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Abstract: Most short rotation coppice (SRC) plantations are grown in temperate, subtropical, and
tropical areas where land availability is limited. Very little is known about the potential biomass
yield of Eucalyptus camaldulensis grown as SRC under semi-arid conditions with supplemental
irrigation. Our objective was to maximize biomass production of E. camaldulensis under semi-arid
conditions as a feedstock for biofuels by optimizing initial stem density (ISD) and irrigation amount.
We tested the effects of four densities of 2500, 10,000, 40,000, and 160,000 stems per hectare, and
supplemental irrigation of 100% or 200% of potential evapotranspiration on tree growth and biomass
production. Our results showed that under semi-arid conditions and supplemental irrigation, trees
grew rapidly and accumulated biomass at a rate equal to or exceeding that in tropical regions. As
ISD increased, individual trees grew slightly taller, became much narrower, and had fewer stems. We
concluded that competition for resources such as light and nutrients increased with ISD, resulting
in significantly lower biomass accumulation by individual trees. However, the significantly greater
number of individuals with increasing ISD was responsible for the higher biomass production per
hectare, allowing us to achieve exceptionally high annual yields of eucalypt biomass under semi-arid
conditions after three annual coppicing cycles.

Keywords: biomass production; Eucalyptus camaldulensis; initial stem density; semi-arid conditions;
short rotation coppice

1. Introduction

The world is actively seeking ways to harness the energy of plants as feedstock for
biofuels. First-generation biofuels are based on commercially available feedstocks, most
of which are edible and fiber-based, the supply of which is limited. More advanced
biofuels address the sustainability issues of conventional biofuels by using biomass such as
lignocellulose from agricultural and forestry wastes, municipal organic waste, perennial
grasses, and short rotation coppice on marginal, non-arable land. The conversion of
these biomass resources into biofuels is currently being developed and demonstrated in
small-scale operating plants as well as large-scale plants being built or planned around
the world.

Growing dedicated energy crops such as short rotation coppice (SRC) on marginal
and degraded land would provide a sustainable biomass source for biofuel production
without directly competing with food and fiber production. However, globally, most SRC
is grown in temperate, sub-tropical, and tropical areas, which have limited availability
and often require the clearing of large regions of pristine natural forests to obtain land
for biomass production [1]. At the same time, semi-arid and arid regions around the
world are expanding rapidly due to global warming and are potentially available for
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biomass production [2]. In 2021, according to the International Energy Agency, global
demand for biofuels is projected to grow by 28% over the period of 2021–2026 [3]. However,
depending on the availability of agricultural and forestry residues, food production, and
dedicated crops, the area used for energy crops could increase from 30 million ha in
2013 to 100–160 million ha in 2050. The highest annual biomass yields worldwide come
from dedicated crops, mainly perennial grasses such as switchgrass in North America
(5–38 Mg d.m. ha−1y−1; [4–6]) and fast-growing trees such as poplar and Salix in Europe
and North America (3–19 Mg d.m. ha−1y−1; [7–9]) and eucalyptus species (eucalypts) in
Australia, southern Europe, South Africa, and Brazil (10–42 Mg d.m. ha−1y−1; [10–13]).

Eucalyptus trees are the most widespread hardwood, with an acreage of over
19.3 × 106 hectares, and are among the fastest growing deciduous trees. Most of the
literature on eucalyptus trees focuses on their use as a source of pulp for the production of
high quality paper and fabric [14–16]. They account for about 8% of all productive planted
forests because of their ability to grow rapidly and their tolerance of harsh environments, in-
cluding characteristics such as indeterminate growth, coppicing, resistance to drought, fire,
and insects, and tolerance to soil acidity and low fertility [17–19]. Eucalyptus trees are par-
ticularly well suited for biofuel production because their biomass is converted into various
energy and chemical products, including gaseous and liquid fuels and electricity [20]. Thus,
there is considerable interest in the potential market opportunities and environmental benefits
of producing biofuels and renewable electricity from eucalyptus biomass [21]. In particular,
eucalyptus has been studied as a source of charcoal for the production of “green steel” [22–24]
and ethanol production after pretreatment and enzymatic hydrolysis [25–28].

