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Abstract. Mining is an essential economic activity in Brazil, but it causes several negative impacts,
including deforestation. Vegetation suppression is a common activity in mining areas, and it generates large
volumes of discharged logs from excavation activity. In most cases, these logs are stacked and stored in
open-air yards, as a result, the material is exposed to conditions that favor the degradation process. To min-
imize these impacts, the goal of this research was to anatomically characterize and determine some of the
physical properties of wood species that are species wasted in open mining areas and to evaluate their
potential uses. Due to the lack of anatomical information of the species studied, the objective of Part 1 of
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this study was to characterize the anatomical features of tropical species stored in bauxite mining areas
located in the Amazon rainforest. Wood samples were identified and collected in Paragominas (Par�a),
Brazil, during five different exposure periods (0, 1, 4, 6, and 8 yr of exposure). The species identified and
studied were Jacaranda copaia, Astronium lecointei, Caryocar villosum, and Protium altissimum. Three
logs were collected from each species and each year of exposure, totaling 54 specimens used for the ana-
tomical analysis of the microstructure of the species studied. Anatomical structures were characterized, and
degradation signs were also observed in some species, where Jacaranda copaia, a lower-density species,
showed higher levels of degradation.

Keywords: Wood anatomy, wood characterization, Amazon forest, tropical species.

INTRODUCTION

The state of Par�a is in northern Brazil and is tra-
versed by the lower Amazon River where the
main economic activities include wood products,
mining, and agriculture (Kuresk et al 2020). In
the mid-70 s, governmental incentives were given
by the government, and many industries were
encouraged to populate the Amazon region,
which attracted new industries such as mining,
wood industries, and agricultural companies to
the region (Mahar 1988).

According to Parrotta and Knowles (2002), it is
estimated an annual loss of 2000-3000 ha of tropi-
cal forest in Brazil due to opencast mining for
bauxite, cassiterite, iron, manganese, and kaolin
has resulted.

Vegetation suppression is one of the several nega-
tive impacts the mining activities, resulting in a
significant amount of waste of natural resources
(Ripley and Redmann 1996; Dudka and Adriano
1997). Large volumes of natural resources and
old-growth forests are extracted and moved dur-
ing mining activities. As the demand for minerals
continues to rise, a significant impact on the eco-
system and biodiversity present in the forest will
continue (Silva et al 2012).

A portion of the extracted volume is the wood
coming from the vegetation suppression area.
This material, once removed from the ground, is
stored in open-air storage yards in the project’s
areas until its destination. However, when the
wood is left for a long time and the right condi-
tions are given to biotic agents, the deterioration
process starts to occur, mainly driven by fungi
(Sgai 2000; Arantes and Milagres 2009).

In Eastern Amazon, more specifically in the state
Par�a, open-pit mining operations of iron ore and
bauxite are a common activity, resulting in a large
waste of natural products that are left behind in
open areas, under conditions that will facilitate
the degradation of wood, and used for the mate-
rial that is wasted should be evaluated, and a need
has emerged to understand the material and iden-
tify potential uses for these resources.

Species found in mining areas have commercial
relevance and if the condition of the material is
well understood, these resources will be able to
be used.

One of the main knowledge areas needed to better
use wood as a material is the understanding of
anatomical structure. These types of studies are
important to understand the role environmental
factors play in the anatomical and physical prop-
erties of the wood material (Burger and Richter
1991; Gomes et al 2002).

In addition, anatomical observations can be used
to identify signs of successive stages of decay in
wood over time. Since a number of fungi cause
modifications in the wood cells, the analysis of
anatomical structure can end-users decide if the
material can be still used even after long-term
exposure to degradation conditions (Wilcox 1968,
1970; Zabel and Morell 2020). Anagnost (1998)
cites that boreholes, the shape of erosion chan-
nels, and cavities are some features that can be
used to decay in wood, which can limit the uses
of the material.

Soares et al (2013) state that basic knowledge of
anatomical features of wood species native to the
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Amazon rainforest is crucial for this material to
be properly explored. One of the key factors for
the inadequate use of Amazonian species is the
lack of misidentification of commercialized spe-
cies, which compromises the final use of this raw
material.

Because the wood products industry is an eco-
nomic activity in the Amazon and limited infor-
mation on the species presented in this study, the
objective of this study was to evaluate the proper-
ties of four tropical wood species exposed in dif-
ferent periods in a bauxite-mined site located in
Paragominas (Par�a), Brazil. Part 1 of this research
focused on the anatomical identification and char-
acterization of these species, which provides a
better understanding of the degradation stage of
these species.

MATERIALS AND METHODS

Samples Preparation

Logs analyzed in this study were collected from
open-air storage yards and originated from plant
suppression for bauxite exploration in the munici-
pality of Paragominas, Par�a, Brazil. The sup-
pressed woods were stored in accordance with the
Plant Suppression Authorization and distributed
in the areas of the Miltônia III plateau (Fig 1).

The climate in this locality is classified as Aw,
and the average temperature is 26.5�C. The
months from June to November represent the dri-
est season, with a minimum precipitation of
17mm and a maximum of 62mm, with RH
between 62% and 81%, while between December
and May, precipitations between 119 and 380mm
are registered, with RH reaching up to 89%.

The area of this study was located in the munici-
pality of Paragominas (southeast of Par�a), where
bauxite extraction is practiced, by the strip mining
method, open-pit mining in strips longitudinal,
which consists of removing the first layer of soil
(considered sterile material), followed by excava-
tion to remove the ore. At the end of this process,
the sterile material remains in the mining area, in
a place adjacent to the excavation (Pimentel
2009; Cerqueira et al 2021).

