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Introduction

The area of planted forests in the world is
equivalent to 264 million hectares (Scol-
foro et al. 2016). In Brazil, the forest planta-

1 (1) Federal University of Lavras, Depart-
ment of Forest Science, Lavras, CP37, 37200-
000 (Brazil); (2) Federal University of Espirito
Santo, Department of Forest Science, Jeron-
imo Monteiro, 29550-000 (Brazil)

@ Paulo Ricardo Gherardi Hein
(paulo.hein@ufla.br)

Received: Feb 25, 2019 - Accepted: Aug 31,
2019

Citation: Ramalho FMG, Pimenta EM, Goulart
CP, De Almeida MNF, Vidaurre GB, Hein PRG
(2019). Effect of stand density on
longitudinal variation of wood and bark
growth in fast-growing Eucalyptus
plantations. iForest 12: 527-532. - doi:
10.3832/ifor3082-012 [online 2019-12-12]

Communicated by: Roberto Tognetti

© SISEF https://iforest.sisef.org/

The influence of tree spacing on the wood/bark ratio is unknown in young fast-
growing Eucalyptus trees. The objective of this study was to evaluate the ef-
fect of plant spacing on the wood and bark production along the Eucalyptus
stem. Four genetic materials were planted in four spacings: 3x1 m, 3x2 m,
3x3 m and 3x4 m. Three 5-year-old trees from each clone and in each plant
spacing were harvested. Cross-sectional discs (thickness: 30 mm) were cut
from each tree along the stem (0%, 25%, 50%, 75% and 100% of the total tree
height) and at 1.3 m above ground, totaling 288 disks (4 spacings x 4 clones x
3 replicates x 6 axial positions). The wood thickness was measured at six ran-
dom and equidistant points around the perimeter using a gauge and means
were calculated from each disc. Six cross diameters were measured for each
debarked disc. After obtaining the averaged bark thickness and wood diame-
ter, the bark content was calculated as the ratio between the surface area oc-
cupied by the bark and the total area of the stem in each level. In the nar-
rowed plant spacing (3x1), the trees had a mean diameter of 7.4 cm, while at
the spacing 3x4 the diameter of the trees was 91% higher (14.11 cm) at breast
height. The increase in plant spacing from 3 to 12 m? per tree resulted in an
increase in bark thickness (56.7%) from 1.94 mm to 3.04 mm, but caused a re-
duction of bark content (16%) from 9.66% to 8.11%. Our findings show that
trees grown under wider spacing tend to produce thicker bark. The bark thick-
ness and the effect of plant spacing on the bark thickness decreased in the
base-top direction. The correlation between bark thickness and wood diame-
ter increases from 0.682 to 0.825 with the increase of spacing between trees.
In contrast, the bark thickness to bark content correlation decrease from
0.735 to 0.15 with increased plant spacing. The stand density significantly af-
fected the variation of the stem diameter, bark thickness and bark content of
Eucalyptus plantations.

Keywords: Stand Density, Timber, Bark, Silvicultural Treatment, Forest Produc-
tivity

tion surface reached 7.84 million hectares, ing and high potential value for biorefiner-

with 72.3% being Eucalyptus and 20.15% Pi-
nus in 2016 (IBA 2017). The timber pro-
duced in Brazil is industrially used as raw
material for pulp and paper, charcoal, solid
products and engineered products. The in-
dustrial use of wood requires harvesting,
handling and debarking processes resulting
in huge amount of bark. According to Sette
et al. (2018) the quantity of wood residues
generated by forest-based industries in
Brazil was estimated at approximately 13.8
million tons in 2016.

Tree barks are complex biomass compo-
nents with a large structural and chemical
diversity among species (Miranda et al.
2016). It is made of lignocellulosic material
with different functions in trees, including
transport and storage of nutrients, and
protection against environmental hazards
(Reina et al. 2016). According to Neiva et al.
(2018) the tree bark should be valued for
two reasons: (i) large availability as byprod-
ucts or residues in wood-based industries;
and (ii) intrinsic characteristics that include
a large structural diversity and chemical
richness, allowing multiple product target-
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ies.

