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a b s t r a c t

Bioenergy is one of the alternatives to reduce the dependence of global energy on fossil fuels. The short
rotation coppice (SRC) of eucalypt species appears as an interesting option for forest biomass production
in a short time. However, the harvesting of whole trees (included the crown) in SRC systems has im-
plications on sustainable land use. More information is required on the increase of biomass as renewable
energy resource to achieve the sustainability of these crops. The main objective of this research was to
evaluate the sustainable use of biomass from very high-density eucalypt plantations, managed at tropical
conditions for bioenergy. To accomplish this objective, the tree was fractionated into three fractions:
stem, branches, and leaves, and there was determination of the dry matter, energy yield, and nutrients
export. This experiment used a short rotation coppice, a hybrid clone of Eucalyptus urophylla � Eucalyptus
grandis, of 2 years old. According to the results obtained, the density planting and fertilization levels have
a greater influence on the dry matter yield, energy yield, and nutrient exports. The higher density
planting reaches mean values of 30.9 tonnes of dry matter per hectare (t DM ha�1) and 743.3 GJ ha�1.
Considering the biomass yield and nutrients export of short rotation coppice of eucalypt, the higher
density planting with the lower dose of fertilization is more indicative of sustainable use. The leaves have
an important participation in nutrients export and should be retained in the soil of forest.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Biomass resources will be one of the most important factors for
environmental protection in the 21st century [1]. Actually, biomass
accounted for about 10% of global primary energy supply (esti-
mated 56.6 EJ) according REN [2] and studies suggest that biomass
will continue to increase by 2050 [3].

Some agricultural and forest species have greater potential for
providing biomass to energy; these species are called energy crops
and they must meet certain conditions, such as adaptation to the
environment in which they are growing, with resistance to path-
ogens and climate, among others and good features as an energy
source [4,5].

Short rotation woody crops differ from conventional forestry in
a number of aspects. Management of the trees is conducted with
e Junior).
high planting density and intensive silvicultural treatments
(weeding, fertilizing, and irrigating) and these management
methods respond with very rapid growth [6]. The main species
used worldwide in the production of forest biomass for energy
purposes are as follows: eucalypt (Eucalyptus), willow (Salix), and
poplar (Populus). Other alternatives, such as Paulownia and Robinia,
are also increasing, especially in Europe. Table 1 presents the pro-
ductivity of these species in different parts of the world.

In Brazil, the eucalypt is the most important forest species for
wood supply, occupies an area of 5.56 million hectares [16], and the
average stem wood productivity is about 25 t DM ha�1 year�1 for
conventional silviculture [17]. Recently, there was testing of this
species to high-density planting and it reached double productivity,
becoming an important option for energy generation [18].

During the harvesting of short rotation coppice (SRC), all
aboveground biomass (stem, branches, and leaves) was chipped
and used for energy, and not debarked stems, as in conventional
plantations [19]. When compared to the traditional system, the
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Table 1
Biomass production of dedicated energy crops around the world.

Esp�ecie Dry matter yield (t DM ha�1 year�1) Rotation (years) Planting density (trees ha�1) Countries Ref.

Eucalyptus bridgesiana 6.5 2 6,667 Italy [7]
Eucalyptus spp. 14.1 3 4,167 New Zealand [8]
Eucalyptus globulus 5.3 3 4,000 Australia [9]
Eucalyptus occidentalis 7.3 3 4,000 Australia [9]
Eucalyptus grandis 16.0 3.5 3,400 EUA [10]
Eucalytpus amplifolia 17.8 3.5 3,400 EUA [10]
Populus alba 5.4 3 1,111 Italy [11]
Populus spp. 10.6 2 5,900 Italy [12]
Salix spp. 10.6 3 1,111 Italy [11]
Salix spp. 4.2 4 12,000 Sweden [13]
Paulownia sp. 5.3 2 1,650 Spain [14]
Robinia pseudoacacia 3.0 4 9,200 Sweden [15]
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harvesting of SRC has fewer steps, and the use of forage harvester
avoids the stationary chipping terminal, preventing additional
costs with other machines and equipment (Fig. 1).

