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ABSTRACT

Studying the radial variation of wood density, an essential biophysical property that reflects the quality of
commercial species in tropical forests, is crucial. Understanding how these variations relate to wood anatomy
provides valuable insights. In this study, we evaluated fiber morphology and radial density variation using
X-ray densitometry in two commercial species from southeastern Peru. Ten trees from each species, Dry-
petes sp. and Myroxylon balsamum (Peru balsam), were analyzed. Fiber characteristics were assessed using
macerated tissue, and density profiles were obtained via X-ray densitometry. The results indicate that in Dry-
petes sp., density decreases from the pith to the bark, whereas Myroxylon balsamum shows no significant
radial variation. These findings are important for the efficient use and processing of these species.

Keywords: Fiber morphology, radial variation, tropical species, wood anatomy, wood density, X-ray
densitometry.
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INTRODUCTION

Tropical forests are home to high biodiversity (Edwards et al. 2019), where, for example, trees have
different growth strategies at the longitudinal and radial levels, growing faster to reach the light (light-
demanding species) or growing slow (shade-tolerant species) (Nock et al. 2009), where, in addition, the growth
of these trees are influenced by the local climate and/or global anomalies such as the El Nifio phenomenon, Sea
Surface Temperature Mar, among others (Aragdo et al. 2022, Lopez et al. 2022) and these factors will influence
the wood density.

Wood density is a biophysical property that is specified as the ratio of the mass of wood divided by the
volume of wood (Panshin and De Zeeuw 1980). Wood density in tropical forests varies significantly, ranging
from very low to extremely high value, e.g., balsa tree (Ochroma pyramidale (Cav. ex Lam.) Urb.) (0,18 g.cm
?) (Bhekti et al. 2017), to wood with very high densities, e.g., yellow lapacho (Handroanthus serratifolius
(Vahl) S.0.Grose) (0,90 g.cm™) (Andrade et al. 2019) is related to the anatomy of the wood, and the mechani-
cal properties, the capacity and storage of water, vulnerability to cavitation, the successional state of the trees,
etc. (Lehnebach et al. 2019, Woodcock and Shier 2002). This biophysical property can vary between species,
within the same species and even within a tree, in tropical forests they vary longitudinally (along the stem) and/
or radially (pith-bark) (Panshin and De Zeeuw 1980, Valente et al. 2013). Wood density is directly related to
the wood quality and therefore its important in industrial sector (Lobao et al. 2012, Woodcock and Shier 2002).

Yet, the anatomy of the wood will directly influence the density of the wood, such as the thickness of the
fiber wall, the size of the lumen, inclusions in the vessels, the diameter of the vessels, etc. (Arni¢ et al. 2022,
Tomazello et al. 2008). One of the ways to evaluate the radial variation of wood density at high resolution and
interannual sensitivity is with X-ray densitometry (Gaitan et al. 2019, Pagotto et al. 2017). Various studies with
tropical trees using X-ray densitometry showed radial variations in density explained through the anatomy of
the wood (Chavesta et al. 2020, Lobao et al. 2012, Portal et al. 2019).

In this study, we evaluated the fiber morphology and radial density variation of two commercial species
from the department of Madre de Dios in southeastern Peru using X-ray densitometry. The study aimed to
addess the following questions: . a) What is the radial variation in fibers morphology for the species studied?
b) What is the radial variation in wood density for the species studied? ¢) Can the radial variation in wood
density be explained by the fiber morphology of the species studied?

MATERIALS AND METHODS
Study area

The wood samples of the species Drypetes sp. and peru balsam (Myroxylon balsamum (L.) Harms) come
from a tropical humid forest in eastern Peru, specifically within the Amazon region of the Madre de Dios de-
partment “MDD” (Figure 1). MDD is considered the biodiversity capital of Peru and is considered a global
biodiversity hotspot (Myers et al. 2000, Asner et al. 2012). Specifically, samples were taken in the province
of Tahuamanu in the concession Corporacion Forestal Tres Fronteras S. R. L. “CORFOREST S.R.L.”. This
location geographically situated at a latitude of -11°31°63”’ S and a longitude of -69°62°38”” W, with an altitude
of 332 m.a.s.l. The MDD climate is characterized by having an average annual rainfall of 2000 mm and an
average annual temperature of 25 °C with a dry season from June to August (Portal ef al. 2021, Sanchez-
Cuervo et al. 2020).
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Figure 1: Location of the study area within the tropical humid forest of Madre de Dios and the distribution
of the trees studied.