Eucalyptus trees are successfully grown in tropical and subtropical regions of Asia,
Australia, Africa, and South America, as well as temperate regions of Europe, South and
North America, and Africa [29]. Under semi-arid and arid conditions, in Israel, there is more
than 50 years of experience in research and development of Eucalyptus for biomass [30–35],
as well as analyses of phenotypic and genetic variation [36,37]. Numerous morpholog-
ical and genetic variations have been observed in E. camaldulensis worldwide [38–40].
Acclimation of E. camaldulensis provenances in Israel set the stage for the emergence of
local putative ecotypes. In the absence of reproductive barriers, many provenances have
resulted from hybridization between taxa [31,36,41], providing considerable genetic po-
tential for selection of superior genotypes for biomass production. A previous study has
shown that due to the increased water use uptake of E. camaldulensis, it was not suitable
for planting under arid conditions without supplementary irrigation [42]. When grown
in India under arid conditions, without supplementary irrigation, the maximal biomass
yield of Eucalyptus camaldulensis trees of age six years was calculated as 22 Mg ha−1y−1 [43],
which is significantly lower than recorded biomass yields under tropical conditions.

However, very little is known about the successful management and potential biomass
yield of E. camaldulensis grown under semi-arid conditions with supplemental irrigation.
The objective of this research was to maximize the production of E. camaldulensis biomass
under semi-arid conditions as a feedstock for biofuels by optimizing cultivation technolo-
gies, including initial stem density (ISD), irrigation amount, and SRC management.

2. Materials and Methods

The effects of ISD and supplemental irrigation on tree growth and biomass production
under semi-arid conditions were tested. In July 2014, E. camaldulensis seedlings of a
locally bred superior genetic line (“ARO1”) were planted at the Volcani Center research
institute in Rishon-LeZion (31◦59′ N, 34◦49′ E). The Mediterranean climatic conditions
were hot and dry summers and cool and wet winters with 524 mm annual precipitation
(Israel Meteorological Service). There were no frosts during the winter months, and the
low temperatures in January ranged from 1 ◦C to 22 ◦C. The experiment was conducted
in mid-Israel, classified as hot-summer Mediterranean climate according to the updated
Köppen–Geiger climate map [44]. Seedlings at four months of age and at a height of about
50 cm were planted in a random block design with four blocks. Each block was divided into
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two halves, each consisting of four random 4 × 4 m plots with four densities: 2 × 2, 1 × 1,
0.5 × 0.5, and 0.25 × 0.25 m, i.e., 2500, 10,000, 40,000, and 160,000 trees per hectare (TPH),
respectively (Figure 1). Due to the high water requirements of E. camaldulensis [32,35],
during summer and early fall, each half-block was drip irrigated (June to October) with
one of two irrigation amounts: 100% or 200% of potential evapotranspiration (ETp) (Figure 1).
ETp was calculated from meteorological data from a neighboring station using a modified
Penman–Monteith equation [45] and multiplied by a coverage factor. Since the water
requirements of trees in both irrigation treatments were fully met, we actually tested the
response to excess water rather than water stress.
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Figure 1. Experimental design with stem density (2 × 2, 1 × 1, 0.5 × 0.5, and 0.25 × 0.25 m) and
irrigation amount (100% of ETp or 200% of ETp), arranged in four random blocks.

First, in each 4 × 4 plot, resources allocation to either the stem or the leaves were
checked for each random tree. We randomly sampled 10-15 individual trees/stems across
the diametrical classes of all 4× 4 plots while in the peripheral ones, the trees from marginal
rows were excluded from sampling. In spring 2015, immediately after first felling, the
dry weight of leaves and stems was measured. In fall 2014, tree height from ground level
to maximum height and stem diameter at 50 cm were measured. In winter and early
spring 2015, two additional measurements were taken. Beginning in March 2015 and
every 12 months through 2017, trees were cut to 50 cm and the following characteristics
were measured:

(1) Tree height (cm);
(2) Stem diameter (cm) at 50 cm;
(3) Number of stems counted at 50 cm height;
(4) Dry weight (%)—measured on one random tree per 4 × 4 m plot;
(5) Dry weight per hectare—Fresh 200–500 g samples of stems and leaves were oven-

dried at 60 ◦C for 48 h, and dry weight per hectare was calculated using average green
biomass per hectare and percentage dry biomass.