The harvest of whole tree in SRC of eucalypt highlights an
environmental issue. Instead, what happens with other species (as
poplars and willow) in temperate climate, some eucalyptus do not
shed their leaves in the dry season, and this has direct implications
on sustainable land use, due to the greatest macro- and micro-
nutrients content in the leaves and bark [21,22].

More information about the increase of biomass as renewable
energy resource is required to achieve the sustainability of SRC.
Thus, the design and management of very high-density forests
should focus not only on the energy and biomass yield, but also on
the nutrients export. So, preferably, it must be a used species or
clones of rapid growth, with high performance and high efficiency
in the use of nutrients [8,23].

To evaluate the sustainable use of SRC of eucalypt for bioenergy,
the tree was analyzed in three fractions: stem (wood and bark),
branches, and leaves. Therefore, the goals of this study were: (1) to
Fig. 1. Comparation between shot rotation coppice and conventional h
determine the biomass and energy yields of the very high-density
energy plantations, gaging the effect of different spacing and
fertilization regimes; (2) to estimate the nutrients export under
these same conditions; and (3) to evaluate the sustainability of
whole tree use as efficient energy crops.

2. Materials and methods

This work was carried out in Botucatu city (22�5300900S and
48�2604200W) located at S~ao Paulo state in Brazil. The local area has
an average altitude of 872 m, a mean annual precipitation of about
1428 mm year�1, and an annual average temperature of 20 �C.

Management of the plantations of interspecific hybrid clone,
Eucalyptus urophylla � Eucalyptus grandis, at 2 years old was with
distinct conditions of higher planting density and fertilization. All
plots were established at two different spacing modules:
2.8 � 0.5 m (7142 trees hectare�1) and 2.8 � 1.5 m (2380 trees
hectare�1); and Table 2 describes two different fertilization regimes
(dose 1 and dose 2).
arvesting systems. Forest Energy Portal [20] modified by author.



Table 2
Description of the fertilization regimes.

Fertilizing levels 1 2

Fertilizer Days after planting g plant�1

NPK (6-30-10) 0 35.0 140
NPK (19-00-19) þ B (0,7%) e Zn (3%) 180 27.5 110
NPK (19-00-19) þ B (0,7%) e Zn (3%) 360 27.5 110

Fertilizing level 1 corresponds to one-quarter of the level 2 (conventional level).
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Due to the similarity of the local site conditions, installation of
the experiment was with a completely randomized design. A cen-
tral plot of 450 m2 was used per treatment and the experimental
design was 2 spacing density � 2 fertilization regimes � 3 biomass
fractions � 5 repetitions.

Two years after planting, there was measurement of the diam-
eter at breast height (DBH) and height of all trees on plot and se-
lection of four mean tree samples randomly per treatment.

The tree was divided in three fractions: stem, branches, and
leaves, and a composite sample was used to each biomass fraction.
The branches and leaves of trees were separated and weighed at
field. Then, there was collection of five discs at the following po-
sitions along the stem: 0%, 25%, 50%, 75%, and 100% of total stem
height according to the method described by Vital [24]. The basic
densities of discs were obtained through the ratio between the dry
mass and saturated volume of the specimens, and indirectly the dry
matter of stem. Afterward, the moisture content e ASTM E871e82
[25], heating value e ASTM E711e87 [26], and macro- and micro-
nutrients e Malavolta et al. [27] e of composite samples were
determined in the laboratory. These properties were combined
with dry mass production in order to estimate total energy yield
and nutrients export.

To evaluate the more sustainable condition, there was usage of
the Nutrient Assimilation Index (NAI) proposed by Sochaki et al.
[9] and it applied only the macronutrients for each treatment and
biomass fraction (Eq. (1)),

NAI ¼ Bc
Nc

(1)

where, NAI is the nutrient assimilation index (t DM kg�1), Bc is dry
matter yield per treatment or biomass fraction (t DM ha�1), and Nc
is the component nutrients assimilated per treatment or biomass
fraction (kg ha�1). Larger values indicated a good nutrient use
efficiency and lower values indicated poorly performing
treatment.

In the statistical analysis, the data normality was assessed by
ShapiroeWilk's test (p < 0.05). The effect of treatments in the
biomass properties, dry matter yield, energy yield, and nutrients
export were evaluated by analysis of variance (ANOVA), com-
plemented by Tukey's test (significant at p < 0.05). Basic statistics
(central tendency and dispersion) was used to analyze the Nutrient
Assimilation Index (NAI).
Table 3
Silvicultural parameters of Eucalyptus grandis � E. urophylla, at 2 years old.

