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Abstract

The valorization of wood derived from thinning operations in tropical plantations rep-
resents an alternative to enhance the sustainability and profitability of forest production
systems. This study evaluated the hygroscopic, physical, and machining properties of
13-year-old Simarouba amara Aubl. thinning wood obtained from a plantation established
in the Peruvian Amazon. Two planting spacings (2 X 2 m and 3 x 3 m) and three longitu-
dinal stem positions (base, middle, and apex) were analyzed using a factorial design and
generalized linear mixed models. Planting density and longitudinal position significantly
influenced (p < 0.05) most of the evaluated properties. The saturated moisture content
increased from 96.17% at the base to 135.42% at the apex, whereas basic density decreased
from 0.45 to 0.30 g cm 3. Volumetric shrinkage ranged from 10.19% to 14.81%, and the di-
mensional stability index varied between 1.66 and 1.91. The first principal component (PC1)
explained 98.4% of the total variance and clearly differentiated the treatments. The wood
exhibited excellent performance in planing and molding, good performance in drilling,
and fair performance in turning, indicating strong potential for the manufacture of higher
value-added products and for sustainable utilization in tropical plantation forests.
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1. Introduction

Thinning wood is a forest by-product derived from silvicultural management practices
in forest plantations [1]. Its production is intended to reduce competition for essential
resources such as light, water, and nutrients through the selective removal of certain
trees [2]. This process enhances diameter growth, vigor, and the overall quality of the
remaining individuals within the plantation [3].

Traditionally, this material has been used primarily as a source of energy (firewood or
charcoal), resulting in a significant underutilization of a resource that possesses potential
for higher value-added products [4]. In this context, the valorization of thinning wood
emerges as a key strategy for promoting forest sustainability and the circular economy by
utilizing forest residues for industrial applications, thereby reducing pressure on primary
forests and improving resource-use efficiency [5].

Simarouba amara Aubl., commonly known as marup4, is a fast-growing tropical forest
species valued for its lightweight wood, uniform texture, and relative ease of processing [6].
Its establishment has been promoted in reforestation programs throughout the Amazon
region due to its adaptability and economic potential [7-9]. Despite these advantages,
scientific information regarding the technological properties of thinning wood from this
species remains limited, restricting its incorporation into higher-value and more complex
production chains.

The physical properties of wood, including moisture content, density (green, equilib-
rium, oven-dry, and basic density), shrinkage, and dimensional stability, are essential for
determining its suitability for different industrial applications [10]. In particular, dimen-
sional stability, assessed through indicators such as the volumetric shrinkage coefficient
and dimensional stability index, plays a crucial role in the manufacture of products re-
quiring precision and durability, including furniture, wood-based panels, and lightweight
structural components [11].

In addition, wood machinability, defined as the behavior of wood during machining
operations such as planing, molding, drilling, and turning, constitutes a key technological
attribute in secondary wood processing [12]. This property is influenced by anatomical
characteristics [13], density [14], moisture content [15], and the proportion of juvenile
wood [16], directly affecting surface quality, the occurrence of defects (grain tear-out,
roughness, and fiber pull-out) [17] and the efficiency of industrial processing operations [18].
The assessment of machinability according to standards such as ASTM D1666-22 [19] allows
for the classification of wood suitability for different manufacturing processes and the
determination of its potential for products requiring specific levels of finishing quality and
dimensional accuracy [20].

Silvicultural management practices, particularly planting density, as well as longitudi-
nal stem position (base, middle, and apex), influence the technological quality of wood by
affecting radial growth, cell dimensions, and the proportion of juvenile wood [21,22]. Con-
sequently, these factors have a direct impact on physical properties, dimensional stability,
and machinability [23]. Therefore, it is hypothesized that planting density and longitudinal
stem position significantly influence the physical properties, dimensional stability, and
machinability of Simarouba amara Aubl. thinning wood. However, a knowledge gap re-
mains regarding how these factors affect the overall technological performance of thinning
wood from this species.
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Although several studies have described the physical and mechanical properties of
fast-growing tropical woods, including the characterization of Simarouba amara with a
basic density of approximately 0.40 g-cm~3, a parallel-to-grain compressive strength of
25.25 MPa, and a static bending strength of 27.29 MPa, meeting the technical requirements
for furniture manufacturing [6], as well as evaluations of 20-25-year-old Amazonian planta-
tions reporting a basic density of approximately 361 kg-m 2 and very low shrinkage [24,25],
information on wood obtained from early thinning operations remains limited. Most pub-
lished studies have focused on mature trees at the final harvest stage or on the isolated
characterization of specific wood properties, providing only scarce quantitative evidence on
the effects of thinning timing and intensity on basic density, knot characteristics, mechanical
properties, and the proportion of juvenile wood [26]. Consequently, the combined effects
of initial planting spacing and longitudinal stem position on the hygroscopic behavior,
dimensional stability, and workability of thinning wood remain insufficiently documented.
Although thinning intensity has been shown to significantly influence green moisture con-
tent and shrinkage parameters (tangential, radial, T/R ratio, and volumetric shrinkage) [27],
and fast-growing species generally exhibit a high proportion of earlywood, which is more
susceptible to moisture-induced movement, checking, and splitting [28], variation in initial
moisture content, shrinkage, and other physical properties of thinning wood along the stem
under different planting densities has only been investigated in a fragmented manner and
for a limited number of model species [29]. This knowledge gap hinders the identification
of silvicultural strategies capable of simultaneously optimizing volumetric productivity
and wood technological quality, as excessively early or intensive thinning may reduce basic
density, increase the proportion of juvenile wood, impair mechanical performance, and
ultimately lower the grade of sawn timber [26].