A three-way analysis (ANOVA) of tree height, stem diameter, and number of stems
was performed for the averages per sub-plots of three factors “density”, “irrigation”, and
“block”. Percent dry weight and total dry weight of biomass produced per hectare were
calculated based on one measurement per 4 × 4 m plot. A three-way analysis (ANOVA)
of percent dry weight and dry weight was also performed for three factors: “density”,
“irrigation”, and “block”. Since the lack of perimeter border trees posed a concern regard-
ing edge effect bias, a three-way analysis (ANOVA) of dry weight per hectare was also
performed for three factors: “density”, “irrigation”, and 4 × 4 plot location (peripheral



Agronomy 2023, 13, 1216 4 of 12

or interior). Post hoc Tukey HSD was performed separately for each year on averages of
tree height, stem diameter, number of stems per tree, tree biomass, and calculated biomass
per hectare.

3. Results
3.1. Vegetative Growth and Biomass Production
3.1.1. Establishment and Acclimation (Year I)

We planted the young seedlings in the field in the summer of 2014 (July). In the
first six months, the trees more than tripled in size, and their stems grew taller and wider,
even during the colder winter months (January–February 2015; Figure 2). During this
period, the young seedlings grew on a single stem with side branches and a canopy, and
their growth rate was significantly affected by ISD.
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the winter months of the first year of acclimation and establishment. Trees were planted at four ISD
levels: 2500, 10,000, 40,000, and 160,000 TPH.

Tree height measurements in October 2014, just before the first felling, were positively
associated with ISD, with the tallest trees at the highest density (160,000 TPH) and the
shortest at the lowest density (2500 TPH) (Figure 2A). During the winter and at all densities,
trees grew relatively moderately in height, from 161 to 209 cm in fall 2014 to 225 to 260 cm
in spring 2015, except at the density of 10,000 TPH, which grew significantly faster, almost
identical to the rate measured in the summer.

Stem diameter measurements in October 2014 were negatively associated with ISD, with
the widest stems (2.3 cm) measured at 2500 TPH and the narrowest (1.7 cm) at 160,000 TPH
(Figure 2B). During winter, stems became wider at all ISDs, with a moderate growth rate
measured at 160,000 TPH (2.2 cm) and progressively higher rates when ISD was reduced,
from 40,000 to 10,000 and 2500 TPH, reaching 3.1, 3.7, and 4.3 cm, respectively (Figure 2B).
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3.1.2. SRC Effects on Vegetative Growth and Biomass Production

Starting in March 2015, trees were felled every 12 months, and height, stem diameter,
number of stems, percentage dry weight, and dry biomass were measured each time.

Tree Height

In the first year, trees at ISDs of 160,000, 40,000, and 10,000 TPH reached relatively
similar heights of 255, 245, and 260 cm, respectively, whereas trees at the lowest density of
2500 TPH were slightly shorter, reaching 225 cm (Figure 3A). In the second year, trees grew
much taller, reaching maximum heights of 578 to 706 cm (Figure 4). The tallest trees (706 cm)
grew at the highest density of 160,000 TPH, whereas tree height was relatively similar at
all other densities, ranging from 565 to 610 cm. In the third year, the tallest trees grew at
density 40,000 TPH to 692 cm, while tree height was relatively similar at all other densities,
ranging from 627 to 648 cm (Figure 3A).
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In the first year, tree height was non-significantly affected by ISD (p = 0.0818), irrigation
(p = 0.8285), and the block (p = 0.1671) (ANOVA, F(10,31) = 1.4950, p = 0.2096). In the second
year, tree height was non-significantly affected by ISD (p = 0.1121), irrigation (p = 0.7134),
and by the block location (p = 0.4095) (ANOVA, F(10,31) = 1.2318, p = 0.3277). In the
third year, tree height was significantly affected by ISD (p = 0.0174) and influenced by the
block location (p = 0.0086) (ANOVA, F(10,31) = 3.0128, p = 0.0159). Our results show that tree
height, although relatively similar for all ISDs, was statistically affected by ISD and block
location from the second year onward.