Four species were selected: Jacaranda copaia
(Aubl.) D.Don, Astronium lecointei Ducke, Car-
yocar villosum (Aubl.) Pers., and Protium altissi-
mum (Aubl.). These species were chosen because
they were the most frequent species found in the
area studied (Fig 2). Because of the similarity of
species, a series of identification steps were con-
ducted in the field and at the laboratory. In the
field, the identification of species was carried out
based on dendrological features followed by mac-
roscopic identification of logs in the laboratory.
Once species were confirmed, disks from the ends
of species were removed.

From each species, three replicates (logs) of dif-
ferent piles were collected from five storage peri-
ods: 8, 6, 4, 2, and ,1 yr – considered year 0.
Because of the advanced stage of deterioration of
Jacaranda copaia, it was not possible to collect
samples for years 6 and 8. Then a total of nine
disks were collected for Jacaranda copaia, and
15 disks were collected for Astronium lecointei,
Caryocar villosum, and Protium altissimum, total-
ing 54 samples.

The material was then moved to the laboratory
and cleaned using a brush to remove any debris
from the field. Another set of wood identification
tests was conducted to ensure that the species col-
lected were correctly identified. The disks were
oven-dried at 60�C for 48 h to reduce MC. From
each disc collected, three specimens were
removed from the heartwood portion, with an
approximate size of 2 cm 3 2 cm 3 2 cm (trans-
verse 3 tangential 3 radial). The overall sum-
mary of species and anatomical features analyzed
in this study is shown in Table 1.

Anatomical Characterization

Macroscopic features. Once the species were
confirmed three specimens were removed from
the heartwood portion of each disc collected, with
an approximate size of 2 cm 3 2 cm 3 2 cm
(transverse 3 tangential 3 radial). The macro-
scopic characterization was performed using a
sharp disposable blade, in which the anatomical
planes were flattened for better visualization of
the anatomical structures, and a 103 magnifying

244 WOOD AND FIBER SCIENCE, DECEMBER 2023, V. 55(3)



Figure 1. Location of mining area. (a) Geographical location of mining. (b) Distribution map of logs storage in of the Miltônia
III plateau.
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glass was used. The organoleptic properties such
as smell and taste were not taken into account
because it is material from storage, which in turn
has gradually lost these characteristics according
to the storage time.

Coradin and Mu~niz (1992) procedures were fol-
lowed for the macroscopic characterization tradi-
tional method for tropical timber classification. In
addition, photomacrographs were taken at the
Laboratory of Plant Taxonomy of the Museu

Figure 2. Anatomical elements of Jacaranda copaia from microscopic analysis. The arrows on the pictures indicate the fol-
lowing: (a-d) Wood with 4 yr of storage, (e-h) with 2 yr of storage, and (i-m) with a period of less than 1 yr of storage. Scale
bars: (a, e, and i) 200mm; (b, f, j, g, and l) 100mm; (h) 30mm; and (d and m) 10mm.
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Paraense Em�ılio Goeldi (LABTAX-MPEG) using
an optical Stereomicroscope – Zeiss, model: Dis-
covery was used. V8 coupled to an AxioCam ICc
5 camera, with a photographic resolution of
24523 2056 and Zen 2.3 lite software. Validation
of wood identification was also performed at
Museu Paraense Em�ılio Goeldi Zeiss, Oberko-
chen, Germany.

Microscopic feature – macerate and histolog-
ical sections. To obtain the macerated material,

longitudinal fragments were removed from each
specimen and inserted into penicillin flasks with
8mL of the macerating solution, using the Frank-
lin method (1945), a solution consisting of glacial
acetic acid and hydrogen peroxide in the propor-
tion of 1:1, and kept in an oven at 60�C for 24 h
until the material was completely bleached. Then,
the macerating solution was removed, and later
the dissociated material was washed in distilled
water four times, using the decantation process.

The material was then stained with 1% aqueous
safranin and preserved in distilled water. To
observe the dissociated cellular elements, an aver-
age of 40 temporary slides were made of each
sample by mixing a small amount of the macer-
ated material in drops of glycerin.

For the histological sections, the specimens were
submerged in distilled water for 24-72 h for soft-
ening and trimming, and the most resistant mate-
rial was boiled in 1:4 water and glycerin solution
for 7-10 h. Using a Reich slide microtome, histo-
logical sections were obtained in the three ana-
tomical planes with thicknesses varying from 18
to 25mm. These were divided into two groups,
one of them was submitted for clarification and
coloring and the other was kept in the wild for
the observation of possible mineral inclusions.

For tissue staining, the Johansen (1940) technique
was used.

Part of the material preserved in its natural state
went through the dehydration process in a pro-
gressive ethanol series (60%, 70%, 80%, 90%,
and absolute alcohol) lasting 60min each ethanol
series and then stored in a container with silica
gel and subjected to scanning electron microscopy
(SEM) and energy dispersion X-ray spectroscopy
(EDS), at the Microanalysis Laboratory of the
Geology Institute of the Federal University of
Par�a.

Measurement of anatomical elements. A
digital analysis system in Motic Image plus 3.0
Software with MOTIC BA310-E microscope was
used for the measurements, and a total of 50 repli-
cates per parameter was collected. All anatomical
characterization, measurement techniques, and ter-
minology followed the IAWA Committee (1989)
procedures. All images were analyzed using Motic
Image plus 3.0 Software, Motic Asia, Kowloon,
Hong Kong.

