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ABSTRACT

Background: The use of X-rays non-destructive technique in color scale in 2D and 3D needs further 
studies to understand variations in the apparent density of wood stored under natural conditions. The 
objective of this study was to evaluate, by digital X-ray images and to test the rainbow scale in digital 
X-ray images in 2D and 3D, the apparent density of eucalyptus wood after storage in the field during 
365 days. Trees of two diametric classes were randomly distributed at three heights in a pile in direct 
contact with the soil. The apparent density of the wood and its diametric profiles in the radial direction 
were determined using digital X-ray images in gray scale, and converted to a rainbow scale and the 
density variations plotted on a 3D surface. 

Results: The wood density decreased as the storage period increased. The density of the samples 
at 0 days of storage evaluated with the 3D images was homogeneous, while an intense attack by 
xylophagous organisms due to the exposure to the environmental conditions was observed in those 
collected at 365 days of storage. 

Conclusion: The rainbow scale color from X-ray images facilitated to visualize and to interpret the 
variation of apparent density distribution of the wood.

Keywords: Forest biomass; Storage, X-ray densitometry.

HIGHLIGHTS

The apparent density of Eucalyptus wood, assessed by X-ray densitometry, decreased as the storage 
period increased.
The greatest drop in density occurred in the smaller diameter logs located at the bottom of the pile.
The greater color variability of the rainbow scale facilitated to visualize and to interpret the variation 
in the apparent wood density.
Fungal attack during the period of air drying increased the variability of wood density within the same sample.
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INTRODUCTION

Brazil has 9.94 million hectares of planted forests, 
with 7.6 million hectares belonging to the genus Eucalyptus, 
with an average productivity of 32.7 m³/ha/year (Ibá, 
2023). This wood is used for energy generation and pulp 
production, in both cases, the wood needs to be stored 
in the field (Zanuncio et al., 2017; Silva et al., 2023).Post-
harvest log management requires planning, especially in 
storage, part of the pre-treatment of biomass to reduce 
transportation costs and improve its conversion into energy 
(Zanuncio et al., 2017; Giesel et al., 2020). 

The average wood storage time practiced by 
forestry companies of 60 days does not result in significant 
losses in wood density. However, the storage period must 
be sufficient to reduce the moisture content without 
loss of dry wood mass, which can result in an increase in 
storage time (Kuptz et al., 2020). In this way, wood that 
requires longer storage periods can undergo changes 
that reduce its quality and increase energy losses due to 
factors such as biodeterioration by xylophagous organisms 
and weathering, for example, which can result in a loss of 
density (Medeiros et al., 2020; Nandika et al., 2020).

Density is one of the most important indices 
in the evaluation of the wood quality and it is easy to 
determine and correlates with other properties, such 
as dimensional stability (Pelit et al., 2018), water flow 
(Zanuncio et al., 2022), carbon fixation (Gao et al., 
2018), and climate change (Gao et al., 2018). The use of 
more precise methods such as X-ray densitometry to 
determine this parameter has increased because they are 
non-destructive, fast, dispensing reagents and solvents 
and allowing to precisely obtaining the apparent density 
of the wood radial profile (Jacquin et al., 2017). Variations 
in the growth of trees with different fertilization and 
silvicultural practices, in addition to carbon fixation were 
also evaluated with 2D digital X-ray images (Mannes et 
al., 2007; Keunecke et al., 2012; Cherubini et al., 2013; 
Castro et al., 2020). 

Therefore, based on the hypothesis that X-ray 
densitometry technique is capable of determining 
wood density quickly, accurately, and non-destructively, 

the objective of this study was to assess, through 
digital images, the apparent density of wood after field 
storage for 365 days, and to test the use of rainbow 
scale in 2D and 3D X-ray digital images for evaluating 
this parameter of a hybrid of Eucalyptus urophylla × 
Eucalyptus grandis.

MATERIAL AND METHODS

Source of the material

Trees of the commercial clone AEC 1528 (Eucalyptus 
urophylla × Eucalyptus grandis hybrid), seven years old, 
were selected with a minimum diameter at breast height 
(DBH) of 6 cm and harvested in a plantation in the 
municipality of Viçosa, Minas Gerais, Brazil (20º 47 ‘56, 80” 
S and 42º 49 ‘58.60” O).