Stem Diameter

Stem diameter was negatively correlated with ISD, showing a significant increase
from the first to the second year and a smaller increase from the second to the third year
for all ISDs (Figure 3B). In the first year, stem diameter was significantly affected by ISD
(p < 0.0001) (ANOVA, F(10,31) = 15.3728, p < 0.0001) (Figure 3B). Stem diameter was also
significantly affected by ISD in the second year (p < 0.0001) (ANOVA, F(10,31) = 50.1291,
p < 0.0001) and influenced by the block location (p = 0.0321), and a significant interaction
between ISD and irrigation was found (p = 0.0053). In the third year, stem diameter was
significantly affected by ISD (p < 0.0001) and influenced by the block location (p = 0.0084)
(ANOVA, F(10,31) = 23.1901, p < 0.0001), and a significant interaction was found between
ISD and irrigation (p < 0.0084), indicating a differential effect of density, as a function
of irrigation.

Number of Stems per Tree

Initially, all trees grew only an elongated stem. In the second and third years, after the
trees were felled for the first and second time, respectively, the number of stems per tree
increased significantly with decreasing ISD (Figure 3C). Comparative analysis of densities
for the second and third years showed that the number of stems produced was negatively cor-
related with ISD, in 2016 (3.1, 2.8, 2.5, and 2.1 stems for 160,000, 40,000, 10,000, and 2500 TPH,
respectively) and 2017 (4.2, 4.0, 3.0, and 2.3 stems for 160,000, 40,000, 10,000, and 2500 TPH,
respectively) (Figure 3C).

In the second year, the number of sprouting stems was significantly affected by ISD
(p < 0.0001) and irrigation amount (p = 0.0242) (ANOVA, F(10,31) = 5.2443, p = 0.0007)
(Figure 3C). In the third year, the number of sprouting stems was significantly affected by
ISD (p < 0.0001) (ANOVA, F(10,31) = 4.6161, p = 0.0015) (Figure 3C).

Biomass Production

Stem biomass of individual trees measured at the end of the first year was significantly
affected by ISD (p = 0.0006) (ANOVA, F(22,9) = 3.5722, p = 0.0265), with biomass produced
per tree higher at 2500 TPH than at all other densities (Figure 5). Leaf biomass was also
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significantly affected by ISD (p = 0.0006) (ANOVA, F(22,9) = 3.2145, p = 0.0371), with biomass
significantly higher at 2500 TPH than at all other densities (Figure 5). Both stem and leaf
biomass of a single tree were not significantly affected by irrigation amount or block.
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Figure 5. Effects of ISD on stem and leaf dry weight of a single tree in the first year. Three-way
ANOVA and Tukey HSD was performed. Different letters represent statistical significance at p < 0.05.

Comparative analysis revealed that total biomass production per hectare was posi-
tively correlated with ISDs of 160,000, 40,000, 10,000, and 2500 TPH in 2015 (49,215, 39,184,
18,923, and 9745 kKg, respectively), 2016 (97,966, 92,142, 69,077 and 52,7049 kKg, respectively),
and in 2017 (99,821, 95,191, 76,074 and 68,349 kg, respectively) (Figure 5). In the first year,
biomass production was significantly affected by ISD (p < 0.0001) (ANOVA, F(22,9) = 5.2113,
p = 0.0073), with significantly higher biomass production for 160,000, 40,000 TPH compared
with 10,000 and 2500 (Figure 6). In the second year, biomass production was significantly
affected by ISD (p < 0.0001) (ANOVA, F(22,9) = 2.8447, p = 0.05), with significantly higher
biomass production for 160,000 and 40,000 TPH compared to 2500. Biomass production
was about double for 160,000 and 40,000 TPH compared to the first year, while it increased
three-fold and five-fold for 10,000 and 2500 TPH, respectively (Figure 6). In the third
year, although average biomass production increased with increasing ISD, as described
above, the differences between production levels were not statistically significant (ANOVA,
F(22,9) = 1.9536, p = 0.1498) (Figure 6). Comparative analysis revealed that during the three
years of research, total biomass production per hectare was not statistically affected by
4 × 4 plot location (p = 0.7402, 0.2290, and 0.281 in 2015, 2016, and 2017, respectively).
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4. Discussion