Spacing (m) Fert. levels Height (m) Diam

2.8 � 0.5 1 10.9 ± 1.6 A 5.8 ±
2.8 � 0.5 2 9.7 ± 1.3 B 6.6 ±
2.8 � 1.5 1 9.5 ± 0.9 B 7.0 ±
2.8 � 1.5 2 10.7 ± 1.4 A 8.3 ±

The means that do not differ from each other at the 0.05 significance level by Tukey's te
3. Results and discussion

3.1. Silvicultural parameters

The spacing and fertilization studied have more effect on the
diameter breast than height (Table 3). Bernardo et al. [28], while
also studying eucalypt, presented that individual trees responded
to wider spacing and lower competition with greater individual
diameter growth.

There is similarity of both silvicultural parameters with other
studies of fast-growing eucalypt forest plantations [10,29].

It was found the major values of increment of wood for higher
density planting according to recent studies that report the in-
crease of wood production with rise in the number of trees per
hectare [30]. These values reaffirm the potential of eucalypt to
supply the biomass demand for energy, by avoiding the use of
native forest [31].

The MAI was similar in the higher density planting and fertil-
ization levels did not influence, suggesting new studies about the
ideal amount of fertilizer in efficient energy crops.

3.2. Biomass properties

Table 4 shows that all properties are statistically different only
for biomass fractions (stem, branches, and leaves). In this table,
small letters (a,b,c) represent the effect of stem, branches, and
leaves mass fractions, and capital letters (A,B,C,D) represent the
effect of spacing and fertilization regimes.

The leaves had the major values of higher heating value
compared with woody fractions, probably due to the high values of
carbon and hydrogen, and extractive content [32].

The moisture content of biomass is higher than that recom-
mended for direct combustion (less than or equal to 30%), as re-
ported by Garstang et al. [33]. Hence, the forest biomass should be
stored or dried before use, increasing the energy efficiency of
biomass [34].

Although the basic density increase due to fertilizing levels did
not occur statistically difference, these results were similar to those
from Eloy [35], who also studied energy crops of Eucalyptus spp.
and other forest species in Brazil.

Despite the spacing planting and fertilizing levels tested, all
biomass properties were similar statistically. Some authors report
that the most significant differences of properties are more asso-
ciated with age of tree than conditions of management as fertil-
ization and density stand [18,36,37].

3.3. Dry matter and energy yield

Due to similar results of heating value and basic density found,
Table 5 shows the major values of dry matter suggesting more
energy production.

The higher density planting had more dry matter allocation in
the stem than lower density planting. More light availability in
lower density stand, contributing to grown of crown, explains this.

The dry matter of stem per tree was greater in the major level of
eter breast height (cm) Mean annual increment (m3 ha�1 year�1)

1.3 C 40.7 ± 3.7 A
1.7 C 41.7 ± 3.6 A
1.2 B 19.5 ± 3.7 C
1.3 A 28.5 ± 2.2 B

st are marked with the same letters.



Table 4
Biomass properties of Eucalyptus grandis � E. urophylla, at 2 years old.

Spacing (m) Fert. levels Higher heating value (MJ kg�1) Moisture content (%) Basic density (kg m�3)

Stem Branches Leaves Stem Branches Leaves Stem

2.8 � 0.5 1 18.6 ± 0.3 A 19.3 ± 0.2 A 22.2 ± 0.1 A 65.3 ± 0.9 A 44.9 ± 6.0 A 61.5 ± 1.0 A 354.5 ± 7.90 A
2.8 � 0.5 2 18.9 ± 0.1 A 19.2 ± 0.3 A 21.9 ± 0.1 A 63.5 ± 1.0 A 46.8 ± 9.7 A 57.0 ± 1.2 A 370.7 ± 14.0 A
2.8 � 1.5 1 19.1 ± 0.2 A 19.1 ± 0.1 A 21.8 ± 0.1 A 64.5 ± 1.4 A 52.1 ± 2.8 A 54.9 ± 5.1 A 368.8 ± 22.4 A
2.8 � 1.5 2 19.0 ± 0.2 A 19.3 ± 0.4 A 22.2 ± 0.1 A 62.7 ± 1.2 A 52.8 ± 1.5 A 58.7 ± 0.4 A 381.6 ± 11.4 A
Arithmetic mean 18.9 ± 0.3 c 19.2 ± 0.3 b 22.0 ± 0.2 a 64.0 ± 1.4 a 49.2 ± 6.3 c 58.0 ± 3.5 b 368.9 ± 16.6

The means that do not differ from each other at the 0.05 significance level by Tukey's test are marked with the same small letters (lines) and with the same capital letters
(column).