Data acquisition

The wood biomass quality was evaluated at different 
storage periods with one-meter long logs with bark and 
stacked outdoors. These logs were divided into two 
diametric classes (DC) of DCI (DBH ≤ 11 cm and minimum 
of 6 cm) and DCII (DBH ≥ 11.1 cm, with a maximum of 14 
cm), and randomly distributed at three heights (upper, 
intermediate and lower) in a seven-meter-long pile (Figure 
1) in direct contact with the ground and oriented in the East-
West direction to maximize exposure to solar radiation. 

Three logs per diametric class were randomly 
selected at harvest to obtain data at time 0 (zero day of log 
collection). X-ray every 60 days, except the last one at 120 
days after the previous one, totaling 365 days of evaluation 
from October 10, 2018 to October 10, 2019. The selection 
of logs, for sampling, disregarded those along a meter 
on each side of the pile, to avoid possible border effects. 
Climate data from the Automatic Station of Viçosa (MG), 
located at the Federal University of Viçosa (UFV) (20° 45’ 
45.385” S and 42° 51’ 50.447” W), were collected during the 
experiment period (Figure 2).

Figure 1: Scheme with the dimensions of the pile of eucalyptus wood logs with those marked with red disregarded in 
the sampling.
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Five logs, by diametric class and height/position in the 
pile (upper, intermediate and bottom), were removed every 
60 days to evaluate their wood properties. The logs collected 
in the upper and bottom positions were those in full sun and 
in direct contact with the ground, respectively. Each log was 
divided into four equidistant positions along the longitudinal 
axis, with positions A and D corresponding to the ends, and B 
and C to the central positions, from which three disks with a 
thickness of about 4 cm were removed for analysis (Figure 3).

The discs were cut into diametric sections, from 
which 2 mm thick samples were taken radially, and placed in 
a climatized environment (20 ºC and 60% relative humidity) 
to determine the apparent density of the wood by X-ray 
digital images (Gaitan-Alvarez et al., 2019; Castro et al., 2020). 
There is a relationship between x-ray reflectance and wood 
density, allowing the use of x-ray images as a non-destructive 
method of wood evaluation. Wood density varies in the pith-
bark direction, being lower in the central region, to capture 
this heterogeneity, it is necessary cross the center of the disc 
in the evaluation in the X-ray digital images evaluation. 

Thus, the apparent density and the diametric 
profiles was evaluated in the radial direction of the wood, 
were determined in these digital images, in gray scale 
and in those generated by the X-ray equipment (Faxitron 
model LX 60 – 26 Kv and exposure time of 19 seconds) and 
ImageJ software and the data transferred to spreadsheet 
(Castro et al., 2020; Curvo et al., 2024). The gray images 

were converted to a rainbow scale with Adobe Photoshop 
software and the density variations plotted on a 3D surface 
with the aid of the ImageJ software. The surface of the 
wood was plotted in 3D with narrow lines, parallel to each 
other and perpendicular to the length of the samples to 
better visualize the variation of the apparent density of the 
wood throughout the sampling period.

The experiment was in a factorial scheme (6 x 3 x 2) 
with the collection time (0, 60, 120, 180, 240 and 365 days), 
position of the log in the pile (upper, intermediate and 
bottom) and diametric class (6-11 cm and 11-14 cm) with 36 
treatments and three replications. The data were submitted 
to the normality test (Shapiro-Wilk) and their non-normality 
found. For this reason, the medians were compared using 
the Kruskal-Wallis test at 5% significance with the Action 
Stat software, version 3.7.

RESULTS AND DISCUSSION

The medians of the apparent density of the wood, 
obtained by X-ray densitometry at the beginning of the 
experiment (day zero), ranged from 0.513 to 0.500 g.cm-3 (Figure 
4) the diameter of the logs did not influence the density values. 
The apparent density values of the E. urophylla × E. grandis 
hybrid logs were similar to those found in other studies, 
0.420 to 0.600 g.cm-3 for species of the genus Eucalyptus 
(Tomazello et al., 2008; Knapic et al., 2014; Chambi-Legoas 
et al., 2023). 

*The uppercase letters analyzed the differences 
between days, and the lowercase letters analyzed the 
differences between the diameter classes (DC) of the logs 
associated with their positions in the pile, each storage 
period. Values ​​followed by the same letter (upper or lower 
case) per bar do not differ from each other using the 
Kruskal-Wallis test at 5% probability.