In this study, we attempted to maximize biomass production of E. camaldulensis for
energy purposes by altering conventional concepts of ISD, climatic region, water availability,
and duration of harvesting cycles:

1. We grew Eucalyptus trees under Mediterranean semi-arid conditions.
2. We planted Eucalyptus trees at extremely high densities starting at 2500 and reaching

160,000 TPH.
3. We provided supplemental irrigation during the dry summer months.
4. We cut down the trees at extremely short rotations of once a year.

Globally, eucalyptus trees are conventionally grown for bioenergy as SRC at stem den-
sities of 1000 to 3000 TPH, with natural precipitation as the only source of water [46]. Typical
yields from SRC plantations of 10 to 24 Mg d.m. ha−1y−1 have been reported under warm
temperate conditions [47–49], while biomass yields ranging from 48.7 to 53.3 Mg d.m. ha−1y−1

have been reported under tropical conditions, with the highest yields measured for the
highest ISD [50]. Harvest cycles were, in most cases, at least once every three years or
longer. An early study of ISD in eucalypt plantations found that understanding the forces
controlling stand development was essential to maximizing the economic value of the
plantation [51]. Our results were in full support of this claim.

4.1. Year I—Establishment and Acclimation

It is well known that a tree growing under low irradiance can maximize its light
absorption through strong vertical growth [52] at the expense of its trunk diameter [53].
Our results also showed that the stems of the young trees became taller with increasing ISD
and wider with decreasing ISD (Figure 2). In addition, as ISD increased, the total canopy
area per hectare also increased; thus, more photosynthates were produced, resulting in
greater biomass accumulation per hectare, as noted later in our study (Figure 6).

As is typical for most perennial plants under Mediterranean conditions, tree growth
and biomass production were reduced in the first year due to the cold winter months. How-
ever, to our surprise, young trees at a low ISD of 2500 TPH, and especially at 10,000 TPH,
grew almost as fast in the winter as in the summer months. This demonstrates that eucalyp-
tus trees can maintain continuous growth and biomass accumulation under Mediterranean
winter conditions.

4.2. SRC Effects on Vegetative Growth and Biomass Production
4.2.1. Tree Height

Our results showed that tree height, although relatively similar for all ISDs, was
statistically affected by ISD and block location starting in the second year. Because our
experimental blocks were relatively small and distributed throughout the experiment, we
suspect that differences in factors such as direct irradiance and degree of shading may have
played a role in our results. However, these differences were relatively small and likely
the least significant in their contribution to biomass production per hectare. Similarly, in
E. globulus, Henskens et al. [54] found that in block planting, the middle canopy and the
southern side had the greatest leaf area, suggesting an importance of block location directly
related to light interception.

The effect of ISD on the height of eucalyptus trees varies greatly depending on species,
planting location, and growth stage [55]. Studies have shown that tree height of E. nitens
was not affected by ISD [56]. However, in E. urophylla [54], E. pilularis, E. grandis [57],
and E. camaldulensis [58] height decreased significantly with increasing ISD. This reported
decrease in height with increasing ISD was explained by the increased competition for light
and the resulting decreased photosynthesis of the trees [55]. However, the trees were not
measured in the first year, and were exposed to water stress in addition to the increased
competition for light. Furthermore, in E. camaldulensis, the mortality rate at 5 years of
age was an incredible 80% with an ISD of 40,000 TPH [58]. In contrast, our trees received
supplemental irrigation during the dry summer, and we measured tree height no later than
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12 months after the stems were cut and regrowth occurred. Thus, the high ISD levels of our
young trees (40,000, and 160,000 TPH) did not impede height growth as much during the
rapid growth phase, until shading became the primary limiting factor.

