 Tall plant, robust, high seed produgtlon zjmd outs.tandmg forage yield under irrigation.
Excellent seedling vigor, resistant to leaf rust.
Selected for seedling vigor, disease resistance, higher seed yields, and resistance to
lodging. It is tolerant to flooding but will also withstand droughty soils. Resistance to
Cave-in-rock (CIR) L o zonate leafspot and rust, good in humid conditions. 1.5 m tall, well-drained soils,
[18-20,25] 8X Southern Hlinois ~ 38.3 Late 166 moderate seedling vigor, coarser than Pathfinder and Blackwell.
Realized by USDA NRCS (Elsberry, Missouri and the Agricultural
Experiment Station).
Mix of four accessions collected near the town of Forestburg. Selected for early cycle,
A4 DO persistence, high forage yields and quality. At northern latitudes it’s quite comparable
Forestburg [18,19,26] X South Dakota ~44.2 Early 146 with Nebraska 28 and Sunburst. It was released by USDA NRCS and Agricultural
Research Service release.
SU 94-1 [21] 8X Oklahoma 183 Developed at OSU by Taliaferro and Hopkins
Summer [19,20] 4X South Nebraska ~ 40.8° Late/mid 1135 Mostly rust resistant, tall for north, upright, coarse leaves, high yield of forage

and seed.
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2. Materials and Methods

2.1. Experimental Set Up

Two similar screening trials were established in 1998 in the Mediterranean region. The first trial
was established at Aliartos (Greece, 38°22" N, 23°06” E) and lasted 17 years (1998-2014). The second
was established at Ozzano (Italy, 44°27" N, 11°29” E) and lasted 13 years (1998-2010).

The soil in Aliartos was characterized as marginal and classified as Fluvisoil Redoximorphic.
The texture was sandy loam (63% sand, 12% clay, and 25% loam) with a very low organic matter
content (0.5%) and pH of 8. The experimental site was located on the bank of a former lake, drained at
the end of 19th century, and due to this, the soil depth was just 0.5 m, and below, there was only sand.
The soil in Ozzano was classified as Udifluventic Haplustepts. The texture was clay loam (34% sand,
37% clay, and 29% loam) with a medium-low organic matter content (1.2%) and pH of 7.7. Although
both sites belong to the Mediterranean climatic zone, Aliartos is further classified as being in a southern
Mediterranean climate, while Ozzano is classified as being in a northern Mediterranean climate [27].
Meteorological data, including the air temperature (minimum and maximum) and precipitation,
were collected by weather stations located near (<20 km) to each experimental location. Due to the high
temperatures (e.g., the maximum temperature often exceeded 35 °C) and the prolonged drought periods
during summer (Figure 1), in the Greek experimental site, irrigation was applied every year by means
of a drip system. The supplied amount was targeted to ensure a total of 350 mm of water—including
precipitation—was supplied to the stand in the April-to-September period. The abovementioned
water need was defined as the minimum value to obtain an adequate yield in a shallow soil like
that of Aliartos, in agreement with [28]. In Italy, 60 mm of water, by means of a sprinkle irrigation
system, were applied to promote switchgrass establishment in spring 1998; thereafter. the stand was
rainfed. In both trials, a total number of 13 varieties (six lowlands and seven uplands) were sown at the
beginning of May, under optimal temperature conditions as identified for switchgrass (soil temperature
> 10 °C). The full characterization (ecotype, ploidy level, origin, maturity type, and 100-seed weight)
of the tested switchgrass varieties is presented in Table 1. At both locations, the soil was prepared by
means of moldboard ploughing (~0.40 m depth) and secondary rotary tillage to produce a firm seedbed
with a fine textural surface. The plots were seeded at a 10 mm depth with a rate of 500 PLS (Pure Live
Seed) per square meter. After seeding, the soil was rolled to ensure good seed-soil contact. The distance
between the rows was 0.15 m, the plot size was 15 m? (5 m x 3 m), and the experimental design was a
randomized complete block with three replicates at both sites. The full agronomic management for the
trial at Aliartos has been reported by [3] and included the application of 2.4-D herbicide (at a dose of
450 g ha™!) after switchgrass sowing; otherwise, in Ozzano, neither the chemical nor manual control of
weeds was carried out. In Greece, every year after the beginning of the spring re-growth, nitrogen,
at the rate of 75 kg N ha™! as ammonium nitrate, was applied by means of the drip irrigation system.
Furthermore, every 5 years (i.e., in 2003, 2008, and 2013), basic fertilization was applied at the rate of 33,
45, and 45 kg ha=! for N, P, and K, respectively, and in these years, the ammonium nitrate fertilization
was skipped. In Italy, fertilization was applied just before sowing at a rate of 60 and 80 kg ha™! for N
and P, respectively.
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Figure 1. Meteorological parameters (1998-2014) in the switchgrass long-term screening trials in
Greece at Aliartos (upper graph) and in Italy at Ozzano (below graph). Tmax = mean annual
maximum temperature (°C); Tmin = mean annual minimum temperature (°C); Prec = annual
cumulative precipitation (mm); Tmax A-S = mean maximum temperature from April to September
(°C); Tmin A-S = mean minimum temperature from April to September (°C); Prec A-S = cumulative
precipitation from April to September (mm).