Miranda et al. (2016) reported that bark
has been used traditionally, e.g., as a
source of drugs, materials and energy, and
is today viewed as a potential resource for
biorefineries. Most Brazilian pulp and pa-
per industries use bark as an energy source
due to its abundance and operational ease.
However, alternative uses for the massive
amount of inexpensive biomass waste
have been proposed, e.g., as natural an-
tioxidants (Vazquez et al. 2008) and antimi-
crobial agents (Weerakkody et al. 2011, Par-
reira et al. 2017). Several studies have
demonstrated the potential use of bark as
biosorbent for wastewater (Sarin & Pant
2006) and textile effluents (Morais et al.
1999), including adsorbents in the form of
activated carbon powder (Patnukao &
Pavasant 2008) and hydrochar (Gao et al.
2016). In short, the bark of trees can be
used as low-cost adsorbents for the re-
moval of heavy metals, organics, phos-
phate and pathogens. Regarding the alter-
native energy applications, several studies
have evaluated the use of bark for biofuel
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feedstock production (Lima et al. 2013, Ro-
mani et al. 2018) and briquettes (Sette et
al. 2018). Neiva et al. (2018) assessed the
potential of Eucalyptus bark as a biorefin-
ery feedstock and suggested applying it in
the food and pharmaceutical industries as
well as for polysaccharides valorization.

Bark is important for the survival of the
tree. According to Burger & Richter (1991)
the bark has the function of protecting the
plant against dryness, fungal attacks, me-
chanical injuries and climatic variations, in
addition to the storage and conduction of
nutrients provided by the phloem. More-
over, numerous medicines and important
technological products have been ob-
tained from the bark of forest trees and
shrubs (Gottesfeld 1992). Despite being
physiologically important, the presence of
bark is currently undesirable for most in-
dustrial applications. Trees produce large
amounts of bark during their growth; in Eu-
calyptus globulus, the bark content varies
from 15.2% for trees with 7 to 11 years of
age (Ramirez et al. 2009, Miranda et al.
2016) to 17.4% for 18-year-old trees (Miran-
da & Pereira 2015).

It is well known that variations in silvicul-
tural treatments and forest management
strategies cause changes in tree growth
and wood properties (Zobel & Jett 1995).
The effect of the plantation spacing on
wood density has been widely investigated
and many studies reported variable trends
in Eucalyptus, as pointed out by Resquin et
al. (2019). However, the influence of plant
spacing on bark production is not well es-
tablished. According to Quilho & Pereira
(2001), the bark content is a relevant pro-
duction parameter that accounts for an im-
portant percentage of the merchantable
bole dry weight.

Quilho & Pereira (2001) have evaluated

within and between-tree variation of bark
content in Eucalyptus globulus in Portugal
and stated that bark thickness was higher
in the site with better growth and always
decreased from the tree base to the top.
Miranda & Pereira (2015) have investigated
variation in wood and bark characteristics
in Eucalyptus globulus trees grown with dif-
ferent planting densities in Portugal and re-
ported that bark content varied from 13.4
to 14.4% of the stem volume. In Brazil, Ro-
cha et al. (2016) assessed the influence of
plant spacing on wood and bark density in
7-year-old Eucalyptus hybrids grown in
northern Minas Gerais, Brazil and con-
cluded that trees at wider spacings (9 m?)
produce bark with greater density than at
narrowed spacings (1.5 m?). Rocha et al.
(2018) evaluated the effect of different
plant spacings on bark thickness and prop-
erties in Eucalyptus grandis x E. camaldulen-
sis and reported that plant spacing posi-
tively affects bark properties. Martins et al.
(2019) have quantified the macronutrients
of 12-year-old Eucalyptus bark planted at
three planting densities, concluding that
higher plant density contributed to higher
bark production and greater nutrient accu-
mulation per area.

Overall, the aforementioned studies
proved that growth conditions and tree
physiology do influence wood and bark
production and properties. However, fur-
ther investigations are needed to fully un-
derstand the effect of plant spacing on
wood and bark production in Eucalyptus
clones. For example, it is necessary to
throw light on how the bark thickness
varies along the stem, from the base to the
treetop, to adapt the forest management
towards the optimum production of raw
material. In this study, our starting hypoth-
esis is that stand density greatly affects the

Tab. 1 - Descriptive statistics of bark thickness, bark content and stem (wood) diame-
ter at 1.3 m above ground of Eucalyptus planted at different spacings. Different letters
indicate significant difference (p<0.05) between means after Tukey test.

