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Resumo

Influéncia da anatomia na resisténcia mecéanica das madeiras de um sistema agroflorestal. O objetivo do
trabalho foi avaliar a influéncia da anatomia na resisténcia mecanica de Parapiptadenia rigida (Benth.) Brenan,
Peltophorum dubium (Spreng.) Taub., Eucalyptus grandis x Eucalyptus urophylla e Schizolobium
parahyba (Vell.) Blake provenientes de um sistema agroflorestal. Para tanto, foram abatidas um total de 12
arvores com 9 anos de idade. Os corpos de prova para a avaliagdo das propriedades anatdmicas foram retirados
da regido do didmetro a altura do peito (DAP a 1,30 m do solo). Para a determinagdo das caracteristicas
mecénicas, os mesmos foram provenientes de pranchdes centrais retirados a partir do DAP das toras das arvores,
sendo produzidos corpos-de-prova com as dimensdes de 2,5 x 2,5 x 41,0 cm para a avaliacdo do mddulo de
elasticidade, médulo de ruptura, tensdo no limite proporcional e for¢ca maxima, e com as dimensdes de 5 x 5 x
15 cm para a dureza Janka transversal e longitudinal e compressdo normal. Quanto maiores os valores de fragdo
da parede das fibras, da frequéncia dos vasos e da frequéncia dos raios, mais elevadas foram as propriedades
mecanicas. Em contrapartida, com o aumento nas dimensdes da largura das fibras, do diametro do lume das
fibras, do didmetro dos vasos, da altura e da largura dos raios, menores séo os valores das propriedades
mecénicas da madeira.

Palavras-Chave: correlacdo de Person; elementos anatdmicos; propriedades mecanicas

Abstract

This study aimed to evaluate the influence of anatomy on the mechanical resistance of Parapiptadenia rigida
(Benth.) Brenan, Peltophorum dubium (Spreng.) Taub., Eucalyptus grandis x Eucalyptus urophylla, and
Schizolobium parahyba (Vell.) Blake from an agroforestry system. For this purpose, twelve 9-year-old trees
were felled. To evaluate the anatomical properties, the specimens were taken from the diameter region at breast
height (DBH at 1.30 m from the ground). To determine the mechanical characteristics, central planks from the
DBH of the tree logs were removed to produce test specimens with dimensions of 2.5 x 2.5 x 41.0 cm. The
modulus of elasticity, modulus of rupture, tension of the proportional limit, and maximum force were then
evaluated. Conversely, test specimens with dimensions of 5 x 5 x 15 cm for were used for the transversal and
longitudinal Janka hardness and perpendicular compression tests. The higher the cell wall fraction, vessel
frequency, and ray frequency values, the better the mechanical properties. Conversely, with the increase in the
fiber diameter, lumen diameter, vessel diameter, height, and width of rays, the values of the mechanical
properties of wood are lower.

Keywords: Pearson’s correlation; anatomical elements; mechanical properties

INTRODUCTION

The forests of Brazil contain hundreds of different tree species that are used for various purposes. When
the technological characteristics of wood are unknown, it can present a serious problem regarding its rational use
and, consequently, the expansion of forestry activity (ELOY et al., 2021).

Currently, there is a growing interest in the implementation of agroforestry systems (SAFs) as efforts for
its diffusion in Brazil are considerable. SAFs are systems that involve the introduction of forestry components
interacting with agricultural components. They have been developed with specific characteristics regarding the
species used, temporal and spatial arrangement of the components, and purpose and functionality of the system
(SCHWERZ et al., 2018). Therefore, these systems are generally implanted with both native and exotic species
that have good technological characteristics to serve as a source of quality raw material for various purposes such
as Eucalyptus, Parapiptadenia, Peltophorum, and Schizolobium (BANDERA et al., 2021).

With the aim of correct wood usage, it is extremely important to know its physical, mechanical, and
anatomical characteristics as these allow the determination of its technological properties. The study of wood
anatomy generates information that contributes to the characterization and identification of woody plant species,
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in addition to providing subsidies for studies of their properties, reflections of their growth, behavior in use, and
wood quality (BATTIPAGLIA et al., 2014). Anatomical elements such as vessels, fibers, and radial and axial
parenchyma cells make wood a porous material, thereby characterizing it as a complex structure for the passage
of liquid and gaseous fluids (MONTEIRO et al., 2017).

