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The objective of the present work has been to evaluate the impact of damage caused by defoliating insects on
wood quality and charcoal production, and to quantify the losses per hectare according to the charcoal produced.
Seven-year-old Eucalyptus grandis × Eucalyptus urophylla (clone A) and Eucalyptus saligna (clone B) trees,
both in healthy condition and damaged by defoliating insects, were selected, with five trees to be used per
treatment. Wood disks were removed from the trees at 0, 25, 50, 75 and 100% of the commercial height for
analyzing the properties of the wood and for preparing and characterizing the charcoal. Damage by defoliating
insects decreased the basic density of the trees at all axial positions by up to 23 kg m-3. Also, the extractives and
lignin contents increased, while the holocellulose content decreased in the attacked plants. Changes in the wood
characteristics led to increased fixed carbon content and gravimetric yield, and a decrease in density. The
charcoal productivity from the plants damaged by defoliating insects was lower, mainly because of the decrease
in volumetric production.
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INTRODUCTION
Forest plantations are the main source of raw material for charcoal production in Brazil.1,2,3,4
However, defoliating insects, such as leaf-cutting ants,5 caterpillars6,7 and beetles,8,9 may limit the
productivity of these plants.10 These insects have been found to have a high economic impact, as they
can consume up to 100% of the leaf area and even cause tree death.11
The reduction of the leaf area decreases the production of photoassimilates in trees, resulting in
lower growth and wood production.11,12 Damage by defoliating insects may affect the wood
quality,13,14 and, consequently, its use for charcoal production. However, the estimation of the losses
caused by defoliating insects takes into account only the volumetric wood losses.
Carbonization is a process of wood thermal decomposition, carried out in the absence of oxygen or
in a controlled atmosphere, whose main product is charcoal, mainly intended for use in steel
production. The quality of the raw material, such as the basic density15 and chemical composition16,17
of the wood, may affect the quality of the charcoal produced.
The objective of the present investigation has been to evaluate the quality of wood destined for
charcoal production as affected by the attack of defoliating insects, and to estimate the losses caused
by the damage incurred by defoliating insects, in terms of charcoal mass produced per hectare.
EXPERIMENTAL
Collection of wood samples
Eucalyptus grandis × Eucalyptus urophylla (clone A) and Eucalyptus saligna (clone B) trees, both healthy
and damaged by defoliating insects, were harvested in the municipality of Jaguairaiva, Paraná state, Brazil (24º

15' 04" S; 49º 42' 21" W). All the wood samples were collected within a radius of 4 km, presenting similar soil
and climate conditions. Five 7-year-old trees were harvested per treatment, for a total of four treatments in the
study. The wood volume produced in all stands was provided by the producer, based on their forest inventory.
The damage by defoliating insects occurred when the trees were 28 months old, with 100% of the leaf area
being consumed by Gonipterus platensis Marelli (Coleoptera: Curculionidae), without the occurrence of other
xylophagous organisms until the trees were harvested.
After harvesting, wood disks were removed from the base and at 25, 50, 75 and 100% of the commercial tree
height, and the wood and charcoal produced were characterized (Fig. 1).
Physical properties of the wood
Wood basic density was determined in one disk of each of those removed at 0, 25, 50, 75 and 100% of the
commercial tree height, using the ratio between the dry mass and the saturated volume, according to NBR
11941.18 The mean density of the tree was determined with the weighted average of the basic densities obtained
from the disks taken from the different tree heights.
Chemical and energetic analysis of the wood
Wood disks removed from the base and at 25, 50, 75 and 100% of the commercial tree height of the
eucalyptus plants were ground in a Wiley mill and then sieved. The fraction retained between the 40- and 60mesh screens was used to determine the total extractives according to ASTM D-1105;19 soluble lignin was
determined according to the method described by Gomide and Demuner;20 insoluble lignin was determined
according to the method of Goldschmidt;21 and total lignin was calculated by the sum of the soluble and
insoluble lignin. Holocellulose content was obtained by subtracting the lignin, ash and extractives content from
100%.
Wood carbonization and charcoal characterization
Wood disks removed from the base of the trees and at 25, 50, 75 and 100% of the commercial height were
cut into small pieces, mixed and then carbonized at 450 °C, with residence time of 30 min and a heating rate of
1.67 °C min-1. The gravimetric yield after carbonization was calculated by the ratio between the charcoal
produced and the original dry wood mass.
The contents of fixed carbon, volatile matter and ashes were analyzed according to NBR 8112,22 the gross
calorific value was measured according to NBR 8633,23 and the apparent relative density was analyzed according
to NBR 9165.24
Statistical analysis
The data were submitted to tests for homogeneity of variances (Bartlett test, 5% of significance) and
normality (Shapiro-Wilk test, 5% of significance) prior to variance analysis. The contrast between the means of
the parameters evaluated was determined by the Scott-Knott test at 5% significance level.