Plapt Star!d ) cv

Property  spacing density N Mean Min Max o
(mxm) (trees ha™) %)
Bark 3x1 3333 16 1.94° 1.00 2.67 25.30
thickness 3,7 1667 16 2.60°  2.00 3.67 20.10
(mm) 3x3 111 16 2727 2.00 400  25.30
3x4 833 16 3.04° 2.67 3.67 10.49
Total - 64 2.57 1.00 4.00 25.34
Bark 3x1 3333 16 9.66° 5.69 13.87 24.36
content 3x2 1667 16 9.22*  7.53 12.11 14.55
(%) 3x3 1111 16 7.85° 5.43 11.62 23.98
3x4 833 16 811  6.32 9.77 13.18
Total . 64 8.70 5.43 13.87 21.38
Wood 3x1 3333 16 7.40 ¢ 6.53 8.27 7.33
diameter 3,7 1667 16 10.44°  9.27 11.53 6.38
(cm) 3x3 1111 16 12.98° 11.80  14.13 5.08
3x4 833 16 14.11°  12.93 16.07 6.46
Total - 64 11.23 6.53 16.07 23.98
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variation of the tree diameter along stem,
whereas the bark thickness remains uni-
form independent of the tree spacing.
However, the combination of these two
variables result in bark content variation in
Eucalyptus plantations.

The objective of the present study was to
evaluate the interaction between genetic
material and plant spacing in the produc-
tion of wood and bark and to evaluate the
effect of plant spacing on the longitudinal
variation of wood and bark production in
Eucalyptus clones.

Material and methods

Plant material, planting density and disc
sampling

We used commercial planted clones of
Eucalyptus urophylla x E. grandis hybrids
from a clonal test established by Suzano
Papel e Celulose S.A. in the municipality of
Itamarandiba, MG, Brazil (17° 51" S, 42° 51'
W; elevation: 910 m a.s.l.). The average an-
nual rainfall of the region is 1000 mm, with
soil classified as Yellow Latosol. The mate-
rial used in the study was managed for cel-
lulose production.

Four different clones were planted in four
plant spacings: 3x1 m, 3x2 m, 3x3 m and
3x4 m, resulting in stand densities of 3333,
1667, 1111 and 833 trees ha”, respectively.
Three trees from each clone in each spac-
ing were harvested at 5 years of age (total-
ing 48 trees).

Cross-sectional discs (thickness: 30 mm)
were cut from each tree along the stem at
different heights (0%, 25%, 50%, 75% and
100% of the total tree height) and at breast
height (1.3 m), totaling 288 discs (4 spac-
ings x 4 clones x 3 replicates x 6 longitudi-
nal positions).

Determination of wood and bark
production

Wood production was analyzed based on
the debarked wood discs. The term “wood
diameter” used hereafter refers to the di-
ameter of the wooden disc, disregarding
the bark. The wood discs were dried and
sanded before analysis. The wood thick-
ness was measured at 6 random and
equidistant points around the perimeter
using a gauge and means were calculated
for each disc. Six cross diameters were
measured for each debarked disc. After ob-
taining the averaged bark thickness and
wood diameter, the bark content was cal-
culated as the ratio between the area occu-
pied by the bark and the total area deter-
mined as a function of bark thickness and
wood diameter, as described in Silva et al.
(2018).

Statistical analysis

The software SPSS Statistics® v.19 (IBM,
Armonk, NY, USA) was used for descriptive
statistics, analysis of variance and multiple
comparison of means (Tukey test, a =
0.05). For the analysis of variance, the four-
level spacing was considered as the source
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of variation. The analyses were done sepa-
rately for each height. Pearson’s correla-
tion coefficients were calculated between
bark and growth characteristics of Eucalyp-
tus clones at different planting densities.