The variations that occur in the anatomical parameters of wood change the dimensions and frequency of
the cells, thus directly affecting its physical and mechanical properties (COSTA et al., 2017). Mechanical strength
can be determined from static bending, compression, and hardness tests, in which the mechanical parameters of
the material reflect the existing relationship between the response or deformation when subjected to a stimulus or
force (KOL et al., 2017).

Within this context, knowledge of species for agroforestry use must consider the quality characteristics
of the wood and attributes to meet production and growth requirements. Thus, the present study aimed to evaluate
the influence of anatomy on the mechanical resistance of wood from four species in an agroforestry system.

MATERIAL AND METHODS

Experimental location and sampling

The wood of the four forest species, Parapiptadenia rigida (Benth.) Brenan (Angico-vermelho),
Peltophorum dubium (Spreng.) Taub. (Canafistula), Eucalyptus grandis x Eucalyptus urophylla (Eucalyptus
hybrid), and Schizolobium parahyba (Vell.) Blake (Guapuruv(), were obtained from an SAF with a plant spacing
of 12.0 x 1.5 m (12.0 m between rows and 1.5 m between plants in a row) located in the municipality of Frederico
Westphalen, Rio Grande do Sul (27°22” S, 53°25” W; 480 m altitude).

According to the Képpen classification (1931), the predominant climate in the region is Cfa, characterized
as subhumid subtemperate, with an average annual temperature of 18.8 °C and average temperature of the coldest
month of 13.3 °C (ALVARES et al., 2013).

Three 9-year-old trees per species were sampled, in which the average diameter of each individual was
considered (Table 1). To determine the anatomical characteristics, the specimens were taken from the region of
diameter at breast height (DBH) 1.30 m from the ground. For the mechanical properties, a 2 m long log was
removed from the DBH of each individual. Subsequently, central planks were produced for the preparation of test
specimens.

Table 1. Average diameter at breast height (DBH) and average height (H) of the trees of the four forest species
from an agroforestry system

Tabela 1. Didmetro a altura do peito (DBH) e altura (H) média das arvores das quatro espécies florestais de um
sistema agroflorestal

Species DBH (m) H (m)
Parapiptadenia rigida 0.17 18.01
Peltophorum dubium 0.16 19.33
Eucalyptus grandis x
Eucalyptus urophylla 0.34 26.99

Schizolobium parahyba 0.25 21.04

Wood anatomy

For the anatomical analysis, three samples per tree with dimensions of 1.5 x 1.5 x 2.0 cm were randomly
taken and oriented to obtain the transverse, radial longitudinal, and tangential longitudinal anatomical planes,
resulting in 36 samples.

Microtomy was performed according to the IAWA Technical Standard (1989). For histological
evaluation, the samples were softened by boiling in water and then tested and cut using a sliding microtome to a
thickness of 18 um. Once the histological cut of the materials was completed, double staining with astra blue and
safranin was used. Subsequently, the samples were dehydrated in an alcoholic series (30%, 50%, 70%, 90%, and
100%), and permanent slides were mounted using a glue (Entellan).

Maceration was performed according to the recommendations of Franklin (1945), in which the sticks
were macerated in a boiling acid solution for 45 min. To stain the woody cell paste, safranin, an alcoholic series
(50% and 100%), and the aforementioned mounting medium for permanent slides were applied in succession.

For each anatomical parameter, 75 measurements were performed, with 25 readings for each of the three
samples taken from each individual, following the COPANT Technical Standard (1973). Based on the histological
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sections, the vessel diameter (VD), vessel frequency (VF), ray height (RH), ray width (RW), and ray frequency
(RF) were evaluated. Fiber length (FL), fiber diameter (FD), and lumen diameter (LD) were measured in the
macerated material. The following equation was used to calculate the cell wall thickness (CWT) of the fibers
(Equation 1):

CWT = (FD - LD)/2

(Eq. 1)

where

CWT = Cell wall thickness (um);

FD = Fiber diameter (um);

LD = Lume diameter (um).

The cell wall fraction (CWF) was calculated using the following equation (Equation 2):
CWF = (2 x CWT)/FD % 100
( ) (Eq. 2)

where

CWEF = Cell wall fraction (%);
CWT = Cell wall thickness (um);
FD = Fiber diameter (um).

Mechanical properties of wood

To evaluate the mechanical properties of wood from the forest species, static bending, Janka hardness,
and perpendicular compression tests were performed. For the static bending test, test specimens with dimensions
of 2.5 x 2.5 x 41.0 cm were produced to evaluate the modulus of elasticity (MOE), modulus of rupture (MOR),
tension of the proportional limit (TPL), and maximum force (MF). For the evaluation of transverse Janka hardness
(JHT), longitudinal Janka hardness (JHL), and perpendicular compression with modulus of elasticity (MOE), and
tension of the proportional limit (TPL), samples were produced with dimensions of 5 x 5 x 15 cm.