2.2. Data Collection

In Greece, contemporaneously with harvest, the plant height, tiller density, and stem diameter
were also measured. To measure the number of tillers per square meter, a marked area sized 0.5 X 0.5 m
in each plot was used. Harvest was carried out at both locations in winter (i.e., January/February),
after the occurrence of killing frost, by manually cutting the entire biomass of a 4 m? area in the central
portion of each plot. Total biomass was weighed as fresh, and then a representative sub-sample (500 g)
was oven dried at 80 °C until a constant weight was reached to determine the dry matter content.
In Greece, a sub-sample of harvested biomass (of about 500 g) was separated into stems and leaves.
After the separation, stem and leaf sub-samples were oven-dried at 80 °C until they reached a constant

weight for dry matter determination.
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2.3. Statistical Analysis

For the data obtained in Greece, a one-way ANOVA was carried out to test the effect of variety
and ecotype (upland vs. lowland) on all the surveyed parameters (i.e., the above ground biomass
(AGB), dry stem weight (DSW), dry leaf weight (DLW), plant height (PH), stem diameter (STD),
and tiller density (TILLER)), while the effect of year was considered as random. When the analysis of
variance revealed significant differences (P < 0.05), the Fisher’s LSD test was used to separate means.
A correlation analysis was run separately for upland and lowland ecotypes for all the parameters
surveyed (i.e., the above ground biomass, dry stem weight, dry leaf weight, plant height, stem diameter,
and tiller density) in the Greek study; when the correlation was found to be significant (P < 0.05),
the Pearson correlation coefficient was calculated. In Italy, due to uneven plant establishment and
excessive weed pressure in two out of three replicates, all the measurements were carried out only once;
for this reason, the Italian data were excluded from the statistical analysis and used only for comparison
with the Greek results. The STATGRAPHICS 18 statistical software (Statgraphics Technologies, Inc.,
The Plains, VA, USA) was used for carrying out the data analysis.

3. Results

3.1. Meteorological Conditions

The meteorological conditions were adequate for sustaining switchgrass growth at both
experimental sites. The common study years (1998-2010) at the two experimental sites were
characterized, as expected, by different meteorological conditions (Figure 1). In general, Aliartos
(Greece) was much drier and hotter than Ozzano (Italy), considering the whole year as well as during
the period of the maximum development of switchgrass (April to September, [29]). The mean annual
precipitation in the common years of the study was about 485 mm in Aliartos and about 750 mm
in Ozzano. During the April-to-September period, the differences between the two locations were
even more pronounced, with Ozzano having triple the precipitation of Aliartos (346 vs. 114 mm for
Ozzano and Aliartos, respectively). In Greece, in the additional 4 years of the trial (2011-2014, Figure 1),
precipitation was similar to pre-2010 levels (~510 mm of cumulative annual precipitation and ~115 mm
of precipitation in the April-to-September period). Precipitation during the April-to-September period
was highly variable across years in Aliartos, ranging from 10 mm in 2000 up to 242 mm in 2002; thus,
additional supplemental irrigation was always applied to promote switchgrass growth. Temperatures
differed between the two trial locations (Figure 1), with Aliartos showing a +2.3 °C mean minimum
temperature and a +1.5 °C mean maximum temperature compared with Ozzano. Considering the
period of maximum development for switchgrass (April to September), differences in temperature
were still evident, with +2.2 °C and +1.1 °C differences in the maximum and minimum temperatures
for Aliartos and Ozzano, respectively. In the additional 4 years of the trial in Aliartos, the temperatures
were in line with those in the pre-2010 period, apart from in 2012, which was the coldest year in the
previous 20 years (Figure 1).