Results and discussion

Effect of plant spacing on wood and
bark growth in Eucalyptus plantations

Tab. 1 shows that the plant spacing signifi-
cantly affected the variation of wood diam-
eter, bark thickness and bark content at
breast height (1.3 m) in Eucalyptus clones.
In the narrowest plant spacing (3x1 m), the
trees had a mean diameter of 7.4 cm, while
at the widest plant spacing (3x4 m), the di-
ameter of the trees was 91% higher (14.11
cm) at breast height. The increase in plant
spacing from 3 to 12 m? per tree resulted in
an increase in bark thickness from 1.94 mm
to 3.04 mm (increase of 56.7%), but caused
a reduction of bark content from 9.66% to
8.11% (reduction of 16%) in the trees of the
plantations. These findings show that the
tree stem diameter and bark thickness in-
crease proportionally as the plant spacing
increase, but the bark content of the trees
decreases.

The bark content of 5-year-old Eucalyptus
observed in this study is lower than that re-
ported for older trees. For example, Ramir-
ez et al. (2009) investigated fourteen 7-
year-old E. globulus clones grown in Chile,
reporting an average bark content of 15.2%
(range: 9.6 to 20.8%). Miranda et al. (2016)
studied 11-year-old E. globulus trees grown
in Portugal with an average bark content
of 15.2%, varying from 9.6 to 23%. Miranda &
Pereira (2015) have investigated E. globulus
trees at 18 years of age and found a mean
bark content of 17.4% of the total stem vol-
ume for second rotation trees and 13.8% for
first rotation trees at the same age. Silva et
al. (2018) assessed the variation in bark
content and thickness of 4.5 year-old Euca-
lyptus and Acacia planted in pure and
mixed stands. The bark content and bark
thickness of Acacia trees in monoculture
(47.5% and 1.32 ¢cm) were approximately
three times higher than those from mixed
stand (15.2% and 0.51 cm). However, no ef-
fect was reported for Eucalyptus planta-
tions.

Tab. 1 shows that the stand density simul-
taneously affects the stem diameter and
bark thickness of Eucalyptus trees. How-
ever, the variation in stem diameter was in-
fluenced by stand density more than bark
thickness. As these two variables are corre-
lated, the bark content of trees can be con-
trolled by the plant spacing in Eucalyptus
plantations.

Plant spacing affects wood longitudinal
variation and bark growth

Plant spacing significantly influenced the
longitudinal variation of the wood diame-
ter of Eucalyptus clones (Fig. 1). Our find-
ings show that the longitudinal variation of
bark thickness is larger in the trees planted
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Stand density effect on wood and bark variations along Eucalyptus stems

Wood diameter (cm)

0 DAP 25

50 75 100

Relative longitudinal height of trees (%)

Fig. 1 - Effect of plant spacing on the longitudinal variation of wood diameter in Euca-
lyptus plantations. Error bars represent the standard error.

at wider spacings. In the most widely
spaced plantation (833 trees ha’), the
mean diameter at the tree base was 15.83
c¢m, while in the most densely planted trees
(3333 trees ha") it was lower by 47% (8.32
cm). The effect of spacing on stem diame-
ter of trees decreased with height.
Variations in stand densities are known to
influence the tree growth in various spe-
cies. For instance, Niemist6 (1995) has in-
vestigated the taper variation in trees of
Silver Birch (Betula pendula) as a function
of density in stands varying from 400 to
5000 trees, showing that stem taper (ex-
pressed as the difference in diameter be-
tween breast height and the height of
6.0m) decreases as stand density in-
creases. Will et al. (2005) have studied in-
tensively managed, 4-year-old loblolly pine
(Pinus taeda L.) stands planted at different
densities and reported that DBH declined
from 9.1 to 6.3 cm as planting density in-

creased from 740 to 4440 trees ha™. Gomat
et al. (2011) studied the factors affecting
stem taper variation in Eucalyptus grown in
the Republic of Congo. According to their
results, tree shape markedly changes be-
tween 1 and 2 years of age and from 3
years onwards, and the buttresses increase
with stand age. However, planting density
in the latter study (500, 700, 800, 1100 and
1300 trees ha") had no significant influence
on the stem profile. In this study, the stand
density was higher, ranging from 833 to
3333 trees ha’, and the difference in
growth between clones was remarkable
(Fig. 1).