Energy dispersive spectroscopy. If the pres-
ence of crystals was noted during the microscopic
analysis, EDS analyses were performed to deter-
mine the chemical components present in the
samples. EDS analyses were performed at the
Microanalysis Laboratory of the Geosciences
Institute at the Federal University of Para. The
equipment used was a Zeiss SEM model LEO-
1430 with EDS IXRF model Sirius-SD coupled.
The operating conditions were electron beam cur-
rent 5 90 mA, constant acceleration voltage 5
20 kV, working distance 5 15mm, and counting
time for element analysis5 30 s.

Table 1. Overall information of each species and anatomical features studied.

Scientific name Common name Vessel Rays Fibers

Jacaranda copaia (Aubl.) D. Don Par�apar�a Frequency (mm22) Length (mm) Length (mm)
Astronium lecointei Ducke Muiracatiara Vessel grouping (%) Width (mm) Wall thickness (mm)
Caryocar villosum (Aubl.) Pers. Piqui�a Vessel arrangement Height (cell counts) Lumen thickness (mm)
Protium altissimum (Aubl.) Breu Barrote Length (mm) Width (cell counts) —

Width (mm) Frequency (mm21) —
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Statistical Analysis

Descriptive analysis was performed using mean,
standard deviation, and coefficient of variation.
The parameters were analyzed following a
completely randomized design. Statistical analy-
sis was performed using the AgroEstat, Barbosa
and Maldonado (2015), and IBM SPSS programs,
Chicago, IL, USA.

To verify the assumptions for the application of
the analysis of variance, the data were submitted
to the Levene homogeneity of variances and
Kolmogorov-Smirnov normality tests, while the
independence of the residuals was performed by
means of graphical analysis. When the assump-
tions were not met, the Box-Cox transformation
was applied to the data, and these transformed
data were used to perform the statistical analysis.
However, to facilitate the understanding of the
results, they were presented with untransformed
data.

To analyze whether there was a significant differ-
ence between species and storage exposure, an F
test was performed, and when differences were
observed, the Tukey test was performed at 5% of
significance. To analyze the trend in the behavior
of anatomical variables as a function of storage
time, adjustments were made to linear and qua-
dratic polynomial regression models for each spe-
cies. These models were chosen because of their
wide adaptation to describe biological phenomena.

The selection of the most adequate model to
explain the behavior of each parameter evaluated
was carried out using the following criteria: 1)
significance of the regression model using the F
test, 2) coefficient of determination, and 3) resid-
ual standard deviation.

RESULTS AND DISCUSSION

General Overview of Each Species

Jacaranda copaia belongs to the Bignoniaceae
family, and it is a widely occurring species in the
states that make up the Amazon biome, located in
the northern region of Brazil (Farias-Singer
2020). It can reach up to 35m in height and 0.7m

in diameter. The wood has commercial relevance
and is often obtained from sustainable forest man-
agement projects in the region. In addition, it is
often used in the recovery of areas degraded by
agriculture in the Central Amazon and promotes a
positive response to the chemical attributes of the
soil (Santos and Miller 1997; Barbosa et al 2003;
Machado et al 2017; Ferreira et al 2021).

Protium altissimum, Burseraceae family, is com-
monly found in all states of the northern region of
Brazil being considered a hyperdominant species,
and it is the second most abundant species in the
Amazon. The trees can reach up to 30m in height,
with wood of great economic value, and can also
be used as medicine and food (Gomes et al 2019;
Piva et al 2020; Ferreira et al 2021; Spletozer et al
2023).

Caryocar villosum from the Caryocaraceae fam-
ily, is known in the Amazon as Piqui�a. Trees
from this species are distributed in the central and
eastern Amazon and are considered giants of
nature, reaching more than 40m in height and up
to 2m in diameter. It is very durable over time
and commonly used in the manufacturing of boats
in the Amazon region because of its good resis-
tance to attack by xylophagous organisms. Piqui�a
is considered highly resistant in field trials in the
Cerrado biome and resistant to hemiparasites in
urban afforestation in the Amazon (Braga J�unior
et al 2020; Braga et al 2021; Silveira et al 2021;
Albuês et al 2023; Prance and Pirani 2023).

Astronium lecointei belongs to the Anacardiaceae
family, and trees of this species occur frequently
in the northern states of Brazil. Trees can reach
an average of 25m in height and can have dia-
meters of up to 0.6m. It is considered a highly
resistant species in field trials in the Amazon
biome, with a lifespan of 27 yr, and the wood has
high density (0.94 g cm23) and easy workability
(Silveira et al 2021; Silva-Luz et al 2023).

Anatomical Features

A summary of the anatomical features of Jaca-
randa copaia is presented in Table 2. Figure 2
shows the general macroscopic view of samples in
each year of exposure. The data for Jacaranda
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copaia were collected only in years 0, 2, and 4 due
to the advanced stage of deterioration. Figure 3
shows the anatomical features in macerate analysis
and microscopic views of Jacaranda copaia.

In samples with 4 yr of exposure, cracks in the
fiber lumen (Fig 3[a]) and in the vessel elements
were observed. Fibers with end split were present
(Fig 3[b]-[d]). Distinct growth layers were

individualized by darker transverse fibrous zones
(Fig 1[e]). Pores/vessels were visible to the naked
eye, diffuse, with an arrangement tending to the
diagonal, with an average length of 466mm and
an average width of 230mm, with 73% solitary,
23% multiples of 2, 3% multiples of 3, and 1%
multiples of .4, with angular contour, simple
perforation plate (Fig 3[f]). Pits were occurring

Table 2. Anatomical characters of Jacaranda copaia in different storage time (yr).