The samples were stored in a climate-controlled oven until they reached a moisture content of
approximately 14%. A universal testing machine (Model DL-2000, Emic) was used. The samples for determining
basic density were obtained from the DBH of the trees. All physical and mechanical properties were determined
using the ASTM D 143-94 (2000) technical standards.

Experimental design and data analysis

The experiment was performed using a completely randomized design. Statistical analysis was performed
on the data using the software “Statistical Analysis System” (SAS, 2003). Assumptions tests of ANOVA (F test),
Shapiro-Wilk for normality, and Bartlett for homoscedasticity of variances were performed, and the data was
verified to behave normally. For the significant variance analysis, multiple comparisons of means were performed
using Tukey's test. These analyses were performed to identify similarities and differences in wood properties
between species, which are fundamental for discussing the relationship between anatomical elements and
mechanical properties.

The functional relationship between the anatomical elements and mechanical properties of the wood was
evaluated using the Pearson's correlation test, using all the values of the analyzed variables. These relationships
allow us to evaluate whether variations in anatomical elements influence the mechanical properties of wood.

RESULTS

According to the variance analysis, the four forest species showed significant differences among
themselves in all anatomical parameters evaluated. When analyzing the mean test, Schizolobium parahyba resulted
in the highest FD (35.1 um), LD (27.6 pm), and VD (187.1 um) values as well as the largest ray dimensions both
in height (256.4 um) and width (38.2 um). Conversely, it has the lowest values for VF (1.8 vessels mm2), RF
(14.8 rays mm1), and CWF (21.6%) (Table 2).
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Table 2. Anatomical analysis of the trees of the four forest species from an agroforestry system
Tabela 2. Analise anatdmica das arvores das quatro espécies florestais de um sistema agroflorestal

. FL FD LD CWT CWF
Species
(um) (um) (Um) (um) (%)
Parapiptadenia rigida 872.61162 3 13.4%8¢ 576D 3.9%8p 57.857ab
Peltophorum dubium 690.21349 b 21.8%°Db 8.143b 6.82%a 64.0138 3
Bucalyptusgrandis < ggg 11075 12927¢  5920h  35%%h  55.2%5b
Eucalyptus urophylla
Schizolobium parahyba 882.11784 3 35.151a 27.6%°a 3.71b 21.65%%¢
. VD VF RH RW RF
Species 2 -2
(um) (vessel mm) (um) (um) (ray mm)
Parapiptadenia rigida 89.11B5¢ 6.6 b 132.9%4¢  19.3%%¢ 64.8%%a
Peltophorum dubium 123.9%1p 4.0%3¢ 189.5%9p  25.17%D 35.4%1¢
Eucalyptus grandis 86.635 ¢ 148222 168.9%8p 135%d  56.0%%b

Eucalyptus urophylla
Schizolobium parahyba 187.1%4a 1.8%%d 256.47%a  38.2%%a 14.8%%d

Where = FL = fiber length; FD = fiber diameter; LD = lume diameter; CWT = cell wall thickness; CWF = cell wall fraction; VD = vessel
diameter, VF = vessel frequency; RH = ray height; RW = ray width; RF = ray frequency. Numbers raised to the exponent represent the standard
deviation. The means followed by the same letter in the column compare the species and do not differ from each other, according to the Tukey
test at 5% probability of error.

The highest CWT (6.8 um) and CWF (64.0 %) values were verified for Peltophorum dubium, not different
from Parapiptadenia rigida. However, the lowest FL value (690.2 um) was observed for Peltophorum dubium
and that of VF (1.8 vessels mm2) for Schizolobium parahyba. Conversely, the hybrid Eucalyptus grandis x
Eucalyptus urophylla exhibited the highest VF (14.8 vessels mm2) and lowest RW (13.5 um) values and
demonstrated statistical similarities with Parapiptadenia rigida for all other anatomical characteristics of the fibers
(Table 3).

As for the results of the mechanical properties of the wood, the four forest species showed differences
among themselves for most of the evaluated properties (Table 3). The hybrid Eucalyptus grandis x Eucalyptus
urophylla showed the highest values of the mechanical properties MOR, MOE, TPL, and MF, and exhibited similar
MOR and MF values to Parapiptadenia rigida and MF value to Peltophorum dubium.