The apparent density of the wood decreased as the 
storage period increase with a reduction of 11.3% and 6.2%, 
16.2% and 8.8% and 16.2% and 4.6%, at the end of the 365 
days, for the logs of smaller and larger diametric classes, 
removed from the upper, intermediate and bottom regions 
of the pile, respectively (Figure 4). The apparent density 
medians of the eucalyptus samples, with smaller and larger 
diameter classes, obtained with the X-ray densitometry 
method after 12 months of storage, were 0.455, 0.430 and 

Figure 2: Precipitation and maximum and minimum 
temperature data during the execution period of the 
experiment.

Figure 3: Sectioning position to removing the discs in the longitudinal direction of the logs to assess their density.
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0.430 g.cm-3 and 0.469, 0.456 and 0.477 g.cm-3 in the upper, 
middle and bottom regions of the storage pile, respectively 
(Figure 5). At the end of storage period (365 days), the bulk 
density of samples of smaller and larger diameter classes 
decreased in the radial direction. 

The decrease in the apparent density over the 
storage period is associated with variations in this parameter 
in the radial direction due to the deterioration of wood after 

60 days of exposure in the field to xylophagous organisms, 
such as decaying fungi and termites in high humidity 
conditions, accelerating the deterioration process (Santini Jr 
et al., 2019). The losses in the apparent density of the wood 
in the lower position for the smallest diameter class and in 
the intermediate one for the largest class can be explained 
by the fact that the wood exposed to the environment, leads 
to the cellulose depolymerization and losses of hemicellulose 
content and lignin. This is due to oxygen and moisture in ideal 
values for the deterioration and the effect of ultraviolet light 
inducing photochemical reactions in the wood. The storage 
period must be sufficient to reduce the moisture content in 
the biomass without losing characteristics influencing other 
properties (Avila et al., 2016; Chang et al., 2020). 

The attack by fungi of the white and soft rot in the 
woods of smaller diameters was in the radial direction (Figure 
5) and in the sapwood and heartwood in those of larger 
diameters. White and black spots (Figures 5a, 5b, 5c and 5d), 
visible to the naked eye in the woods of the two diametric 
classes were more accentuated in those in the lower region 
of the pile with direct contact with the soil. The presence of 
dark lines in the wood throughout the storage period, besides 
particulate material released from the larger diameter logs 
when rubbed was observed. This is associated to damage by 
fungi of white and soft rot, in the smaller diameter woods in 
the radial direction and in the sapwood and heart-peripheral 
regions in those of larger diameter. 

These xylophagous organisms degraded the cell 
wall constituents, lignin and carbohydrates, reducing the 
wood density, as reported for those of Eucalyptus grandis 
× Eucalyptus urophylla, Tipuana tipu and Fagus sylvatica 
(Hervé et al., 2014; Santini Jr et al., 2019; Cantera et al., 2022). 
This makes the wood more permeable and hygroscopic, 
affecting its anatomical and mechanical properties and 
leaving it more susceptible to rupture by simple traction 
(Brazolin et al., 2014; Dahali et al., 2021). The dark (black) 
lines in the wood are called zone lines, composed of 
melanin, characteristics of spalted wood and are formed by 
two or more white rot fungi species (Morris et al., 2021). 

Figure 4: Apparent density of wood (g.cm-3) by X-ray 
densitometry of eucalyptus logs by diameter class, where 
DCI = DAP ≤ 11 cm and a minimum of 6 cm and DCII = 
DAP ≥ 11.1 cm, with a maximum of 14 cm), position in the 
pile (U = Upper, IT = intermediate and B = Lower) and 
storage period (0, 60, 120, 180, 240 and 365 days). 

Figure 5: Eucalyptus woods at 365 days of storage with signs of white (5a, 5b, 5c and 5d) and soft (5d), spalted wood 
(5a, 5b, 5c and 5d), and apparent defibrillation (5e and 5f).
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Trametes versicolor, mainly, develops such zone lines when 
detecting in the wood the presence of another fungus of 
equivalent strength (Bari et al., 2019). Soft rot fungi develop 
in conditions of high humidity and deteriorate the wood 
more slowly than the white and brown ones (Karunasekera et 
al., 2017), the latter extensively deteriorate polysaccharides 
and leaving regions with lignin residues (Singh, 2012). 