Table 5
Tree size, biomass yield, tree energy content and energy yield for Eucalyptus
grandis � E. urophylla, at 2 years old, depending on the spacing, fertilization rate and
biomass fraction.

Spacing (m) Fert. levels Biomass fractions

Stem Branches Leaves

kg per tree (dry matter)
2.8 � 0.5 1 5.4 ± 0.4 Da 1.2 ± 0.2 Ab 0.6 ± 0.1 Bb
2.8 � 0.5 2 8.7 ± 0.8 Ba 1.3 ± 0.3 Ab 1.1 ± 0.1 ABb
2.8 � 1.5 1 7.2 ± 1.1 Ca 1.7 ± 0.4 Ab 2.1 ± 0.5 Ab
2.8 � 1.5 2 12.9 ± 1.2 Aa 2.3 ± 0.4 Ab 2.5 ± 0.3 Ab
tonnes per hectare (dry matter)
2.8 � 0.5 1 28.9 ± 2.6 Aa 6.1 ± 0.5 Ab 3.1 ± 0.3 Ab
2.8 � 0.5 2 30.9 ± 2.7 Aa 4.6 ± 0.4 Ab 4.1 ± 0.4 Ab
2.8 � 1.5 1 14.4 ± 2.7 Ca 3.4 ± 0.6 Ab 4.1 ± 0.8 Ab
2.8 � 1.5 2 21.7 ± 1.7 Ba 3.8 ± 0.3 Ab 4.2 ± 0.3 Ab
MJ per tree
2.8 � 0.5 1 100.5 ± 8.3 Ca 22.2 ± 3.8 Ab 13.0 ± 1.0 Cb
2.8 � 0.5 2 164.3 ± 14.6 Ba 24.9 ± 5.4 Ab 24.9 ± 2.9 BCb
2.8 � 1.5 1 136.8 ± 20.0 Ba 39.5 ± 8.7 Ab 45.1 ± 9.9 ABb
2.8 � 1.5 2 244.8 ± 22.0 Aa 44.0 ± 7.4 Ab 54.9 ± 7.2 Ab
GJ per hectare
2.8 � 0.5 1 536.1 ± 48.2 Aa 117.9 ± 10.6 Ab 69.7 ± 6.3 Ab
2.8 � 0.5 2 584.7 ± 51.0 Aa 88.8 ± 7.7 Ab 89.4 ± 7.8 Ab
2.8 � 1.5 1 273.9 ± 52.3 Ca 64.0 ± 12.2 Ab 89.7 ± 17.1 Ab
2.8 � 1.5 2 414.1 ± 31.9 Ba 74.1 ± 5.7 Ab 92.6 ± 7.1 Ab

Themeans that do not differ from each other at the 0.05 significance level by Tukey's
test are marked with the same small letters (lines) and with the same capital letters
(column).
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fertilization and wider spacing. The dry matter of branches per tree
did not vary according to the treatments, but we observed lower
values of leaves in the higher density planting and lower dose of
fertilizer. It is important highlight that biomass allocation on tree
was found just for the first rotation of SRC studied, and it can be
variable for further rotations and other species.

There is acceptance that wider spacing causes a lower total
biomass production per area, but with higher biomass per tree [38],
corroborating with results found. The same trend occurred to en-
ergy yield.

In Brazil, SRC of eucalypt species can reach values greater than
17 t DM ha�1 until 50 t DM ha�1 in cycles of one year with excellent
condition management [18]. These values were similar to those
obtained in this study andwere greater than other species as poplar
and willow, traditionally used for energy [11,12], also demon-
strating high potential biomass carbon sequestration [39].

The greater fertilizing level did not significantly produce more
dry matter in the higher density planting, suggesting the amount of
lowest dose fertilizer applied per tree was sufficient to reach the
nutritional demand.