Fig. 2 shows the effect of plant spacing
on the longitudinal variation of bark thick-
ness and bark content in Eucalyptus clones.
We found that trees grown at wider spac-
ing tend to produce a thicker bark along
the stem. The bark thickness and the effect
of plant spacing on the bark thickness de-
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Fig. 2 - Effect of spacing on the longitudinal variation of bark thickness and bark con-

tent in Eucalyptus plantations.
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Tab. 2 - Pearson’s correlation coefficients between bark and growth characteristics of
Eucalyptus clones at different planting densities. Correlation values above the diago-
nal refers to wood diameter with bark, while correlation values below diagonal refers
to wood diameter without bark. (¥**): p<o0.01; (*¥*): p<0.01; (*): p<0.05; (ns): non sig-

nificant.

Plapt Characteristic !Sark Bark .WOOd
spacing thickness content diameter
3x1 Bark thickness 0.735%* 0.678***
Bark content 0.735** 0.023 ™
Wood diameter 0.628** 0.041 ™ 0.998**
3x2 Bark thickness 0.321** 0.667***
Bark content 0.321* -0.311**
Wood diameter 0.615** -0.343%* 0.998**
3x3 Bark thickness 0.289* 0.781%**
Bark content 0.289** -0.339**
Wood diameter 0.760*** -0.368*** 0.999***
3x4 Bark thickness 0.148 ™ 0.837**
Bark content 0.148 ™ -0.625***
Wood diameter 0.825%* -0.640*** 1.000%**
All Bark thickness 0.161* 0.729*
together  park content 0.161* -0.435**

Wood diameter 0.704** -0.458***

creased in the base-top direction (Tab. 1).

Most studies that investigated the bark
content of trees were based on the total
bark content expressed as percentage of
the total stem (Ramirez et al. 2009, Miran-
da & Pereira 2015, Miranda et al. 2016).
Quilho & Pereira (2001) in 15-year-old Euca-
lyptus globulus trees reported a mean bark
content of 11% of stem dry weight, with
higher values in the lower part of the stem
(14% at 5% height level), decreasing to the
35% of height level (9%) and increasing
again (but less) towards the top (12% at 75%
height level). Quilho & Pereira (2001) re-
ported a high bark thickness (6.5 to 9.8
mm) at the stem base which decreased to-
wards the treetop (1.9 to 3.7 mm).

We found no evidence in the literature on
the longitudinal variation of bark thickness
and bark content of Eucalyptus trees
planted at different stand densities. Re-
garding the variation in bark characteristics
with stand density, the longitudinal varia-
tion in bark density in trees at five different
spacing was investigated by Miranda & Pe-
reira (2015). They reported that bark den-
sity was highest at the stump level (488 kg
m?), decreased along the stem up to 3.3 m
(462 kg m?) and then remained rather con-
stant at an average of 465 kg m?>. However,

the authors did not report significant dif-
ferences in bark density among trees with-
in each stand density.

The variation in bark thickness along the
stem depicted in Fig. 2 shows a pattern
similar to those reported in earlier studies
on Eucalyptus bark, even in older trees. For
instance, Quilho & Pereira (2001) in 15-year-
old E. globulus trees grown in Portugal re-
ported a decrease in the average bark
thickness from 9.8 mm at the base (5% of
total tree height) to 3.7 mm at the top (75%
of total tree height) under better growth
conditions, and from 6.5 mm to 1.9 mm un-
der worse conditions. In short, bark thick-
ness was higher in the sites with better
growth conditions and always decreased
from the tree base to the top.

Correlations between wood and bark
growth

Tab. 2 summarizes the correlation among
wood diameter, bark thickness and bark
content in Eucalyptus clones grown under
different planting densities. The correlation
between bark thickness and wood diame-
ter increased from 0.682 to 0.825 as plant
spacing increased from 3 x 1 m (3333 trees
ha) to 3 x 4 m (833 trees ha”). In contrast,
the bark thickness to bark content correla-

Tab. 3 - Effect of stand density on wood and bark productivity per tree and hectare.