Table 3 - Wood mechanical properties of the four forest species from an agroforestry system
Tabela 3 — Propriedades mecénicas das quatro espécies florestais de um sistema agroflorestal

Perpendicular

Static bending Hardness -
compression
Species MOE TPL MOR MF JHT JHL MOE TPL
(MPa) (MPa)  (Mpa) (N) (MPa) (MPa) (MPa) (MPa)

Parapiptadenia  ¢1qqup 36839 853264 24307°a  814%1aB  1095%%aA  569.663%

rigida 15.4%83
Peltophorum  gq gs5a,  35151h 60.058b  2138%1a  42514bB 4754 cA  387.5% s
dubium 9.253h

Eucalyptus grandis
x Eucalyptus 103047%a 57.4%5a 89.3%%8a 2711%94 42.3*°bB  62.950bA 345.5536p
urophylla 8.6b

Schizolobium 5460 19335¢ 30957¢  9521%h  11.720¢B  18.945dA  157.7%6c .
parahyba 3.5%c

Where: MOE = module of elasticity; MOR = module of rupture; TPL = tension of the proportional limit; MF = maximum force; JHT =
transverse Janka hardness; JHL = longitudinal Janka hardness. The averages followed by the same lowercase letter in the column compare the
species and do not differ, according to the Tukey test at 5% probability of error. The means followed by the same capital letter on the line
compare the JHT and JHL and do not differ, according to the Tukey test at 5% probability of error.

Parapiptadenia rigida had the highest values of hardness JHT and JHL, and perpendicular compression
MOE and TPL. As Schizolobium parahyba presented the lowest CWF and VF values (Table 2), it also had the
lowest values for all mechanical properties of wood (Table 3).
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Table 4 lists the basic density values of the four forest species. Parapiptadenia rigida (0.652 g cm™)
showed the highest average, followed by Eucalyptus grandis x Eucalyptus urophylla (0.509 g cm=) and
Peltophorum dubium (0.488 g cm), and lastly by Schizolobium parahyba (0.277 g cm3).

Table 4. Basic density (pb) of the wood of the four forest species from an agroforestry system
Tabela 4. Massa especifica basica (p,) da madeira das quatro espécies florestais de um sistema agroflorestal

Species pb (g cm3)
Parapiptadenia rigida 0.65200% 3
Peltophorum dubium 0.488%%2
Eucalyptus grandis x 0.5090%
Eucalyptus urophylla
Schizolobium parahyba 0.277°%2 ¢

The evaluation of the correlation between anatomical and mechanical properties allows the verification
of the influence of one parameter over the other. Pearson's correlation analysis revealed that the anatomy of wood
influenced most of the mechanical properties of the studied species (Table 5). There was an exception between FL
and CWT, which showed no correlation.

Table 5 — Pearson's correlation between the wood anatomy and the mechanical properties of the species from an
agroforestry system

Tabela 5 — Correlagdes de Pearson entre a anatomia e as propriedades mecénicas da madeira de espécies de sistema
agroflorestal

Mechanical properties

Anqtomy Static bending Hardness Perpendlcglar

variable compression

MOE TPL MOR MF JHT JHL MOE TPL
FL -0.06™ 0.01™ 0.01™ -0.07™ 0.05™ 0.14" 0.07™ -0.03™
FD -0.70* -0.72*  -0.87* -0.84* -0.76* -0.78* -0.65* -0.71*
LD -0.70* -0.68* -0.85* -0.84* -0.75* -0.71* -0.67* -0.71*
Cwt 0.03m -0.05"™  0.01™  0.07™ -0.01™ -0.15™ 0.06™ 0.02"
Cwf 0.64* 0.59* 0.77* 0.77* 0.66*  0.59* 0.61* 0.64*
VD -0.64* -0.70*  -0.82* -0.79* -0.76* -0.76* -0.67* -0.70*
VF 0.80* 0.85*  0.72*  0.69* 0.29™ 0.38™ 0.22™ 0.22"
RH -0.48* -0.54*  -0.74* -0.71* -0.84*  -0.82* -0.73* -0.81*
RW -0.78* -0.80* -0.84* -0.85* -0.62*  -0.64* -0.50* -0.57*
RF 0.59* 0.66*  0.86* 0.81* 0.84*  0.84* 0.70*  0.80*

Where: MOE = module of elasticity; MOR = module of rupture; TPL: tension at the proportional limit; MF = maximum force; JHT = transverse
Janka hardness; JHL = longitudinal Janka hardness; FL = fiber length; FD = fiber diameter; LD = lume diameter; CWT = cell wall thickness;
CWEF = cell wall fraction; VD = vessel diameter, VF = vessel frequency; RH = ray height; RW = ray width; RF = ray frequency; * = Significant
Pearson’s correlation; ™ = Pearson's correlation not significant.