Anatomical features

Years of exposure

Overall mean4 2 0

Fibers Length (mm) 1249.94 1211.28 988.30 1157.36
Wall thickness (mm) 2.72 2.62 2.27 2.55
Lumen thickness (mm) 20.68 22.48 19.05 20.81

Vessels Length (mm) 476.43 481.04 405.24 456.51
Diameter (mm) 213.09 256.26 221.44 230.67

Rays Height (mm) 328.60 305.47 364.44 331.37
Width (mm) 32.70 34.17 33.40 33.42
Height (cell counts) 15.70 14.53 15.80 15.32
Width (cell counts) 2.03 2.46 2.34 2.27
Frequency (mm21) 4.39 4.58 5.06 4.66

Figure 3. Anatomical features observed in Jacaranda copaia. The arrows on the pictures indicate the following: (a) indicates
cracks in the lumen, (b-d) bifurcated fibers in macerated material, (e) growth layers, (f) simple perforation plate, (g) alternate
pits in vessels from scanning electron microscope, (h) scalariform pits, (i-l) nonseptate fibres, and (m) rays with square and/or
erect cells on the radial plan. Scale bars: (a, d, h, and L) 50mm; (b, c, f, j, and m) 100mm; and (e and i) 150mm.
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scalariform (Fig 3[g]) and alternating (Fig 3[h]).
Libriform fibers (Fig 3[i]) and nonseptate fibers
(Fig 3[j] and [l]), with a mean length of 1157.35mm.
Axial parenchyma visible to the naked eye, paratra-
cheal aliform with a linear extension being elongated
and narrow (also shown in Fig 3[e]), occasionally
occurs confluent with five to eight cells per strand of
parenchyma.

Rays visible to the naked eye in transverse and
tangential sections, not stratified, with an average
height of 331mm and an average width of 33mm,
consist of a body of procumbent cells mainly with
two to four rows of square and/or erect (Fig
3[m]). Marginal cells in macroscopic observation
mirroring of the spokes were considered con-
trasted in the radial section. Ray-vascular pits
with distinct borders, similar to intervessels in
size and shape, and mirrored rays in macroscopic
observation when contrasted in the radial section.

The anatomical characterization found in this
study is similar to the ones reported by Paula
(1977), Santos and Miller (1997), and Pace et al
(2015). Characteristics such as paratracheal ali-
form with linear extension, distinct growth layers,
and nonstratified rays were also observed by
Costa (2017), who used the impulse excitation
technique to classify Amazonian woods for string
instrument composition purposes. Also, the
results of this study were similar to that of Rodri-
gues (2023), who evaluated glued laminated
structural elements made with Jacaranda copaia
wood, and that of Cahuana et al (2021), who ana-
lyzed the dendrochronology of Jacaranda copaia
influenced by the El Ni~no phenomenon, which
occurs in Peru.

Figure 4 shows microscopic and macerate analy-
sis in Astronium lecointei, and Table 3 shows the
summary of the anatomical features. Distinct
growth layers were individualized by darker
transverse fibrous zones (Fig 5[a]). Pores/vessels
are visible only under a 103 magnification lens
and are diffused with an arrangement without a
defined pattern, sometimes tending to the diago-
nal, with an average length of 338mm and an
average width of 134mm, 60% solitary, 19% mul-
tiples of 2.10% multiples of 3 and 5% multiples

of 4 and 6% multiples of .4, sometimes
obstructed by shiny or whitish substance macro-
scopically and by tylosis microscopically
(Fig 5[b]) with simple perforation plate, circular
contour, under observation macroscopically; the
vascular lines were straight in the tangential sec-
tion, alternating intervessel pits, vascular ray pits
with very reduced borders to apparently simple.
Libriform and septate fibers (Fig 5[c] and [d]),
with an average length of 1139mm. Axial paren-
chyma was visible only under a 103 magnifica-
tion lens, scarce paratracheal, and a vasicentric
type in lesser quantity. The presence of crystals in
parenchyma cells was observed (Fig 5[e]). Rays
were visible to the naked eye in transverse and
tangential sections, nonstratified, with an average
height of 345mm and an average width of 23mm,
consisting of a procumbent cell body, mainly
with 2-4 rows of marginal cells, and the presence
of fused rays (Fig 5[b]), sometimes with the
content composed of carbon, was verified in
EDS analysis (shown previously in Fig 5[d]). In
macroscopic observation, the mirror of the rays
was considered contrasted in the radial section.
Prismatic crystals of calcium oxalate were
observed in square ray cells (Fig 5[f] and 5[g]).

Distinct growth layers, scanty parenchyma, and
prismatic crystals were observed by Gonçalves
and Scheel-Ybert (2016) and Duarte et al (2021),
and the presence of tylosis was observed by Melo
et al (2013).

For Caryocar villosum, the anatomical and mac-
erate analyses are shown in Fig 6 and the sum-
mary for the anatomical feature is shown in
Table 4. Different growth layers are individual-
ized either by a layer of fibrous tissue (Fig 7[a])
or by bands of parenchyma simulating marginal
parenchyma (Fig 7[g]). Pores/vessels were visible
only under a 103 magnification lens; diffuse,
radial arrangement, with an average length of
570mm and an average width of 215mm, 58%
solitary, 28% multiples of 2, 9% multiples of 3,
2% multiples of 4, and 2% multiples of .4,
obstructed by a shiny substance macroscopically
and by tylosis microscopically (Fig 7[b]), with a
simple perforation plate, circular contour. In mac-
roscopic observation, the vascular lines were

250 WOOD AND FIBER SCIENCE, DECEMBER 2023, V. 55(3)



Figure 4. Anatomical elements of Astronium lecointei. The arrows on the pictures indicate the following: (a-c) With 8 yr of
storage, (d-f) with 6 yr of storage, (g-i) with 4 yr of storage, (j-m) with 2 yr of storage, and (n-p) with a period of less than 1 yr
of storage. Scale bars: (a, d, e, g, j, and n) 200mm and (b, c, f, h, i, l, m, o, and p) 100mm.
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Table 3. Anatomical characters of Astronium lecointei in different storage time (yr).