Figure 1: Simplified diagram of the process of tree sampling for evaluating wood quality and produced charcoal

Economic analysis of damage caused by defoliating insects
The charcoal mass produced per hectare was obtained by multiplying the wood volume produced per hectare
by the wood’s basic density and the gravimetric yield after carbonization, according to the following Equation 1:
(1)
where CPH = charcoal produced per hectare; WV = wood volume per hectare, WBD = wood basic density and
CGY = charcoal gravimetric yield.

RESULTS AND DISCUSSION
The basic density of clone A (Eucalyptus grandis × Eucalyptus urophylla) was higher than that of
clone B (Eucalyptus saligna), and this variable was lower in the trees that were damaged at all of the
axial positions sampled and, consequently, in the tree as a whole (Table 1). The reduction in the
production of photosynthetic compounds, through the decrement in the leaf area, limited the cambium
activity, reducing the basic density of the wood produced. This loss is not usually accounted for by
planted forest producers, who only consider the wood volume produced. The wood density of healthy
plants or those damaged by insects varied between 440 and 473 kg m-3, and these values were similar
to those of 413 to 571 kg m-3, for Eucalyptus benthamii, Eucalyptus dunnii, Eucalyptus grandis and
Eucalyptus grandis × Eucalyptus urophylla with ages between 5 and 7 years old.25,26
Damage incurred by defoliating insects altered the wood’s chemical composition (Table 2),
increasing the extractives and lignin content, and decreasing the holocellulose content, but it did not
affect the ash content of the two clones evaluated. The extractives and lignin content increased up to
54% and 6.6%, respectively, while holocellulose content reduced up to 3.9%, because of the attack of
defoliating insects. The content of extractives and lignin may also vary with the environmental
conditions.27,28 The extractives and lignin have a protective function against xylophagous agents and,
therefore, their increase is a plant defense mechanism against damages caused by defoliating insects.
Meanwhile, holocellulose has no protective function in the plant and, therefore, its biosynthesis is not
so necessary.
Table 1
Basic density of Eucalyptus grandis × Eucalyptus urophylla (clone A) and Eucalyptus saligna (clone B) trees,
healthy or damaged by defoliating insects, and means per tree (MTree)
Comercial height
MTree
0%
25%
50%
75%
100%
3.2
3.8
4.2
4.1
4.5
Clone A healthy
481 a
468 ª
477 a
471 a
455 a 4733,2 a
3.4
3.8
4.7
4.5
Clone A damaged
464 b
455 b
440 b
445 b
4364.7b 4513,8 b
4.0
4.5
4.2
4.8
Clone B healthy
462 a
454 ª
464 a
468 a
4524.5a 4634,2 a
4.2
4.3
4.1
4.6
Clone B damaged
442 b
440 b
439 b
441 b
4383.7b 4404,0 b
Means per clone, followed by the same letter per column, do not differ by the t test at 5% probability. Values in
superscript represent the coefficient of variation
Sample

Table 2
Extractives (Ext.), soluble lignin (Lsol.), insoluble lignin (Lins.), total lignin (Ltot),
ashes (A) and holocellulose (Hol.) for Eucalyptus grandis × Eucalyptus urophylla (clone A) and Eucalyptus
saligna (clone B) trees, healthy or damaged by defoliating insects
Sample
Ext. (%)
Lsol. (%) Lins. (%) Ltot. (%)
A (%)
Hol. (%)
Clone A healthy
2.146.2a
4.035.1a
23.65.6a
27.25.1ª
0.1422.4a
70.523.6a
6.1
5.3
5.8
5.4
18.4
Clone A damaged
3.11 b
4.11 a
25.1 b
29.0 b
0.17 a
67.74.5b
Clone B healthy
2.097.1a
3.955.6a
24.23.4a
28.35.1a
0.1717.7a
68.314.6a
Clone B damaged
3.223.4b
4.646.1a
25.63.1b
29.94.7b
0.2020.3 a
66.684.8b
Means per clone, followed by the same letter per column, do not differ by the t test at 5% probability. Values in
superscript represent the coefficient of variation