Plant Stand density Basal tral;\sverae area Basal trar:sve_r;se area
spacing (trees ha) (cm? tree™) (m? ha™)

(m x m) Bark Wood Bark Wood
1x3 3333 6.30 54.32 2.10 18.11
2x3 1667 11.24 114.36 1.87 19.06
3x3 1111 16.07 164.85 1.79 18.31
4x3 833 17.06 196.89 1.42 16.40
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tion decrease from 0.735 to 0.15 as plant
spacing increased (Tab. 2).

The variation in correlation between tree
growth and proportion of bark is due to
the combination of different axial variation
rates of bark thickness and stem diameter.
As stated by Quilho & Pereira (2001), the
bark thickness at the stem base is higher,
thus its increase mostly determines the
whole-tree bark content, while towards
the treetop the wood diameter decreases
more dramatically than bark thickness,
thereby increasing the proportion of bark.

The correlation between bark and tree
growth characteristics has been previously
neglected in similar studies and the trend
along the stem of the bark-growth relation-
ship are unknown. However, Eucalyptus
bark has been recently claimed as a novel
source of biomass for sustainable produc-
tion of biofuels (Romani et al. 2018) and
the use of bark from the pulp industry for
energy production will be reduced over
time. According to Neiva et al. (2018) the
industrial bark accumulated at mill yards
from the harvesting, handling and debark-
ing processes and these residues can be di-
rected to other uses, if proved to be more
profitable.

Effect of stand density on wood and
bark productivity

Tab. 1 shows that plant spacing affects
the wood and bark growth of forest plan-
tations, especially in the lower part of the
stem. However, it is important to note that
the widely spaced plantations had more
biomass per tree, though the overall pro-
duction per hectare is lower as pointed out
by Miranda & Pereira (2015). The effect of
stand density on wood and bark productiv-
ity per tree and hectare is presented in Tab.
3. Wood and bark productivity per individ-
ual tree and per hectare were calculated
based on the cross-section area at the base
of the stem (Tab. 3).

As for the productivity per tree, wider
plant spacing tends to yield larger trees
with more bark. Tab. 2 shows that at 4x3 m
spacing the production of wood (~ 197 cm?)
and bark (~ 17 cm?) per tree is 2.6x and 1.7x
higher, respectively, than for the same
clones planted at 1x3 m spacing. On the
other hand, considering the productivity
per hectare, trees growing at higher den-
sity produce 10.4% more wood (16.4 m* ha”
at 4x3 m and 18.1 m* ha" at 1x3 m) and
47.7% more bark (1.42 m*> ha" at 4x3 m and
2.10 m*ha™at 1x3 m spacing).

The above analysis has considered only
the area occupied by wood and bark at the
stem base and disregards the fact that tree
height is different among the different
planting density, which will influence the
productivity of wood and bark per tree and
per hectare. This analysis allows us to re-
flect on how the spacing affects the pro-
duction of wood and bark in the lower part
of the stem aiming, for example, at the
multiple use biomass as wood for saw mills
or lamination.

iForest 12: 527-532



In addition to wood and bark yield per
tree and per hectare, other factors should
be taken into account to establish the opti-
mal spacing for production plantations. For
example, the cost of planting, main-
tainance and harvesting varies according
to stand density. According to Niemistd
(1995) there is no advantage in exceeding
the initial density of 2500 trees per ha in Sil-
ver birch (Betula pendula) plantations. In
this study, the most adequate density in
terms of wood and bark production is still
the traditional density of 1100 to 1700 trees
per hectare established for most of the for-
est plantations of pulp and paper compa-
nies.

Conclusions

Our results confirm that stand density si-
multaneously affects tree stem diameter
and bark thickness in Eucalyptus planta-
tions; conversely, the bark content of trees
can be controlled by choosing an appropri-
ate plant spacing. At broader plant spac-
ing, the mean diameter at breast height
was 91% higher than that observed at nar-
rower plant spacing. Trees grown in
broader plantations tend to produce a
thicker bark. Increasing the stand density
led to a 56.7% increase in bark thickness,
but caused a reduction of bark content of
16% at the breast height. The bark thickness
and the effect of plant spacing on bark
thickness decreased in the base-top direc-
tion. The correlation between bark thick-
ness and wood diameter increases with in-
creased plant spacing. Considering the pro-
ductivity per single tree, wider spacing
tends to produce larger trees with more
bark.
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