3.2. Switchgrass Productivity

The tested switchgrass varieties were able to grow and produce sustained biomass yields
(=11 Mg DM ha™!, mean annual yield for all the tested varieties) over the whole trial duration
(17 years in Greece and 13 years in Italy), but it is worth mentioning that in Greece, switchgrass was
irrigated during summer. The results of the ANOVA carried out only for the data collected in Greece
are reported in Table 2.

Variety (main effect) proved to be significant (p < 0.05) for the following surveyed parameters:
above ground biomass (AGB), dry leaf weight (DLW), plant height (PH), tiller density (TILLER),
and stem diameter (STD). The results for the AGB of switchgrass grown in Greece are reported
in Figure 2. The varieties Alamo and Pangburn gave significantly higher biomass yields of
12.7 and 12.5 Mg DM ha™l, respectively, compared with the varieties Cave-In-Rock (CIR), Kanlow,
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Caddo, Carthage, and SL 93-2, for which were reported lower yields of 10.1, 10.6, 10.9, 10.8, and
10.5 Mg DM ha™!, respectively. The biomass yield data for the Italian trial are reported in Figure 3.
Alamo produced an average biomass yield of 16.6 Mg DM ha™! in the 13-year period of study, while
Forestburg produced only an average biomass yield of 9.1 Mg DM ha~!.

Table 2. ANOVA results for the main effects: variety and ecotype in the long-term screening trials at
Aliartos (Greece) for the following surveyed parameters: AGB (above ground biomass, Mg DM ha™1),
DSW (dry stem weight, Mg DM ha~!), DLW (dry leaf weight, Mg DM ha~'), PH (plant height, m),
STD (stem diameter, mm), TILLER (tiller density, no. m2).

Factors AGB DSW DLW PH STD TILLER
Varlety * ns * *3% *% *%
Ecotype ns * ns ** ** *

ns = not significant, * P < 0.05, ** P < 0.01.

v ol > & > S X° & N '
05 05 0 o) & $ O & W 5
N N N & ° & o &@

P ) ) Q}é‘ & & ) Io;

Figure 2. Above ground biomass yield (Mg DM ha~!) of the 13 switchgrass varieties (dark grey
histograms = lowland; light grey histograms = upland) grown at Aliartos (Greece) during the
1998-2014 period (main effect: variety). Vertical bars: standard error. Different letters: statistically
significantly different means for P < 0.05 (LSD test).
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Figure 3. Above ground biomass yield (Mg DM ha™!) of the 13 switchgrass varieties (dark
grey histograms = lowland; light grey histograms = upland) grown at Ozzano (Italy) during the
1998-2010 period (main effect: variety). Vertical bars: confidence limits of the means for a confidence
level of 95%.
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It is worth remembering that the data from Italy are just from one replicate, thus making the
comparison among varieties not statistically possible. In Greece, the ceiling AGB was reached between
the second and fourth years after establishment (1999-2001), with mean yields almost 60% higher than
the mean of the rest of the study years (16.6 vs. 10.1 Mg DM ha~"! for the 1999-2001 vs. 2002-2014 period,
respectively). In Italy, the switchgrass growth behavior was quite similar to that in Greece, but when
comparing the coefficients of variation (CVs) among the tested varieties for the two locations (Figure 4),
the variability was more pronounced for Italy, as expected due to the lack of proper replicates. The
mean CVs for AGB were 36% and 43% in Greece and Italy, respectively.

60% - m Greece Italy
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E 40%
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©
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230% -
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£ 20% o
)
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V]
10% A
0()0 -
& VoD & D o o & ¢ &>
S “Q&\»q% \»o’(b un ¢ \&-“& @& ?3’6 &&e oqby %&% 'ﬂ°@
Ll @c‘% ¥ ¥ S & Qo@% C T S

Figure 4. Coefficients of variation (%) of above ground biomass yields of the 13 switchgrass
varieties grown at Aliartos (Greece) during the 19982014 period and at Ozzano (Italy) during
the 1990-2010 period.