Anatomical features

Years of exposure

Overall mean8 6 4 2 0

Fibers Length (mm) 1138.02 1169.55 1331.43 1225.66 833.50 1139.63
Wall thickness (mm) 4.14 4.87 5.18 5.02 3.45 4.53
Lumen thickness (mm) 8.38 6.90 6.36 7.46 4.42 6.70

Vessels Length (mm) 352.39 343.46 327.45 342.12 327.53 338.59
Diameter (mm) 131.73 131.52 138.39 152.76 117.36 134.35

Rays Height (mm) 324.01 362.09 363.84 342.71 334.81 345.52
Width (mm) 27.22 24.27 19.40 23.77 22.88 23.51
Height (cell counts) 15.33 16.14 15.57 16.75 17.31 16.22
Width (cell counts) 2.55 2.01 1.47 2.37 1.85 2.05
Frequency (mm21) 6.25 6.81 6.43 6.01 7.10 6.52

Figure 5. Anatomical features observed Astronium lecointei. The arrows on the pictures indicate the following: (a) growth
layers, (b) tylosis in vessels from macerate material, (c) libriform fibers, (d) fusiform ray and septate fiber, (e) prismatic crystals
in chambered parenchyma cells, (f) energy dispersion X-ray spectroscopy confirming the presence of calcium, and (g-i)
prismatic crystals in chambered ray cells.
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Figure 6. Anatomical elements observed in macerated material from Caryocar villosum. The arrows on the pictures indicate
the following: (a, c, e, f, and h) With 8 yr of storage and (b, d, g, i, and j) with a period of less than 1 yr of storage. Scale bars:
(a-p) 200mm.
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straight in section tangential, alternating interves-
sel pits and scalariform, horizontal ray vascular
pits (scalariforms, gash-like) (Fig 7[c]). Nonsep-
tate fibers were, with bifurcated fibers, with an
average length of 2309mm. Axial parenchyma
was visible only under a 103 magnification lens,
diffuse paratracheal, and occurred diffusely in the
aggregate; the presence of crystals in parenchyma
cells was observed (Fig 7[d] and [e]). Rays are
visible to the naked eye in the cross-section and
visible only under a 103 lens in the tangential
and nonstratified section, with an average height
of 674mm and an average width of 20mm, consti-
tuted by the body of the procumbent cells mainly
with 2-4 rows of marginal cells square and/or
upright (Fig 7[g]). In macroscopic observation,
the mirroring of the rays was considered con-
trasted in the radial section.

The growth layers demarcated by fibrous zones
and the presence of pores obstructed by tylose
were also observed by Lopes et al (2019), who
analyzed the potential of different wood species
used in the manufacturing of artisanal boats in the
state of Par�a. Braga J�unior et al (2020) also
observed the presence of crystals in parenchyma
cells in Caryocar villosum when assessing the
properties of wood used for the production of
boats.

Figure 8 shows the anatomical measurements of
Protium altissimum, and Table 5 shows the sum-
mary of the anatomical features. Different growth
layers are individualized either by a layer of

fibrous tissue (Fig 9[a]) or by bands of paren-
chyma simulating marginal parenchyma. Pores/
vessels were visible only under 103 magnifica-
tion, diffuse, radial arrangement, mean length
333mm and mean width 132mm, 76% solitary,
11% multiples of 2, 7% multiples of 3, 3% multi-
ples of 4, and 2% multiples of .4, with angular
contour, obstructed by substance with a shiny
appearance on macroscopic view and by tylosis
on microscopic view, with simple perforation
plate (Fig 9[b]), alternating intervessel pits, ray
pits vascular with distinct borders; similar to
intervessels in size and shape, in the radius of the
cell, in macroscopic observation. The vascular
lines were straight in the tangential section. Libri-
form and septate fibers (Fig 9[c]), with an average
length of 990mm. Axial parenchyma was visible
only under 103 magnification, scanty paratra-
cheal (also occurring unilateral type), with three
to four cells per strand of parenchyma. Rays are
visible to the naked eye in the cross section and
are visible only under a 103 lens in the tangential
and nonstratified sections, with a mean height of
266mm and a mean width of 20mm constituted
with the body of the procumbent cells with a row
of square marginal cells and/or upright in macro-
scopic observation; the mirroring of the rays was
considered contrasted in the radial section, with
the presence of radial channels in fusiform rays
(Fig 9[d]). Calcium oxalate crystals (Fig 9[e])
were observed in square and upright ray cells
(Fig 9[f]-[h]). Similar characteristics were observed

Table 4. Anatomical characters of Caryocar villosum in different storage time (yr).

Anatomical features

Years of exposure

Overall mean8 6 4 2 0

Fibers Length (mm) 2256.18 2146.81 2303.59 2485.98 2353.52 2309.22
Wall thickness (mm) 8.43 8.73 8.01 9.15 9.48 8.76
Lumen thickness (mm) 3.25 2.36 2.95 2.08 2.02 2.53

Vessels Length (mm) 566.01 512.16 592.76 572.48 606.62 570.01
Diameter (mm) 190.86 192.68 220.83 228.86 243.62 215.37

Rays Height (mm) 623.46 559.80 631.72 771.33 785.66 674.39
Width (mm) 18.22 26.97 18.15 21.04 18.92 20.66
Height (cell counts) 26.96 21.42 24.06 27.49 25.55 25.09
Width (cell counts) 1.79 1.70 1.68 1.55 1.61 1.67
Frequency (mm21) 10.91 11.17 11.35 10.72 9.96 10.82
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by Ferreira et al (2021) when studying wood from
the Peruvian Amazon forest.