Greater values of energy yield were determined for stem frac-
tion. The leaves and branches were statistically equal and accoun-
ted about 14% of energy yield each, representing one-third of
energy yield.
Other results show that total energy yield (sum of three biomass
fractions) was statistically different by level of fertilizing
(575.7 GJ ha�1 to dose 1 and 671.9 GJ ha�1 to dose 2) and spacing
planting (743.3 GJ ha�1 to 2.8 � 0.5 m and 504.2 GJ ha�1 to
2.8 � 1.5 m).

Tropical countries have a great potential to use biomass energy
from forest plantations. The energy yield obtained was higher than
efficient energy eucalypt forest in Europe [4] and other species,
such as willow and poplar, 187e280 GJ ha�1 and 173e259 GJ ha�1,
respectively [40].
3.4. Nutrients export

The stem is responsible for greater exports of macro- and
micronutrients per hectare (Table 6). However, even representing a
little part of dry matter, the leaves have a very important role in the
export of nitrogen, phosphorus, boron, and magnesium. Overall,
the major nutrients content was found in the leaves, after woody
fractions. Only copper nutrient content was similar statistically for
all fractions.

The contribution to the content of nutrients in different frac-
tions was generally in the order: leaves > branches > stem (wood
and bark). When it was analyzed all aboveground biomass, the
order was reversed: stem (wood and bark) > leaves > branches.
However, these orders can vary according to nutrient analyzed.

The leaves and branches have an important contribution to litter
accumulation, nutrient cycle, and soil fertility. This effect can be
more significant in tropical soils due to fast decomposition of
organic matter. Achat [21] discussed that removing foliage strongly
increases nutrient outputs, while the gain in harvested biomass is
low.

Analyzing between treatments and considering all biomass, in
general, it was obtained higher values of nutrients export by higher
spacing density and greater fertilizing level, as shown in Table 7.

The nutrients export of the lower density planting (2.8 � 1.5 m)
and fertilizing level 2 was similar to higher density planting
(2.8 � 0.5 m) and fertilizing level 1, except for K and Ca nutrients.
This can be explained by the fact that both treatments had statis-
tically equal dry matter yield of leaves and branches.

The all-aboveground nutrients export was found in ascending
order as follows: P > Mg > S > N > K > Ca (macronutrients) and
Cu > Zn > B > Mn � Fe (micronutrients). The greater calcium and
potassium exports can be assigned to stem, and nitrogen to leaves
fraction.

It is known that nutrients export in fast-growing forest planta-
tions can be reduced through the selection of suitable tree species,
lowering the planting density, increasing the length of the rotation,
and reducing the intensity of harvesting [23,41]. However, new
design of forest management and studies in a more detailed
manner about nutrients exports are essential to arrange the fast
biomass yield and lower environmental impact.



Table 6
Arithmetic mean nutrients export per biomass fraction of Eucalyptus grandis � E. urophylla, at 2 years old.

Nutrients g kg�1 Kg ha�1

Stem Branches Leaves Stem Branches Leaves

N 1.35 ± 0.11 c 2.58 ± 0.36 b 18.21 ± 2.11 a 32.80 ± 12.15 c 11.70 ± 3.92 b 70.09 ± 7.22 a
P 0.15 ± 0.01 c 0.28 ± 0.05 b 0.92 ± 0.07 a 3.77 ± 1.42 a 1.28 ± 0.41 b 3.56 ± 0.35 a
K 3.01 ± 0.65 c 4.09 ± 0.95 b 5.96 ± 0.67 a 75.51 ± 37.33 a 18.87 ± 7.97 c 23.00 ± 3.07 b
Ca 4.87 ± 0.46 b 7.1 ± 0.56 a 6.83 ± 1.31 a 117.77 ± 43.79 a 31.39 ± 6.29 b 26.7 ± 7.22 b
Mg 0.58 ± 0.06 c 0.88 ± 0.16 b 2.46 ± 0.42 a 13.49 ± 3.25 a 3.85 ± 0.92 c 9.48 ± 1.73 b
S 0.94 ± 0.02 b 0.96 ± 0.02 b 1.35 ± 0.05 a 22.51 ± 7.13 a 4.30 ± 1.18 b 5.22 ± 0.67 b
B 0.01 ± 0.00 c 0.01 ± 0.00 b 0.04 ± 0.00 a 0.18 ± 0.07 a 0.05 ± 0.02 b 0.16 ± 0.01 a
Cu 0.01 ± 0.00 a 0.01 ± 0.00 a 0.01 ± 0.00 a 0.12 ± 0.03 a 0.02 ± 0.01 b 0.02 ± 0.00 b
Fe 0.07 ± 0.01 c 0.09 ± 0.01 b 0.21 ± 0.03 a 1.56 ± 0.46 a 0.41 ± 0.15 c 0.83 ± 0.15 b
Mn 0.07 ± 0.03 b 0.13 ± 0.03 a 0.15 ± 0.04 a 1.77 ± 1.08 a 0.55 ± 0.09 b 0.60 ± 0.21 b
Zn 0.01 ± 0.00 b 0.01 ± 0.00 b 0.01 ± 0.00 a 0.18 ± 0.03 a 0.04 ± 0.01 b 0.04 ± 0.01 b