The reported coefficients of variation for AGB were always above 25%, confirming the high
variability of switchgrass productivity across years, presumably in relation to meteorological conditions
(Figure 1). Despite a statistical comparison between upland and lowland varieties not being possible
across locations due to the lack of replicates in Italy, the mean AGB for uplands was 11.6 vs.
10.8 Mg DM ha™! in Greece vs. Italy, respectively; otherwise, for lowlands, the mean AGB was
11.9 vs. 15.3 Mg DM ha™! in Greece vs. Italy, respectively.

In Greece, biomass partitioning was also carried out. As expected, the two components (stems and
leaves) of switchgrass yield were found to be positively (r = 0.95) and significantly correlated (p < 0.01).
For the variety Alamo were reported the highest values for both DSW (7.6 Mg DM ha™!) and DLW
(5.0 Mg DM ha™!), confirming its shoot vigor. Meanwhile, the variety CIR exhibited poor productive
performance under the Greek climate, with the lowest values for both DSW (6.0 Mg DM ha~!) and
DLW (4.1 Mg DM ha™!) being reported. Lowland varieties produced significantly more stem biomass
(DSW) than upland, 6.9 vs. 6.5 Mg DM ha~! (main effect, ecotype; P < 0.05). In Greece, the plant
height at harvest was significantly influenced by variety choice (Figure 5). Pangburn, Alamo, SL 94-1,
Forestburg, and Summer were the tallest varieties, while Blackwell, CIR, Carthage, Caddo, and SL 93-3
were the shortest ones (Figure 5). As expected, the lowland varieties were taller than the upland ones
(main factor, ecotype; P < 0.05), with reported average values of 1.56 vs. 1.47 m, respectively.
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Figure 5. Mean plant height (m) of the 13 switchgrass varieties (dark grey histograms = lowland;
light grey histograms = upland) grown at Aliartos (Greece) during the 1998-2014 period (main factor:
variety). Vertical bars: standard error. Different letters: statistically significantly different means for
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P < 0.05 (LSD test).

The results for tiller density in the Greek trial are reported in Figure 6. The upland variety,
CIR, had the highest value, 945 tillers m; on the contrary, the lowland variety Pangburn had the
lowest value (533 tillers m~2). In general, the upland ecotypes presented significantly higher tiller
densities than the lowland ones (745 vs. 676 tillers m~2 for upland and lowland, respectively; P < 0.05).
Tiller density was much higher during the establishment years (> ~1200 tillers m~2) and the yield

ceiling period (1998-2001); thereafter, the value remained almost constant at around 550 tillers m™=.

2
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Figure 6. Mean tiller density (no. of tillers m~2) of the 13 switchgrass varieties (dark grey histograms
= lowland; light grey histograms = upland) grown at Aliartos (Greece) during the 1998-2014 period
(main factor: variety). Vertical bars: standard error. Different letters: statistically significantly different
means for P < 0.05 (LSD test).

In Greece, the plant stem diameter varied significantly among the tested switchgrass varieties

(Figure 7), with Pangburn having a mean value of 3.64 mm, significantly different from that of Blackwell
(2.99 mm, P <0.05). The lowland ecotypes showed larger diameters compared to the upland ones (3.40

vs. 3.15 mm for lowland vs. upland, respectively; P < 0.05).
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Figure 7. Mean plant stem diameter (mm) of the 13 switchgrass varieties (dark grey
histograms = lowland; light grey histograms = upland) grown at Aliartos (Greece) during the 19982014
period (main factor: variety). Vertical bars: standard error. Different letters: statistically significantly
different means for P < 0.05 (LSD test).

The correlation analysis for all the surveyed parameters in the Greek trial is reported in Table 3 for
the lowlands, and in Table 4 for the uplands. For the uplands, the stem diameter was positively related
to AGB, DSW, and plant height, while in the lowlands, the diameter was also significantly correlated
with plant height. For both ecotypes, the taller the plant, the thicker the stem. It is worth mentioning that
the uplands were more prone to lodging than the lowlands; thus, presumably, the positive correlation
between the biomass yield and diameter could be related to this aspect. Otherwise, the lowland
varieties, which were characterized by thicker stems, showed a correlation between biomass yield and
the diameter that was not significant, and they were never susceptible to lodging problems.