All species presented libriform-type fibers, with a
tapered and pointed end, a common characteristic
in angiosperm woods (Burger and Richter 1991;
Gonçalves et al 2007), in Astronium lecointei
and Protium altissimum, fibers of the type cham-
bered. Metcalfe and Chalk (1983) reported that
these may have a substance storage function
(as well as parenchyma cells), which may suggest
compensation for the low amount of axial

parenchyma in these two species, presenting
themselves as scarce in Astronium lecointei and
the scarce and/or unilateral type in Protium altis-
simum (Table 6).

Occasionally, Jacaranda copaia and Caryocar
villosum present bifurcated fibers, these variations
are due to intrusive growth, and these may also
form intrusive cavities in these cells (Esau 1967;
Medeiros et al 2020), not being associated with
deterioration as function of the aging time
storage.

Figure 7. Anatomical features observed Caryocar villosum. The arrows on the pictures indicate the following: (a) growth
layers and parenchyma similar to marginal, (b) tylosis on vessels from tangential view, (c) horizontal pits horizontal (scalari-
form, gash-like), (d) bifurcated fibers, (e and f) the presence of prismatic crystals in chambered parenchyma cells, and (g) rays
with upright and square marginal cells. Scale bars: (a, e, f, and g) 150mm, (b) 100mm, and (c and d) 50mm.
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Figure 8. Anatomical elements of Protium altissimum. The arrows on the pictures indicate the following: (a-c) With 8 yr of
storage, (d-f) with 6 yr of storage, (g-i) with 4 yr of storage, (j-m) with 2 yr of storage, and (n-p) with a period of less than 1 yr
of storage. Scale bars: (a, d, g, j, and n) 200mm and (b, c, e, f, h, i, l, m, o, and p) 100mm.
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Table 5. Anatomical characters of Protium altissimum in different storage time (yr).

Anatomical features

Years of exposure

Overall mean8 6 4 2 0

Fibers Length (mm) 998.7 982.51 964.07 1022.67 986.15 990.82
Wall thickness (mm) 4 3.94 3.81 4.66 3.31 3.94
Lumen thickness (mm) 5.47 5.53 5.53 2.92 4.73 4.84

Vessels Length (mm) 367.51 317.28 326.78 305.65 349.08 333.26
Diameter (mm) 137.59 130.21 135.74 131.93 127.97 132.69

Rays Height (mm) 248.03 248.61 203.47 196.94 434.17 266.24
Width (mm) 20.12 19.06 16.37 18.53 30.14 20.84
Height (cell counts) 14.62 13.41 13.31 12.6 13.49 13.49
Width (cell counts) 1.83 1.55 1.56 1.62 1.65 1.64
Frequency (mm21) 7.26 7.79 7.79 7.45 8.51 7.76

Figure 9. Anatomical features observed Protium altissimum. The arrows on the pictures indicate the following: (a) growth
layers on cross-section view, (b) simple perforation plates in vessels, (c) libriform fibers, (d) fusiform ray, (e) energy dispersion
X-ray spectroscopy confirming the presence of crystals composed of calcium oxalate, and (f, g, h, and i) calcium oxalate
crystals in upright and square ray cells. Scale bars: (a and c) 150mm, (b, d, and g) 100mm, and (h and i) 50mm.
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Table 6. Polynomial regression equations for length, wall thickness, and lumen thickness of fibers in the analyzed species
as a function of storage time (yr).

Variable Species Equation R2 p

Length (mm) Protium altissimum y 5 999.02 – 5.95x 1 0.65x2 (NS) 0.06 0.804
Caryocar villosum y 5 2415.98 – 26.69x (NS) 0.46 0.229
Astronium lecointei y 5 869.761 186.94x – 19.91x2 (NS) 0.86 0.084
Jacaranda copaia y 5 943.231 88.15x (NS) 0.83 0.200

Wall thickness (mm) Protium altissimum y 5 3.591 0.26x – 0.03x2 (NS) 0.24 0.231
Caryocar villosum y 5 9.26 – 0.13x (NS) 0.48 0.188
Astronium lecointei y 5 3.561 0.786x – 0.096x2 (NS) 0.95 0.093
Jacaranda copaia y 5 2.251 0.13x (NS) 0.89 0.083

Lumen thickness (mm) Protium altissimum y 5 4.021 0.20x (**) 0.33 0.010
Caryocar villosum y 5 1.991 0.14x (NS) 0.62 0.258
Astronium lecointei y 5 5.231 0.37x (NS) 0.62 0.128
Jacaranda copaia y 5 17.691 4.04x – 0.82x2 (NS) 1.00 0.403

NS, not significant.
**Significant at 1% probability.
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Figure 10. Estimated values of fiber length (a), wall thickness (b), and lumen thickness (c) using polynomial regression equa-
tions as a function of storage time (yr), by species.
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Prismatic calcium oxalate crystals were observed
in axial parenchyma cells of Caryocar villosum,
in radial parenchyma cells of Protium altissimum,
and both in Astronium lecointei. The presence
of crystals is frequent in angiosperm wood and
can be used as a taxonomic criterion in plant spe-
cies, as well as in the analysis of difficulties

encountered in wood processing (Vasconcelos
et al 1995; Costa et al 2006). These mineral inclu-
sions were previously cited in the literature by
Nisgoski et al (2012) and Braga J�unior et al
(2020) for Caryocar villosum, by Albuquerque
(2012) for Astronium lecointei, and by Ishiguri
et al (2003) for Protium altissimum.