The means that do not differ from each other at the 0.05 significance level by Tukey's test are marked with the same letters.

Table 7
Arithmetic mean nutrients export (kg ha�1) for Eucalyptus grandis � E. urophylla at 2 years old.

Nutrients Spacing 2.8 � 0.5 m Spacing 2.8 � 1.5 m

Fertilizing level 1 Fertilizing level 2 Fertilizing level 1 Fertilizing level 2

N 119.0 ± 10.7 133.2 ± 11.6 89.5 ± 17.1 116.8 ± 9.0
P 9.3 ± 0.8 10.7 ± 0.9 6.4 ± 1.2 8.0 ± 0.6
K 141.4 ± 12.7 168.7 ± 14.7 66.0 ± 12.6 93.5 ± 7.2
Ca 190.8 ± 17.1 225.2 ± 19.6 129.6 ± 24.8 157.8 ± 12.2
Mg 30.0 ± 2.7 26.0 ± 2.3 23.0 ± 4.4 28.1 ± 2.2
S 37.4 ± 3.4 39.4 ± 3.4 22.2 ± 4.2 29.1 ± 2.2
B 0.4 ± 0.04 0.5 ± 0.04 0.3 ± 0.06 0.4 ± 0.03
Cu 0.2 ± 0.02 0.2 ± 0.02 0.1 ± 0.02 0.2 ± 0.01
Fe 3.0 ± 0.27 3.6 ± 0.32 2.2 ± 0.41 2.4 ± 0.19
Mn 2.3 ± 0.21 4.7 ± 0.41 2.2 ± 0.42 2.5 ± 0.19
Zn 0.3 ± 0.03 0.3 ± 0.02 0.2 ± 0.04 0.2 ± 0.02
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3.5. Sustainable use of forest biomass

The NAI index shown in Table 8 evaluates the sustainability of
biomass fractions.

The stem had the more efficient use of macronutrients (higher
NAI) than branches and finally leaves, demonstrating the high
sustainability of woody fractions compared to the leaves. The lower
NAI assigned to leaves was due to greater concentration of nutri-
ents and lower production of dry matter biomass.

The NAI results were much higher than those observed by
Sochacki et al. [9] for Eucalyptus globulus and Eucalyptus occidentalis
at 3 years old, planted in Western Australia. The difference in re-
sults can be attributed to weather conditions, which favored the
greater productivity and consequently the high NAI values in this
work.

Greater NAI results were found for phosphorus, magnesium and
sulfur nutrients. As noted by Sochacki et al. [9], this can be
explained by the lower concentration of such nutrients in biomass
fractions.
Table 8
Nutrient assimilation index e NAI (t DM kg�1) per biomass fraction for Eucalyptus
grandis � E. urophylla, at 2 years old.