Table 3
Wood calorific value (WCV), charcoal calorific value (CCV), gravimetric yield (GY),
fixed carbon (FC), volatile matter (VM), ash content (A) and apparent relative density (ARD) of wood and
charcoal from Eucalyptus grandis × Eucalyptus urophylla (clone A) and five healthy Eucalyptus saligna
(clone B) trees damaged by defoliating insects
WCV
CCV
GY
FC
VM
A
ARD
(Mj Kg-1)
(Mj Kg-1)
(%)
(%)
(%)
(%)
(Kg m-3)
Clone A healthy
19.63.2a
31.124.3a
32.524.9a
75.374.3a
24.024.9a 0.6220.2a
3134.6a
Clone A damaged
19.24.8a
32.025.3a
33.793.6b
77.665.4b
22.153.9 b 0.5222.3a
3026.3b
Clone B healthy
19.35.4a
31.854.9a
32.024.2a
76.074.9a
21.915.7 a 0.6618.9a
3055.3a
5.3
5.0
4.9
5.5
5.1
21.7
Clone B damaged
19.5 a
31.92 a
33.03 b
77.23 b
23.46 b 0.51 a
2954.4b
Means per clone, followed by the same letter per column, do not differ by the t test at 5% probability. Values in
superscript represent the coefficient of variation
Sample

The increase in the lignin and extractives contents in the wood damaged by Ceratocystis fimbriata
was also reported previously for Eucalyptus grandis and Eucalyptus urophylla.29,28 This shows that the
trees have similar defense strategies against damage by bacteria or insects and for direct damage to the
wood or leaves.
Changes in wood chemistry caused by the attack of defoliating insects affected the charcoal
production and the quality of the obtained product (Table 3). The attacked trees showed higher
carbonization gravimetric yield, the charcoal produced showed higher content of fixed carbon, and
lower volatile matter and apparent relative density. The damage incurred by defoliating insects
increased the gravimetric yield from 32.52 to 33.79% for clone "A" and from 32.02 to 33.03% for
clone "B”. In addition, the fixed carbon content increased in both clones, from 75.35 to 77.66% in
clone "A" and from 76.07 to 77.23% in clone "B". The changes in the fixed carbon content reduced the
volatile matter content, but did not affect the ash content. These changes show the impact of the attack
of defoliating insects on the chemical characteristics of the wood. Thus, the increase in the lignin
content as a response to their attack results in materials with higher resistance to thermal degradation,
increasing the gravimetric yield and the fixed carbon content.16,30 The increase in the wood extractives
may also have contributed to an increase in the gravimetric yield, as reported for eucalyptus and pine
species.17
The apparent relative density of the charcoal was lower in trees damaged by defoliating insects
(Table 3). The reduction of the wood’s basic density in trees affected by defoliating insects decreases
the apparent density of the charcoal31 and, consequently, the energy density32 and mechanical
resistance33 of the charcoal, making it difficult to use in the steel industry.
The calorific value and ash content of charcoal from both healthy trees and those damaged by
defoliating insects were similar, but these parameters were higher in charcoal than in wood (Table 3).
The calorific value ranged from 19.2 to 19.6 Mj kg-1 for wood and from 31.12 to 32.02 Mj kg-1 for the
charcoal, this increase occurred due to the degradation of the hemicelluloses and cellulose during the
carbonization. The high oxygen content of these compounds negatively influenced the energy release
during carbonization. The increased ash content with carbonization is due to the minerals, which are
not degraded at the carbonization temperature.34
The charcoal production per hectare from healthy trees was higher than when using trees damaged
by insects, reducing the wood volume production per hectare by 9.2 and 18.9% for clones A and B,
respectively (Table 4). Damage caused by defoliating insects reduced the wood basic density and
consequently the mass of wood produced per hectare. However, the higher lignin content in plants
with insect damage increased their gravimetric yield. Therefore, the charcoal production of clone A in
healthy stands and those attacked by defoliating insects was 36.81 and 33.13 tons per hectare,
respectively, and in stands of clone B the production was 45.55 and 36.20 tons, respectively. The
lower apparent density of charcoal reduces its mechanical resistance,31,33 and energy density.15
Therefore, changes in wood quality can negatively affect charcoal quality.