4.2.2. Stem Diameter

In contrast to tree height, stem diameter was significantly and inversely affected by
ISD, especially in the second and third years (Figure 3). This increase in stem diameter with
reduced ISD is likely due to reduced competition for light, water and nutrient resources [53,56,59]
and is considered the primary cause for our results. Our results showed a significant
interaction between ISD and irrigation, suggesting that irrigation contributed differently
to stem diameter at different ISD levels. Nevertheless, the most important factor affecting
stem diameter was ISD while irrigation and block had little effect. In addition, the large
increase in stem diameter in the second year and the smaller increase from the second to the
third year could be related to the fact that trees transitioned from one to multiple stems after
initial felling, thus, developing a significantly larger canopy. This growth pattern likely
allowed trees, especially at low ISD levels, to receive more sunlight with less competition
for resources, and therefore, accumulate more photosynthates, resulting in wider trunks.

4.2.3. Number of Stems per Tree

After the first felling, the number of sprouting stems was negatively associated with
ISD, suggesting that trees compensated for lower competition for water and light resources
by producing more stems. Alcorn et al. [53] indicated that establishing stands with higher
ISD might limit the undesirable development of branches so that more energy is allocated
to stems. However, the most important factor affecting the number of stems was ISD. In
addition, both irrigation and block appeared to have some synergetic effect, suggesting
that they should be further investigated in future experiments.

4.2.4. Biomass Production

Biomass production per hectare is the result of numerous factors, some of which
have been described here previously, including tree height, stem diameter, and number of
stems per tree. In our study, we found that biomass per hectare was significantly affected
by ISD. As ISD increased, competition for resources such as light, water, and nutrients
increased, resulting in individual trees accumulating significantly less biomass. However,
the significantly greater number of individuals with increasing ISD was responsible for
the higher biomass production per hectare associated with ISD, which offsets the lower
biomass accumulated per individual tree. In many cases, high ISD produces the greatest
stem biomass per hectare, and is the best choice in silvicultural practice [55].

Our results were supported by biomass production studies of Eucalyptus trees, which
showed that tree height was generally insensitive to spacing. Reported increases in tree
biomass with greater spacing in E. globulus and E. nitens [54,59] were driven by increased
expansion of stem diameter, suggesting that stem diameter is the primary determinant of
individual tree biomass.

In our study, we also tested the response to excess water rather than water stress,
as water requirements were fully met in both irrigation treatments. Our results showed
neither negative nor positive effects of excess water on growth and biomass accumula-
tion. Therefore, during the long summer months, the provision of water beyond 100%
replenishment of evaporation was not necessary under semi-arid conditions.

5. Conclusions

Under semi-arid conditions, with supplemental irrigation, we could reach some of
the highest-ever recorded annual yields of eucalyptus biomass. Under these conditions,
the trees grew extremely fast and accumulated biomass at a rate equal to or even higher
than in tropical regions. We found that the most significant factor in determining biomass
accumulation per hectare was ISD, with a positive correlation between ISD and biomass
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per hectare. Our results indicated that growing euclypts for biomass under semi-arid
conditions required supplementary irigation during the long hot and dry summer months.
With increasing ISD, the individual trees grew slightly taller and significantly narrower
and produced less bioamss than with decreasing ISD. However, given their vast numbers
in high ISDs, they collectively accumulated more biomass per hectare under low ISDs.

Because of the relatively small scale of this preliminary study, we plan to scale it up for
future research, focusing on densities of 10,000 and 2500 trees per hectare, because densities
of 160,000 and 40,000 trees are not economically viable and did not produce statistically
higher biomass yields in the third year. However, we plan to add fertilizer to the soil to
replenish the nitrogen removed by the small stems, having a high bark to wood ratio, thus
removing important plant nutrients from the soil [60].
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