Fiber morphology analysis and X-ray densitometry

We selected two species of commercially used trees: Drypetes sp. and peru balsam (Myroxylon balsamum
(L.) Harms). Wood samples were collected in August 2020 using a simple random design. We selected trees
with diameters at breast height (DBH) > 41 cm. from cutting plot No. 19 of CORFOREST S.R.L. In this
plot, we found 18 trees of Drypetes sp. and 36 inventory-worthy tres of peru balsam (Myroxylon balsamum
(L.) Harms) in the year 2020. We recorded forestry variables such as tree height and DBH, assessed the
phytosanitary status of the trees, and documented their geographic coordinates.

Ten tres of each species were felled, and we colected their terminal branches, which were later herborized.
The species were verified at the MOL herbarium of the Universidad Nacional Agraria La Molina.

The logs obtained from the two species were taken to the wood processing plant, where one slice per tree
was cut at the end of the log (Granato et al. 2019), with a thickness of 5-6 cm per the diameter (Figure 2), the
slices were dried in the environment. Subsequently, two sub-samples were obtained from each slice in the pinth
to bark direction and they were transported to the Wood Anatomy and Identification Laboratory “LAIM” at
the University of Sdo Paulo/Luiz de Queiroz Higher School of Agriculture USP/ESALQ for the corresponding
analyses.

Fiber morphology

The analysis of fiber morphology in the two studied species was conducted using macerated tissue to
understand variations in the radial density profile of the species. To achive this, wooden cubes were obtained
from there radial positions: 30 % (near the pith), 60 % (in the middle) and 90 % (near the bark). Small wood
splinters, similar in size and shape to matchsticks, were obtaind from from the cubes.

These splinters were then placed in test tubes containing a macerating solution composed of 120 vol. hy-

drogen peroxide and acetic acid in in a 1:1 ratio. The containers were covered with aluminum foil and placed
K}
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in an oven at 60 °C for 24 hours to dissociations the xylem cells. After this period, they were washed four times
with water to remové any residues of the macerating solution. Subsequently, the fibers were mounted on slides,
dehydrated, stained with safranin, and covered with glycerin using semi-permanent type sheets (Johansen
1940, Sass 1951).

Finally, we captured photographic records of the fibers using an Axio Scope A1-Zeiss optical microscope
with 10X and 40X magnifications. These images were used to measure fiber diameter, lumen size, length, and
determine fiber wall thickness by subtracting the lumen diameter between two fibers (Figure 2). Fiber measure-
ments were conducted using Image Pro Plus software (Portal ef al. 2019).

X-ray densitometry

To obtain the radial apparent density profile of the wood in both species, 2 cm-wide 2 cm-thick test
specimens were extracted from two sub-samples per tree inthe bark-pith direction. Clarifying that wood’s
apparent density includes empty spaces, such as pores, when measuring its mass per total volume. Conversely,
basic density focuses solely on the mass of the solid part of the wood, excluding pores, making it useful for
evaluating its quality and strength. The samples were attached to a wooden support and were cut transversally,
with the help of a double circular saw, approximately 1,2 to 1,8 mm thick. Subsequently, the samples were
placed in a climate chamber (Memmert) at 20 °C and 60 % relative humidity until the wood samples reached
a stable humidity of 12 %. Then, in the X-Ray Faxitron equipment, model MX20-DC12, the samples and the
cellulose acetate calibration wedge were scanned with X-rays in the irradiation chamber (Quintilhan et al.
2021). The scanned images of the wood cross sections and the calibration wedge were saved in “.tif”” format at
a resolution of 513 ppi. Using the RStudio software, they were analyzed using the xRing package (Campelo et
al. 2019), after calibrating the images with the acetate wedge, the apparent density profiles of the wood of the
two species were extracted with a resolution of 0,025 mm.

Statistical analysis
Microdensitometry data were analyzed using RStudio software and the xRing package (Campelo et al.

2019). This allowed us to determine the microdensity values of the wood for both forest species, with a range
of 0,0017 mm. Fiber analysis was also conducted using the statistical software RStudio (R Core Team 2019).