Figure 11. Jacaranda copaia. The arrows on the pictures indicate the following: (a) cracks in fibers on samples storage, (b)
signs of deterioration on tangential view, (c) fibers in the macerated material showing signs of deterioration by fungi, and (d-f)
the presence of hyphae in vessels from scanning electron microscopy images. Scale bars: (a) 150mm, (b) 100mm, and (c)
30mm.
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Caryocar villosum presented the highest fiber
length and wall thickness values, followed by
Astronium lecointei, Jacaranda copaia (in
length), and Protium altissimum. The highest

values for lumen thickness were observed in
Jacaranda copaia, followed by Astronium lecoin-
tei, Protium altissimum, and Caryocar villosum
(Fig 10). The thickness of the lumen is related to

Figure 12. Astronium lecointei. The arrows on the pictures indicate the following: (a) the presence of calcium oxalate crystals
in rays cells on samples stored for 4 yr, (b) confirmed by energy dispersion X-ray spectroscopy (EDS) analysis; (c) the presence
of the carbon content in fusiform ray, and (d) confirmed by EDS analysis.

Figure 13. Caryocar villosum. The arrows on the pictures indicate the following: (a) A cross-section view showing apotra-
cheal diffuse parenchyma in samples stored for 8 yr, (b) cracks and ruptures on fibers, and (c) discontinued cell wall in fibers.
Scale bars: (a) 150mm and (b and c) 30mm.
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the thickness of the fiber wall (Oliveira 2003;
Belini et al 2008). Thus, the higher the values in
the lumen thickness, the emptier spaces will be
found in the wood, indicating a lower density.

In general, the variations found in the anatomical
structures are influenced by the age of the vascu-
lar cambium (Tsoumis 1968), which may be
directly related to the age of the plant, as well as
the diameter of the logs that were collected.

Overall, samples of Jacaranda copaia presented
an advanced stage of deterioration compared
with the other species studied (Fig 11). Cracks in
the fiber lumen observed in Jacaranda copaia
only occurred in samples stored for 2 and 4 yr.
In the SEM analysis, the presence of hyphae
in samples was stored for 2 and ,1 yr. This char-
acteristic is indicative of fungal decay in samples.

The presence of cracks in the cell wall and ero-
sion of the lumen are associated with moderate
degrees of brown rot (Wilcox 1968; Blanchette
1991).

In Astronium lecointei, no signs of cracks in fibers
were observed in all stored times studied. How-
ever, the carbon content was noted in vessels of
samples with 8 yr of storage, and the presence of
calcium oxalate and carbon content was noted in
ray cells on samples exposed for 4 yr (Fig 12).

In Caryocar villosum, few disruptions in the
cell wall of fibers were observed in the samples
exposed for 8 yr, which can be an indication
of a fungal attack (Fig 13). No fractures were
observed in Protium altissimum; however, the
presence of crystals was noted during the micro-
scopic analysis, and EDS analyses were performed

Figure 14. Protium altissimum. The arrows in the pictures indicate the following: (a) obstructed vessels by the carbon content
in samples stored for 8 yr; and (b) confirmed by energy dispersion X-ray spectroscopy analysis were observed in samples stored
for 8 yr.

Table 7. Polynomial regression equations for length and diameter of vessel elements, of the analyzed species as a function
of storage time (yr).

Variable Species Equation R2 p

Length (mm) Protium altissimum y 5 345.94 – 19.96x 1 2.80x2 (*) 0.80 0.030
Caryocar villosum y 5 598.32 – 7.08x (NS) 0.38 0.131
Astronium lecointei y 5 328.381 2.55x (NS) 0.55 0.496
Jacaranda copaia y 5 405.171 58.06x – 10.06x2 (**) 1.00 ,0.001

Diameter (mm) Protium altissimum y 5 129.181 0.88x (NS) 0.49 0.433
Caryocar villosum y 5 243.71 – 7.081x (*) 0.94 0.011
Astronium lecointei y 5 123.871 9.36x – 1.12x2 (NS) 0.44 0.186
Jacaranda copaia y 5 221.441 36.91x – 9.75x2 (NS) 1.00 0.131

NS, not significant.
** Significant at 1% probability.
* Significant at 5% probability.
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and obstructed vessels with the presence of carbon
were observed in the samples stored for 8 and 2yr.
The carbon content was also present in rays in
samples exposed for 8 yr (Fig 14), which is not
common to occur and can also be considered a
sign of a fungal attack.

The anatomical variables were submitted to statis-
tical analysis, demonstrating that the polynomial
regression models were significant for the vessel
element parameter, in terms of length for Protium
altissimum and Jacaranda copaia and in terms
of diameter for Caryocar villosum (which also
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Figure 15. Estimated values of length (a) and diameter (b) of vessel elements using polynomial regression equations as a
function of storage time (yr), by species.

Table 8. Polynomial regression equations for length and width (mm and number of cells) and frequency per linear millime-
ter in rays, of the analyzed species as a function of storage time (yr).