The apparent density values in the wood pith 
region, of the two diameter classes, at the beginning of the 
experiment (day zero) were high, followed by a decrease 
and an increase trend in the pith-bark direction. In addition, 
characteristic signs of growth bands, such as distinct fibrous 
zones indicated in the gray scale by lighter regions (high 
density) and in the rainbow (colored) by reddish tones were 
observed (Figure 6).

The higher apparent density in the region near the 
wood pith of the two diametric classes is associated to the 
presence of reserve substances (starch crystals) in the cells 
of their axial parenchyma (Castro et al., 2020). The increase 
in the apparent density in the pith-bark direction agrees 

with what reported for juvenile woods of Eucalyptus sp. 
(Arantes et al., 2016; Castro et al., 2017; Castro et al., 2020) 
and it is associated to variations caused by alternations in 
diameter and frequency of vessel elements and fiber strips 
with thicker walls. Growth bands, such as fibrous zones 
indicated in the gray-scale X-ray images for the lighter 
regions and in the rainbow (colored) scale for the red ones, 
indicate greater X-ray attenuation and, therefore, higher 
apparent density (Castro et al., 2017). 

The color palette of the rainbow scale facilitates the 
interpretation and identification of regions with different 
densities along the radial wood profile, ranging from blue 
(lower density) to red (higher density) (Medeiros et al., 
2020). The differentiation of wood density by colors on the 
rainbow scale allowed a greater contrast than that of the 
gray one, indicating that this methodology is appropriate to 
determining this parameter. Lighter regions (gray scale) or 
reddish tones (rainbow scale) indicate layers of fibers with 
a thick cell wall and small number of vessels with smaller 
diameters (Zanuncio et al., 2018). This makes possible to 

Figure 6: Profile of the apparent density of Eucalyptus samples with lower (a) and higher (b) diametric class on day 0 
of storage.
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demarcate and measure, by X-ray irradiation, the width of 
the growth rings from digital images of the wood of the trees 
(Castro et al., 2017). The results of the methodology using 
X-ray images with different shades were also satisfactory 
in the evaluation of quality, physiology and internal seed 
morphology (Trujillo et al., 2019; Medeiros et al., 2020). 

The density variation, in the densitometric 
profiles of the samples in the two diameter classes at 
different heights and at 365 days of storage (Figure 7), 
was smaller in the logs of the upper position with lower 

blue and dark tones (black) in the images of the scale 
rainbow and gray, respectively. The density variability, 
in the samples of the bottom position, was greater 
with more accentuated alternation between peaks and 
valleys, in addition to the greater presence of the shades 
of blue and black in the images of the rainbow and gray 
scale, respectively, in the heartwood and sapwood. The 
apparent density in the pith-shell direction tended to 
increase in the samples of the upper and intermediate 
position in the two diametric classes.

Figure 7: Profile of the apparent density at 365 days of storage in the wood of Eucalyptus samples with a lower diameter 
class in the upper (7a), intermediate (7c) and bottom (7e) regions, respectively, and a higher diameter class in the upper 
(7b), intermediate (7d) and bottom (7f) regions, respectively.



7

Barbosa et al.

CERNE (2024) 30: e-103367

The lower apparent density in the samples from the 
lower position in the two diameter classes after 365 days of 
storage may be due to the attack by fungi. This increases 
the permeability and, consequently, the hygroscopic 
capacity of the wood due to the anatomical and chemical 
changes of the cell wall components, with destruction of 
the membranes and reduction of the mechanical properties 
in the wood and, consequently, defibrillation (Pinheiro et al., 
2020). The better conditions for deterioration by bacteria, 
fungi and insects, responsible for part of the wood mass 
reduction, explains the presence of holes and the reduction 
in the thickness of the secondary cell wall, besides the 
deterioration of the parenchyma and middle lamella in the 
advanced stages of attack by xylophagous organisms as in 
the samples from the lower position at 365 days of storage 
(Bari et al., 2019). In addition, the amount of sapwood in 
the smaller diameter woods is higher and, consequently, 
more permeable. This leaves this region more vulnerable 
to colonization by fungi with a significant loss of wood 
mass in the medium/long term (Leonhardt et al., 2019), and 
consequently decreasing the apparent density of the wood.