Table 3. Pearson moment coefficient for significant correlations at P < 0.05 among all the parameters
surveyed in the switchgrass trial in Greece for lowland ecotypes. AGB (above ground biomass,
Mg DM ha~1), DSW (dry stem weight, Mg DM ha~!), DLW (dry leaf weight, Mg DM ha~!), PH (plant
height, m), STD (stem diameter, mm), TILLER (tiller density, no. m™2), ns (not significant).

AGB DSW DLW Plant Height Diameter TILLER
AGB 0.95 0.89 0.30 ns 0.42
DSW 0.95 0.72 0.38 ns 0.38
DLW 0.89 0.72 0.12 ns 0.40
Plant height 0.30 0.38 0.12 0.37 ns
Diameter ns ns ns 0.37 ns
TILLER 0.42 0.38 0.40 ns ns

Table 4. Pearson moment coefficient for significant correlations at P < 0.05 among all the parameters
surveyed in the switchgrass trial in Greece for upland ecotypes.

AGB DSW DLW Plant Height Diameter TILLER
AGB 0.95 0.90 0.29 0.12 0.43
DSW 0.95 0.74 0.40 0.15 0.40
DLW 0.90 0.74 ns ns 0.40
Plant height 0.29 0.40 ns 0.28 0.18
Diameter 0.12 0.15 ns 0.28 ns
TILLER 0.43 0.40 0.40 0.18 ns

AGB (above ground biomass, Mg DM ha™!), DSW (dry stem weight, Mg DM ha™'), DLW (dry leaf weight,
Mg DM ha~'), PH (plant height, m), STD (stem diameter, mm), TILLER (tiller density, no. m~2), ns (not significant).
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4. Discussion