Pearson's correlation analysis showed an inversely proportional correlation between the FL, LD, VD, RH,
and RW variables and mechanical properties (Table 5). The mechanical properties that most correlated with the
anatomical properties were the MOR and MF. The anatomical properties that presented the highest correlation
with MOR and MF were FD (-0.87), LD (-0.85), RW (-0.84), and RF (0.86).
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DISCUSSION

The dimensions, frequency, and distribution of anatomical elements directly affect the physical and
mechanical properties of wood (FRANGCA et al., 2015). In addition, heterogeneity is an important feature because
heterogeneous materials are mandatory for a more accurate assessment of the influence of anatomical parameters
on the mechanical characteristics of wood (ZANUNCIO et al., 2016).

Anatomical analysis indicates values close to those found in the literature for Schizolobium parahyba.
being reported by Nisgoski et al. (2012) reported an average VD value of 202.20 um and FV value of 2.02 vessels
mm-2for a 15-year-old Schizolobium parahyba wood. This small variation is explained by Pillai et al. (2013), who
studied the genus Eucalyptus and reported that it is associated with the difference between genetic materials and
environmental conditions.

Fibers are very important characteristics to be evaluated because their dimensions directly influence the
machining of wood. Thus, long fibers are more resistant, allowing greater intertwining and favoring increased
resistance (BENITES et al., 2015). Notably, however, the resistance of wood is a function of not only the fiber
size but also the proportion of the chemical constituents of the cells (hemicellulose, cellulose, and lignin) as well
as the amount of extractives present in the fire (COSTA et al., 2017).

In addition to the FL, the study of the width also becomes relevant as fibers with greater widths have great
potential for collapse and ease of refining (PEDRAZZI et al., 2013). However, CWT is related to the flexibility of
the fibers, and thinner walls decrease the mechanical resistance of the material, which in turn increases the collapse
capacity; that is, they allow greater flexibility (NISGOSKI et al., 2012).

Thus, the highest CWF values of Parapiptadenia rigida and Peltophorum dubium are associated with the
basic density because they are directly proportional. It results in higher values of mechanical properties, making
the material more resistant (SETTE JR et al., 2012).

Furthermore, the study of the dimensional values of vessels is extremely important in wood as they
conduct liquids throughout the entire tree. Consequently, changes in these dimensions influence some properties
of the wood (SETTE JR et al., 2012). Thus, a high proportion of empty spaces occupied by vessels leads to lower
basic density (LIMA et al., 2014).

Therefore, products with high basic density values are suitable for use that require greater mechanical
resistance (FRANCA et al., 2015). The higher these values, the better the mechanical properties (VALENTE et
al., 2013). These authors also reported that basic density is inversely correlated with LD and FD, which
corroborates the results of this study.

The lowest values of Schizolobium parahyba for all evaluated mechanical properties are associated with
CWF, which is directly related to the aging of the vascular cambium. With the formation of new cells, the walls
of the oldest cells tended to become increasingly thicker until they stabilized when they reached the adult stage.
This behavior influences the basic density of wood and improves its physical and mechanical properties (TANABE
etal., 2016).

Another characteristic also associated with wood specific mass values is LD; the higher the LD values,
the greater the number of empty spaces in the wood, thereby decreasing the basic density and values of the
mechanical properties.

Schizolobium parahyba stood out in terms of compression values, showing the lowest values. According
to Verbist et al. (2020), denser wood has a higher compression value than those with lower basic density. In terms
of hardness, the longitudinal direction resulted in the highest values when compared to the transverse direction for
all analyzed species, which was due to the parallel or perpendicular orientation of the fibers (COSTA et al., 2017).

Pearson's correlation analysis showed an inversely proportional correlation between the FD, LD, VD, RH,
and RW variables and the mechanical properties. Thus, it is recommended to evaluate anatomical variables,
considering that they are strongly correlated with the mechanical properties of the wood, for best wood usage of
the studied species.

CONCLUSIONS

e Anatomical variables, with the exception of fiber length and cell wall thickness, correlated with the
mechanical properties of the wood and influenced their values.

e The greater the cell wall fraction, vessel frequency, and ray frequency, the greater the mechanical
resistance of the wood.

e The greater the fiber diameter, lumen diameter, vessel diameter, ray height, and ray width, the lower the
mechanical resistance of the wood.
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