 The direct contact of the wood with the soil is 
another factor that may have contributed to the lower 
apparent density in the samples from the bottom position. 
The soil loses moisture more slowly than the wood and 
the microbiota in the wood is richer in decomposing 
microorganisms that may have acted more in the material 
in contact with the soil, thus accelerating the density 
reduction. Furthermore, the decrease in the apparent 
density due to the deterioration of wood by xylophagous 
organisms becomes more significant under conditions of 
direct contact with water through precipitation or direct 
contact with the soil (Brischke and Alfredsen, 2020). 

The apparent density of the wood from the plot of 
its surface in 3D was heterogeneous throughout the sample 
(Figure 8). The number of peaks and valleys in the same 
line is directly related to variations in the wood density in 
the region sampled. The distribution of peaks and valleys 
throughout the wood, in the samples of the control wood 
in the first day of storage, was greater in the 3D images. 
The apparent wood density at 0 days of storage was more 
homogeneous along the samples than in those collected 
at 365, the latter with intense attack by xylophagous 
organisms and exposure to environmental conditions. The 
3D plotting of the density surface by colors and lines on the 
rainbow scale was better than with gray scale to assess the 
apparent density of eucalyptus wood.

The heterogeneity of the apparent wood density, 
from the plot of its surface in 3D, influence its technological 
properties, with the deterioration of the cell wall and 
consequent reduction of this parameter throughout the 
storage period (Ringman et al., 2019). The increase in the 
distribution of peaks and valleys in the same line throughout 
the sample indicates greater variability in the wood density 
along its length, which may cause problems for its use 
due to the effect of this parameter on some of its other 
properties, such as anatomy, chemistry and mechanics. 
The color variation, with blue and red lines, indicates lower 
and higher density, respectively, and that the 3D plot of 
the surface improved the visualization and interpretation 
of the apparent wood density variation over the sample 

using digital X-ray images. The greater homogeneity of the 
peak valley distribution along the entire wood in the images 
with plotting the surface in 3D of the wood samples in the 
control (first day of storage) than in those at 365 days, 
especially in samples in the lower region of the pile storage, 
is due to the greater exposure of wood to xylophagous 
organisms (Nurmi, 1995). 

The three-dimensional structure of the internal 
region of the materials studied and the increased speed 
of data analysis confirm satisfactory results, with the use 
of the 3D scale to study the density of the wood and its 
growth rings (Van der Bulcke et al., 2014), and the seed 
integrity (Medeiros et al., 2020). The use of X-ray images, 
in gray scale or with color gradient in 2D and 3D, are 
non-destructive and important methods as an additional 
methodology to the traditional laboratory technological 
characterization (Rousseau et al., 2015; Abud et al., 2018). 
The proposed method provides a quick, easy to interpret 
and reliable solution to assess the apparent density, by 
X-rays, of Eucalyptus wood from digital images.

Figure 8: Samples at 0 (T0) and 365 (T12) days of storage of 
wood with smaller (DCI) and larger (DCII) diameter classes 
with the rainbow (8a and 8d) and gray (8b and 8e) scale 
and plotting the 3D density variation surface (8c and 8f).
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CONCLUSIONS

The apparent density of eucalyptus wood, assessed by 
X-ray densitometry, decreased as the storage period increased. 
After 60 days of exposure, there may be a significant loss of 
density along the radial direction, with the position in the pile, 
the diameter of the log and climatic conditions influencing the 
speed of wood deterioration. The decrease in the apparent 
density over the storage period is associated with variations in 
this parameter in the radial direction due to the deterioration 
of wood after 60 days of exposure in the field to xylophagous 
organisms, such as decaying fungi and termites in high humidity 
conditions, accelerating the deterioration process The greatest 
drop in density occurred in the smaller diameter logs located at 
the bottom of the pile due the direct contact with the ground. 
The greater color variability of the rainbow scale facilitated to 
visualize and to interpret the variation in the apparent wood 
density. This methodology, associated with the plotting of the 
wood surface in 3D, improved the visualization of the apparent 
density variation of this material by the arrangement of lines in 
3D scale. Fungal attack during the period of air-drying increased 
the variability of wood density within the same sample. In this 
way, the X-ray densitometry technique used in monitoring 
the density of wood stored for 365 days allowed for the 
identification of the minimum storage time for significant loss of 
wood density. This information can be useful for companies that 
need to store wood for a longer period than usual.
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