Table 4
Wood volume per hectare (WV), wood basic density (WBD), charcoal gravimetric yield (CGY) and charcoal
produced per hectare (CPH) from healthy and damaged trees by defoliating insects per clone
WV
WBD
CGY
CPH
(m3 ha-1)* (kg m-3)
(%)
(t)
Clone A healthy
239
473.6
32.52
36.81
Clone A damaged
217
451.8
33.79
33.13
Clone B healthy
307
463.4
32.02
45.55
Clone B damaged
249
440.2
33.03
36.20
Wood volume per hectare was provided by the producer based on the forest inventory
Sample

CONCLUSION
Damage caused by defoliating insects altered wood quality and, consequently, charcoal production.
The basic density of damaged trees resulted in lower biomass produced per hectare. The lignin and
extractives contents were higher, holocellulose was lower and wood ash was similar in both healthy
trees and those affected by defoliating insects. The chemical changes in the wood increased the
carbonization gravimetric yield and the fixed carbon, but reduced the volatile matter. The charcoal
production per hectare from trees damaged by insects was lower because of the decrease in the
volumetric production of the wood. The basic density reduction was compensated by the increase in
the gravimetric yield, thus, the wood quality did not affect the charcoal productivity per hectare.
However, the changes in charcoal quality may affect its use in steel production.
ACKNOWLEDGEMENTS: To the Brazilian agencies “Conselho Nacional de Desenvolvimento
Cientifico e Tecnológico (CNPq)”, “Coordenação de Aperfeiçoamento de Pessoal de Nível Superior
(CAPES-Finance Code 001)”, “Fundação de Amparo à Pesquisa do Estado de Minas Gerais
(FAPEMIG)” and “Programa Cooperativo sobre Proteção Florestal (PROTEF) do Instituto de
Pesquisas e Estudos Florestais (IPEF)”. David Michael Miller, a professional editor and proofreader,
has reviewed and edited this article for structure, grammar, punctuation, spelling, word choice, and
readability.
REFERENCES
1

IBÁ - Indústria Brasileira de Árvores, 122 (2020), https://iba.org/datafiles/publicacoes/relatorios/relatorioiba-2020.pdf
2
M. A. de Magalhães, A. de C. O. Carneiro, B. R. Vital, C. M. S. da Silva, M. M. de Souza et al., Rev. Árvore,
41 (2017), https://doi.org/10.1590/1806-90882017000300002
3
R. A. Villazón Montalván, M. de Medeiros Machado, R. M. Pacheco, T. M. P. Nogueira, C. R. S. de
Carvalho Pinto et al., Environ. Dev. Sustain., 21, 3093 (2019), https://doi.org/10.1007/s10668-018-0177-0
4
C. O. Souza, J. G. M. Silva, M. D. C. Arantes, G. B. Vidaurre, A. F. Dias Júnior et al., Environ. Dev.
Sustain., 22, 5153 (2020), https://doi.org/10.1007/s10668-019-00418-0
5
R. Zanetti, J. C. Zanuncio, J. C. Santos, W. L. P. Da Silva, G. T. Ribeiro et al., Forests, 5, 439 (2014),
https://doi.org/10.3390/f5030439
6
R. G. Mafia, E. B. Loureiro, J. B. Silva, J. A. C. Simões, T. G. Zarpelon et al., Neotrop. Entomol., 47, 326
(2018), https://doi.org/10.1007/s13744-017-0541-z
7
J. C. Zanuncio, A. P. Cruz, F. S. Ramalho, J. E. Serrão, C. F. Wilcken et al., Fla. Entomol., 101, 480 (2018),
https://doi.org/10.1653/024.101.0306
8
T. K. R. Dias, E. M. Pires, A. P. Souza, A. A. Tanaka, E. B. Monteiro et al., Braz. J. Biol., 78, 47 (2017),
https://doi.org/10.1590/1519-6984.03916
9
C. Valente, C. Afonso, C. I. Gonçalves, M. A. Alonso-Zarazaga, A. Reis et al., BioControl, 62, 457 (2017),
https://doi.org/10.1007/s10526-017-9809-9
10
J. G. F. Andrade, V. G. M. Sá, S. Lodi and B. S. Godoy, Rev. Árvore, 40, 885 (2016),
https://doi.org/10.1590/0100-67622016000500012
11
C. A. R. Matrangolo, R. V. O. Castro, T. M. C. D. Lucia, R. M. D. Lucia, A. F. N. Mendes et al., Pesqui.
Agropec. Bras., 45, 952 (2010), https://doi.org/10.1590/S0100-204X2010000900003
12
S. Mensah, T. Seifert and R. Glèlè Kakaï, Ann. For. Res., 59, 49 (2016),
https://doi.org/10.15287/afr.2016.458
13
S. Anttonen, R. Piispanen, J. Ovaska, P. Mutikainen, P. Saranpää et al., Can. J. For. Res., 32, 498 (2002),
https://doi.org/10.1139/x01-217