Variable Species Equation R2 p

Height (mm) Protium altissimum y 5 403.50 – 89.16x 1 9.14x2 (**) 0.77 0007
Caryocar villosum y 5 781.58 – 26.80x (**) 0.73 ,0001
Astronium lecointei y 5 329.541 16.27x – 2.05x2 (NS) 0.79 0279
Jacaranda copaia y 5 363.87 – 49.55x 1 10.19x2 (NS) 1.00 0265

Width (mm) Protium altissimum y 5 29.06 – 5.29x 1 0.54x2 (NS) 0.89 0053
Caryocar villosum y 5 18.321 1.66x – 0.18x2 (NS) 0.17 0426
Astronium lecointei y 5 23.58 – 1.45x 1 0.24x2 (NS) 0.67 0079
Jacaranda copaia y 5 35.46 – 0.60x – 0.02x2 (NS) 1.00 0990

Height (number of cells) Protium altissimum y 5 13.39 – 0.36x 1 0.06x2 (NS) 0.89 0302
Caryocar villosum y 5 26.88 – 1.30x 1 0.14x2 (NS) 0.23 0161
Astronium lecointei y 5 17.13 – 0.23x (NS) 0.78 0426
Jacaranda copaia y 5 16.05 – 1.44x 1 0.34x2 (NS) 1.00 0282

Width (number of cells) Protium altissimum y 5 1.68 – 0.08x 1 0.01x2 (NS) 0.80 0304
Caryocar villosum y 5 1.571 0.03x (NS) 0.78 0157
Astronium lecointei y 5 2.05 – 0.16x 1 0.03x2 (NS) 0.36 0126
Jacaranda copaia y 5 2.50 – 0.10x (NS) 0.67 0251

Linear frequency (mm) Protium altissimum y 5 8.19 – 0.11x (NS) 0.52 0183
Caryocar villosum y 5 9.941 0.52x – 0.05x2 (NS) 0.98 0331
Astronium lecointei y 5 6.85 – 0.19x 1 0.02x2 (NS) 0.21 0713
Jacaranda copaia y 5 4.97 – 0.15x (NS) 0.96 0198

NS, not significant.
** Significant at 1% probability.
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presented the highest value in length), followed
by Jacaranda copaia, indicating that the storage
time has no effect on the dimensions of this cellu-
lar element in the other species.

The quantitative parameters of wood anatomy
may vary between individuals and even within
the individual, depending on the trunk’s height
and the position in which the samples were taken
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(Ishiguri et al 2003). Caryocar villosum and Jaca-
randa copaia presented vessel elements with a
diameter greater than 200mm, and Wheeler and
Baas (1991) mentioned that this is a frequent
value in tropical species.

Astronium lecointei, Caryocar villosum, and Pro-
tium altissimum occasionally presented tylosis in
the vessel elements. According to Zimmermann
(1978), tylosis can be related to protrusions of
parenchyma cells close to the vessel element that
penetrate the lumen of conducting vessels through
your scores.

Narrower vessels with thicker walls are generally
associated with high-density woods (Anselmo
2015); however, this was not observed in the pre-
sent study, since the four species studied were
considered of medium density (except for Jaca-
randa copaia – considered of low density), pre-
senting large vessel elements, with a diameter
greater than 100mm.

Table 7 shows the trends for vessel elements ana-
lyzed in the four species studied in different expo-
sure times, and values expressed graphically are
shown in Fig 15. In the fibers, the polynomial
regression analyses were considered significant in
terms of lumen thickness for Protium altissimum,
suggesting that the storage time did not affect the
length, width, and thickness of the lumen of the
other species studied.

In the rays, the polynomial regression analyses
were considered significant in terms of height
(mm) for Protium altissimum (Table 8) indicating
that there was no influence of storage time in the
ray in height and width (number of cells and mm)
and frequency per linear millimeter (Fig 16).

In the ascending order, wider rays were observed
in Jacaranda copaia, Protium altissimum, Astro-
nium lecointei, and Caryocar villosum, which is
associated with the storage function and lateral
translocation of solutes at short distances (Costa
et al 2006).

In general, wood species with more abundant
radial parenchyma (such as Jacaranda copaia)
tend to be more susceptible to fungal attack. Silva
and Aguiar (2001) analyzed the degradation of

the wood of Hura creptans by lignolytic fungi
belonging to the Hymenomycetes class and
observed that after the colonization of the vessel
elements, penetrating the wall through the pits,
the fungi quickly colonized the ray cells, resulting
in an advanced stage of degradation.

CONCLUSIONS

This study described the anatomical features of
four commonly used wood species (Jacaranda
copaia, Astronium lecointei, Caryocar villosum,
and Protium altissimum) from the Amazon forest
in Brazil and provided anatomical characteriza-
tion of wasted logs during mining activity on dif-
ferent time ranges. The results of this study
increase the knowledge base on anatomical fea-
tures of tropical species from the Amazon forest
and provide baseline information to identify
potential end uses for the logs that are left in open
storage in other mining areas, consequently
allowing for better utilization of natural resources
while minimizing economic and environmental
impacts.

It was possible to distinguish and characterize the
species based on anatomy, and the primary diag-
nostic features for the identification of species
were vessels, rays, parenchyma, and fibers. As
expected, anatomical features did not change over
time, but the changes observed in the wood anat-
omy enable us to identify the presence of the fun-
gal degradation process in the species studied.

Among all four species studied, Jacaranda
copaia showed advanced stages of fungal degra-
dation, presenting cracks in fibers on samples
exposed for 2 and 4 yr. In addition, the presence
of hyphae was observed in samples exposed for
less than 1 yr. In Astronium lecointei, no signs of
cracks were observed in all samples. However,
the carbon content was present in vessel elements
of samples exposed for 8 yr and was present in
ray cells in samples exposed for 4 yr. In Caryocar
villosum, few disruptions in fiber cells were found
on samples exposed for 8 yr, and the carbon con-
tent was also observed in Protium altissimum
exposed for 8 yr.
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