Macronutrients Fractions biomass

Stem Branches Leaves

N 0.73 ± 0.05 0.38 ± 0.05 0.06 ± 0.01
P 6.37 ± 0.44 3.53 ± 0.51 1.10 ± 0.08
K 0.32 ± 0.06 0.24 ± 0.05 0.17 ± 0.02
Ca 0.20 ± 0.02 0.14 ± 0.01 0.15 ± 0.02
Mg 1.78 ± 0.16 1.17 ± 0.21 0.41 ± 0.08
S 1.07 ± 0.02 1.05 ± 0.02 0.75 ± 0.02
According Guo et al. [8] there should be removal of only the tree
parts with high nutrient use efficiency, such as the stemwood, from
the site so that fewer nutrients will need to be replaced by use of
commercial fertilizers. Achat [21] reported low or non-significant
negative impacts on chemical and biochemical soil fertility when
branches are exported, but the foliage is left on site.

There is a difficulty in harvest systems of SRC (shown in Fig. 1)
when leaves are left on forest soil. These adaptations are costly and
can leave the forage harvest system unfeasible. There can be usage
of some practical alternatives to reduce the impact environmen-
tally, such as selection of suitable tree species (e.g., preferred lower
crown species), use of correct fertilizer amount and managing the
forest regrowth. Additional mitigation measures need to be
developed by establishing the link between site fertility and the
intensity of the impact of removing harvesting residues [21].

The NAI index shown in Table 9 evaluated the sustainability of
treatments.

Greater NAI results were also found for spacing 2.8 � 0.5 m
(higher density planting) than spacing 2.8 � 1.5 m (lower density
planting). An inverse trend was observed for potassium nutrient
that can be influenced by leaves and branches dry matter yield.
More influence of the results found was by biomass allocation and
dry matter yield than amount of macronutrients per fraction.

Overall, the higher spacing planting with lower fertilizing level
was the most sustainable short rotation coppice due to efficient use
of nutrients and higher dry matter yield. In contrast, the lower
spacing planting with lower fertilizing level was the least sustain-
able forest system. These results showed that it is possible to
manage the density stand and fertilizers to achieve a more sus-
tainable ecosystem.

This is one of the few studies that evaluated the sustainable use
of very high-density eucalypt plantations at tropical conditions,



Table 9
Nutrient assimilation index e NAI (t DM kg�1) for Eucalyptus grandis � E. urophylla, at 2 years old in different conditions of spacing and fertilization.

Macronutrients Spacing 2.8 � 0.5 m Spacing 2.8 � 1.5 m

Fertilizing level 1 Fertilizing level 2 Fertilizing level 1 Fertilizing level 2

N 0.32 ± 0.03 0.30 ± 0.03 0.24 ± 0.03 0.25 ± 0.02
P 4.09 ± 0.37 3.70 ± 0.32 3.44 ± 0.39 3.72 ± 0.21
K 0.27 ± 0.02 0.23 ± 0.02 0.33 ± 0.02 0.32 ± 0.01
Ca 0.20 ± 0.02 0.18 ± 0.02 0.17 ± 0.02 0.19 ± 0.01
Mg 1.27 ± 0.11 1.52 ± 0.13 0.95 ± 0.16 1.06 ± 0.09
S 1.02 ± 0.09 1.00 ± 0.09 0.98 ± 0.11 1.02 ± 0.06
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which makes it rather valuable, especially if one considers the large
potential of these plantations to supply the demand of future
biomass. Further studies have been conducted in different experi-
mental approach and more rotations.

Finally, themodern concept of silviculture aims to producemore
forest biomass sustainably and the goals of further studies should
reconsider traditional practices and search new alternatives to
maintain an efficient energy crop balanced for future decades.

The sustainability of short rotation forest must be studied ho-
listically, considering also, the demand and water use, light-use
efficiency and carbon balanced, economic aspects, and other
parameters.

4. Conclusions

The density planting and fertilization levels had a greater in-
fluence on the dry matter yield, energy yield, and nutrient exports.
The higher density planting obtained greater values of dry matter
and energy yield, respectively 38.9 t DM ha�1 and 743 GJ ha�1,
showing the potential of very high-density eucalypt plantations for
energy generation.

Considering the productivity and nutrients export of short
rotation coppice of eucalypt, it was concluded that the higher
density planting with the lower dose of fertilization is more
indicative of sustainable use.

Evaluating the biomass separately, the leaves should be kept on
site due to high nutrient content, and just woody biomass should
be harvested for bioenergy. The major values of dry matter and
energy were found in stem, followed the branches and leaves that
were similar statistically.

This paper introduces a new and more sustainable way to work
with short rotation forest considering the evaluation of biomass
fractions.
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