The good potential of switchgrass to produce valuable lignocellulosic feedstock under a
Mediterranean climate was confirmed [30,31]. Despite not being a native European species, in Greece,
where the meteorological conditions permitted prolonged vegetative growth in relation to mild
temperatures (Figure 1), switchgrass was able to achieve a sustained yield (>11 Mg DM ha!,
grand mean) for the whole trial duration (i.e., 17 years). However, this performance was supported by
the adoption of an adequate agronomic management approach consisting of annual N fertilization,
winter harvesting being carried out after killing frost, and irrigation. It is worth noting that the Greek
study site was characterized by marginal soil, being a former lake bank, with sandy loam soil up to
a 0.5 m depth and below only sand. Thus, the present results confirm that the use of an adequate
agronomic management approach [32] could keep switchgrass biomass production at satisfactory levels
for many years [13], also under marginal conditions [33], thus partially compensating the establishment
costs that might be significant in the case of perennial crops [34,35]. The prolongation of switchgrass
stand duration with time will presumably permit farmers to compensate the input cost, which should
be carefully evaluated as reported by [34], in order to define the optimal agronomic management
strategy for each specific environment. In Greece, even under adverse meteorological conditions—i.e.,
in 2000, 2004, 2007, and 2013 (Figure 1), when the precipitation in the April-to-September period
was < 100 mm—the application of drip irrigation, together with adequate stand establishment (tiller
density > 1000 tillers m~2, as reported by [3]), permitted switchgrass to achieve sustained biomass
production. A tiller density ranging between 800 to 1000 tillers m~? is often reported as optimal in
switchgrass for the control of weed pressure [35,36]. The adoption of irrigation should also be wisely
considered in terms of management costs [11], but in semi-arid areas, like the southern part of the
Mediterranean basin, it is often essential in order to achieve adequate yield, as extensively reported
by [37-39]. The surveyed values for biomass yield in Greece were in line with those found in studies
carried out under the same [4] or similar conditions [6,30,36] but generally lower than those reported
by [13] in a 20-year trial in Alabama (USA), where precipitation during the growing season often
exceeded 900 mm. The switchgrass biomass yield in the Italian trial corroborated the results found in
Greece, even if a greater variability emerged among varieties and years, presumably in relation to the
adoption of a very low input management approach (i.e., no fertilization and no irrigation), which did
not “mitigate” the effect of the adverse seasonal climatic conditions. Interestingly, in both environments,
the biomass yield ceiling was reached between the second and the third years after establishment,
without any clear difference between the upland and lowland ecotypes. Otherwise, for some varieties,
like Blackwell, which was the best performing upland variety in Greece, the yield trend across years
was very stable, thus clearly evidencing its high suitability to the southern Mediterranean climate.
The mean annual biomass yield (~ 11 Mg DM ha™!) reported for Greece is in line with that considered
by [11] under marginal land in the Mediterranean region as the breakeven yield when associated
with a biomass price of 65 EUR Mg~!. The latter price was identified as the breakeven biomass cost
by [11] when adopting a high input management approach including irrigation and fertilization as in
the present study, thus corroborating the economic sustainability of the presented results. A higher
biomass price will obviously increase farmer revenue, but the volatility of the feedstock price makes
this type of analysis quite challenging. In a previous study by [12], the biomass price of 55 EUR
Mg~! was associated with a breakeven yield of about 11 Mg DM ha~! for a 15-year stand duration
to compensate costs; thus, our results are also strongly in agreement with those values. If the mean
annual yield of all the tested varieties exceeded 10.1 Mg DM ha™!, it is worth mentioning that in
specific years, some varieties—mainly uplands—reached values far below the above mentioned
threshold. The variation of the mean biomass yields across years in Greece was relevant, ranging from
17.9 Mg DM ha™! in the second year to 8.8 Mg DM ha™! in the last year of trial. This finding makes
the full estimation of the switchgrass stand sustainability very complicated but probably worthy of a
dedicated and thorough economic study.
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The present screening trials, assessing the productive performance of upland and lowland
switchgrass varieties grown in Greece and Italy, permitted direct comparisons between the upland and
lowland ecotypes, which are still not extensively reported in the literature, as recently highlighted
by [40]. Differences between the two ecotypes were evident only in Italy, with the lowlands leading to
improved productive performance, even if the lack of replicates makes this result in need of further
confirmation. This finding corroborated results reported by [4,6,30] under similar climatic conditions,
as well as those obtained by [13] and [38] under different locations across the USA. The lowland
ecotypes, despite being later than the upland ones, benefited from the prolonged length of the growing
season under the Mediterranean climate, where temperatures remain above 10 °C for the whole
year and above 14 °C in the April-to-September period. The lowlands were also resistant to lodging
compared to the uplands in Greece, which often suffered from it. In Italy, the lowland ecotypes were
able to produce significant biomass yields as well as to set seeds at northerner latitudes than 41° N,
in contrast to what was reported by [41], thus possibly expanding to the northern Mediterranean
region the potential area for the future selection and breeding of new lowland varieties. Otherwise, it is
worth mentioning that within the tested upland varieties, Blackwell presented productive performance
similar to that of the best lowland varieties (i.e., Alamo and Pangburn), probably in relation to its
outstanding capability (+ ~40%) to produce a high tiller density compared to all the other tested varieties
(Figure 7). Interestingly, as reported by [42], since “genotype x environment” plays a fundamental
role in switchgrass adaptation and productivity, in the present study, the upland ecotypes grown in
Greece demonstrated all their distinctive traits compared to the lowlands: shorter plants, thinner stems,
and higher stem densities [14]. In contrast to the observations reported by [30], in the present study,
the productive differences between the upland and lowland varieties were constantly maintained
throughout the whole stand life-span, presumably in relation to the longer duration of the present
study, which also included a very mature phase of switchgrass plantation.

5. Conclusions

The present study confirmed that the application of regular N fertilization and irrigation could
allow sustained switchgrass biomass yields (> ~11 Mg DM ha~!) for almost two decades in Greece,
including under marginal conditions, i.e., shallow soil with low fertility that was fallow before the
stand establishment. Any possible increase in the stand longevity, in the biomass yield, or in its price
will guarantee for switchgrass a much more profitable economic scenario for Mediterranean farmers,
but at this moment in time, we can consider it a feasible biomass crop, including under marginal soils.
At both sites, the lowland varieties seemed to be more suitable to the local climate, thus demonstrating
how the milder conditions of the Mediterranean region allow an adequate cycle length for the lowlands,
which are normally later than the uplands.
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