Slice of wood where the
subsamples will be obtained

Obtaining
the sample

4\v5~‘\fj/, /
=77\ U

Fiber morphology

Figure 2: General scheme of the field process and results analysis: obtaining wood discs from the base of the
tree, including both wood and radiographed samples, displaying the density profile from the pith to the bark,
and identifying the fiber extraction points (30%, 60%, and 90%) for the species Myroxylon balsamum.
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RESULTS AND DISCUSSION
Fiber morphology
The morphology characteristics of fibers, including diameter, length, lumen size, and thickness, were ex-
pressed in microns. The average values for these characteristics were obtained for both Drypetes sp. and peru

balsam (Myroxylon balsamum (L.) Harms) in the three radial positions (30, 60 and 90 %), as shown in Table 1.

Table 1: Morphology of the fibers and their radial variation in three positions.

Average fiber values
. . i Myroxylon
Characteristic Descriptive Statistics | Drypetes sp. balsamum
. . Average 26,29 15,73
Fiber diameter (pm) SD 4.77 318
. Average 1318,40 1032,96
Eiber length. {ym) SD 354,00 31541
. Average 15,57 3,66
Fiber lumen (pum) SD 3.50 124
: Average 5,36 6,04
Wall thickness (pm) ) 1.70 1.37
Radial variation of the fibers
Pith 26,10 a 1491b
483) | (2.84)
. . . 26,49 a 1599 a
Fiber diameter (um) Intermediary “472) (3.22)
26,27 a 16,30 a
Bark (4.77) (3.27)
. 130716 a | 103477 ab
Pith
(208,57) (365,00)
. . 1308,51 a | 999,027 b
Fiber length (um) Intermediary (184.78) (196.10)
Bark 1341,87 a | 1065,08 a
(563,83) (354,006)
. 1541 a 3,65a
Sl (353) | (L15)
5 : 15,74 a 3,70 a
Fiber lumen (um) Intermediary (3.66) (1.25)
15,54 a 361 a
Bark G271 | (13D
} 534a 562 b
Pith (1,69) (L18)
. . 537a 6,14a
Wall thickness (pm) Intermediary (151) (1.37)
536a 6,34a
Bark (.87 | (143)

Averages sharing the same letter within the same column do not exhibit statistically significant differences from each other, as deter-
mined by the Tukey test (p>0,05). SD = standard deviation.
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Figure 3: Radial variation of fibers (a) Drypetes sp. (b) peru balsam (Myroxylon balsamum (L.) Harms),
measured at theree positions: pith (30 %), intermediary (60 %) and bark (90 %). The average data were de-
rived from 250 measurements per fiber, representing 10 trees per species, with a 0,5% margin of error.

In general, the morphologies of the fibers of the species and/or species of the same genus agree with
the scientific literature (InsideWood 2022). Regarding the radial variation of the morphology of the fibers,
the species Drypetes sp. did not present significant variations in the radial direction; while the species peru
balsam (Myroxylon balsamum (L.) Harms) showed significant variation in the radial direction (pith-bark)
for the diameter (increase of 9,3 %) and thickness of the fiber wall (increase in 12,81 %) (Figure 3). These
variations represent radial changes in fiber morphologies that were found in other tropical species guapuruva
(Schizolobium parahyba (Vell.), white bolaina (Guazuma crinita Lam.), teak (Tectona grandis L.), ambaurana
(Amburana cearensis (Allemao) A.C.Sm.) where they increased in the radial pith-bark direction (Chavesta et
al. 2020, Lima et al. 2021, Lobao et al. 2012, Portal et al. 2019), in addition, the thickness of the fiber wall for
peru balsam (Myroxylon balsamum (L.) Harms) increased with the age of the trees, as reported in other studies
(Tirak and Erdin 2016).

Radial variation of density (pith-bark)

Table 2 shows the average values of bulk and basic density and the radial variation in the three positions
for the two species studied.
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Table 2: Average values of density and radial variation of density for the two species studied.