14

J. N. Axelson, A. Bast, R. Alfaro, D. J. Smith and H. Gärtner, Trees - Struct. Funct., 28, 1837 (2014),
https://doi.org/10.1007/s00468-014-1091-1
15
R. Simetti, G. M. Bonduelle and D. A. Da Silva, J. Trop. Forest Sci., 30, 175 (2018),
https://doi.org/10.26525/jtfs2018.30.2.175181
16
B. L. C. Pereira, A. C. O. Carneiro, A. M. M. L. Carvalho, J. L. Colodette, A. C. Oliveira et al., Bioresources,
8, 4574 (2013)
17
A. J. V. Zanuncio, A. G. Carvalho, P. F. Trugilho and T. C. Monteiro, Rev. Arvore, 38, (2014),
https://doi.org/10.1590/S0100-67622014000200018
18
Associação Brasileira de Normas Técnicas – ABNT, 6 (2003)
19
ASTM - American Society for Testing and Materials, 2021, https://doi.org/10.1520/D1105
20
B. J. Gomide and J. L. Demuner, O Papel, 47, 36 (1986)
21
O. Goldshimid, in “Lignins: Occurrence, Formation, Structure and Reactions”, New York, John Wiley &
Sons Inc., 1971, p. 241
22
Associação Brasileira de Normas Técnicas – ABNT, NBR-8112 (1983)
23
Associação Brasileira de Normas Técnicas – ABNT, NBR-8633 (1984)
24
Associação Brasileira de Normas Técnicas – ABNT, NBR-9165 (1985)
25
J. K. Githiomi and J. G. Kariuki, J. Trop. Forest Sci., 22, 281 (2010), https://www.jstor.org/stable/23616657
26
S. K. Sharma, S. R. Shukla, S. Shashikala and V. S. Poornima, J. For. Res., 26, 739 (2015),
https://doi.org/10.1007/s11676-015-0080-6
27
F. N. Oliveira, J. L. Colodette, F. P. Leite and F. J. B. Gomes, Tappi J., 15, 599 (2016),
https://doi.org/10.32964/TJ15.9.599
28
B. V. Fernandes, A. J. V. Zanuncio, E. L. Furtado and H. B. Andrade, BioResources, 9, 5473 (2014),
https://doi.org/10.13140/2.1.3142.4643
29
R. G. Mafia, M. A. Ferreira, E. A. V. Zauza, J. F. Silva, J. L. Colodette et al., For. Pathol., 43, 379 (2013),
https://doi.org/10.1111/efp.12041
30
L. Prasad, B. L. Salvi and V. Kumar, Clean Technol. Environ. Policy, 17, 1699 (2015),
https://doi.org/10.1007/s10098-014-0891-8
31
M. R. Assis, L. Brancheriau, A. Napoli and P. F. Trugilho, Wood Sci. Technol., 50, 519 (2016),
https://doi.org/10.1007/s00226-016-0812-6
32
M. F. V. Rocha, B. R. Vital, A. C. O. Carneiro, A. M. M. L. Carvalho, M. T. Cardoso et al., J. Trop. Forest
Sci., 28, 243 (2016)
33
R. De Abreu Neto, A. A. De Assis, A. W. Ballarin and P. R. G. Hein, Energ. Fuels, 32, 9659 (2018),
https://doi.org/10.1021/acs.energyfuels.8b02394
34
A. Dufourny, L. Van De Steene, G. Humbert, D. Guibal, L. Martin et al., J. Anal. Appl. Pyrol., 137, 1 (2019),
https://doi.org/10.1016/j.jaap.2018.10.013