Average density values
Characteristic DU;]; eles %}lg%%
. 820 990
Apparent density (kg/m®) 017) 015)
Basic density (kg/m®) ((? ?03) (s 21(;)
Radial direction of density
. 800 b 980 a
Pith o7 | (0,4)
Apparent density (kg/m®) | Intermediary (805(1) 4"; (909(1)5
810D 980 a
Bak o) o)
. 660 b 810 a
Pith a9 | 1)
Basic density (kg/m’) | Intermediary (700(1)3 (8 02?32;
670D 810a
Bark 013) | (0,10

Averages sharing the same letter within the same column do not exhibit statistically significant differences from each other, as deter-
mined by the Tukey test (p>0,05).
Numbers in parentheses standard deviation.

Based on the average basic density of the two species (Table 2), it agrees with the scientific literature
(Zanne et al. 2009), classifying them qualitatively as follows: Drypetes sp. has a high basic density, while peru
balsam (Myroxylon balsamum (L.) Harms) has a very high basic density (Sibille 2006).
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Figure 4: A schematic figure llustrating the parameters of wood density obtained from a growth ring in the
species (a) Drypetes sp. (b) Peeru balsam (Myroxylon balsamum (L.) Harms). RW: growth ring width. pEW:
early wood. pLW: latewood. ELB: boundary of earlywood and latewood. pmin: minimum density. pmax:
maximum density. pPRW: average wood density in a growth ring. The X-ray image at the top of the two figure
shows the intra-annual density fluctuation in the two species. This figure was adapted from (Gongalves et al.

2021 i
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In Figure 4, you can observe the detailed apparent wood density of the two studied species at the level of
a growth ring. This information was obtained through X-ray densitometry, and it aligns with various studies
on tropical species that investigate wood density within a growth ring (intra-annual), its fluctuation, and its
gradual variations (Gaitan et al. 2019, Gongalves et al. 2021, Pagotto et al. 2017).
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Figure 5: The radial variation in the bulk density. Gay lines represent individual tree, colored lines indicate
the average density for each species, and the black dotted line despicts the overall density trend.

Figure 5 shows the radial variation of apparent wood density in the pith-bark direction. It observed that the
species Drypetes sp. exhibits higher density near the pith, which gradually decreases as it approaches the bark.
In contrast, for peru balsam (Myroxylon balsamum (L.) Harms), the bulk density remais relatively constant in
the radial direction. Woodcock and Shier (2002) mentioned that species with a basic density greater than 0,55
g.cm? tend to exhibit a radial decrease in density. This characteristic is often associated with species of late
succession that is associated with the production of dense wood, which coincides with the species Drypetes
sp., however, other studies shows the same results of peru balsam (Myroxylon balsamum (L.) Harms) where
the density does not increase or decrease as jequitiba-branco (Cariniana legalis (Mart.) Kuntze) (Lima et al.
2011).

As the species peru balsam (Myroxylon balsamum (L.) Harms) exhibits minimal radial density variation
(from pith-bark), it simplifies the processes of wood transformation and utilization (Plaster et a/. 2008). Un-
derstanding how density varies in the radial direction of tropical species is crucial, as density ranks among
the most significant physical properties of wood and influences various other technological wood properties
(Panshin and De Zeeuw 1980, Rios ef al. 2018).

In terms of fiber morphology, there were no statistically significant variations observer at the three
positions studied for the species Drypetes sp., as determined by the Tukey test. Instead, other anatomical
characteristics such as the number of vessels, vessel area vessel diameter, and percentage of parenchyma may
provide a better explanation for the radial density variation (Fortunel ef al. 2014, Fujiw and Sameshima 1991,
Zieminska et al. 2015). Fort the species peru balsam (Myroxylon balsamum (L.) Harms), there no differences
in density observed from the pith to the bark, and the lumen of the fibers remained consistent.
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CONCLUSIONS

In conclusion, this study provides valuable insigntsinto the radial variations in wood density and fiber mor-
phology of the commercial species Drypetes sp. and Peru balsam (Myroxylon balsamum (L.) Harms) in the
Madre de Dios region of Peru. The results indicate that Drypetes sp. Show a decrease in density from the pith
to the bark, while M. balsamum demostrates consistent radial density. These findings are crucial for improving
the utilization and processing of these native species and significantly advancing our understanding of wood
quality in tropical forests. Studies like this area highly beneficial for decision-making in the forestry industry
and for promoting the sustainable management of our natural resources.
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