Within this context, the present study evaluates the physical properties, dimensional
stability, and machinability of 13-year-old Simarouba amara Aubl. thinning wood, consid-
ering two planting densities and different longitudinal stem positions. The objective is to
determine the influence of these factors on its technological properties, thereby identifying
silvicultural conditions that optimize wood performance and promote its utilization in
higher value-added products. Ultimately, this contributes to the development of sustainable
forest value chains under a circular economy approach.

2. Materials and Methods
2.1. Selection and Origin of Sample Trees

The wood samples were obtained from an experimental plantation of Simarouba amara
Aubl. established at the Los Mangos Experimental Center, belonging to the Pucallpa
Agricultural Experimental Station of the National Institute for Agrarian Innovation (INIA).
The plantation is located at kilometer 4.000 of the Federico Basadre Highway, in the
district of Calleria, province of Coronel Portillo, Ucayali Department, Peru. The site
exhibits the following soil characteristics: pH (4.5-6.1), organic matter content (1.7%-3.0%),
textural class (loam), and effective cation exchange capacity (ECEC) ranging from 5.7 to
12.67 cmol(+)/kg [30]. The geographic coordinates of the study area were recorded and
delineated as shown in Figure 1. Five trees were selected from each planting density
treatment: 2 x 2 m and 3 x 3 m. The selection was based on criteria of uniformity,
dominance, health condition, and stem straightness, following the principles established
in NTP 251.008, “Wood and Carpentry for Construction. Selection and Collection of
Sample” [31] (Figure 2).
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Figure 1. Geographic location of the experimental site (Simarouba amara Aubl. plantation) at the Los
Mangos Experimental Center, Calleria district, Coronel Portillo province, Ucayali region. The red
polygon delineates the study area. Yellow triangles indicate the georeferenced vertices (V1-V7) used
to define the plot boundaries. The “+” symbols represent the map coordinate grid.
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Figure 2. Plantation layout and selection of sample trees for the evaluation of the physical properties
of Simarouba amara Aubl. thinning wood. The upper panel shows the plantation established ata 2 x 2 m
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planting spacing, whereas the lower panel corresponds to the plantation established ata 3 x 3 m
planting spacing. The letter “X” indicates trees that were originally planted but did not survive
during plantation development. The numbers represent the field identification codes assigned to each
tree. The numbers highlighted in green indicate the trees selected for the evaluation of the physical
properties of Simarouba amara Aubl. thinning wood.

2.2. Dendrometric Characteristics of the Experimental Plantation

The experimental plantation consisted of two adjacent planting-spacing treatments
(2 x 2m and 3 x 3 m), established under the same site conditions and silvicultural
management. At the time of sampling, the 2 x 2 m spacing contained 95 trees, whereas
the 3 x 3 m spacing contained 66 trees. In the 3 x 3 m spacing, trees exhibited a diameter
at breast height (DBH) ranging from 9.80 to 31.19 cm, with a mean DBH of 21.01 cm
and a mean total height of 16.16 m. In the 2 x 2 m spacing, DBH ranged from 5.76 to
29.35 cm, with a mean of 18.33 cm, while the mean total tree height was 18.60 m. These
dendrometric characteristics indicate that both spacing treatments were developed under
comparable environmental conditions, differing primarily in planting spacing and stand
density (Table 1).

Table 1. Dendrometric characteristics of the Simarouba amara Aubl. plantation.

Planting Surviving DBH Range Mean DBH Mean Height
Spacing Trees (No.) (cm) (cm) (m)
2x2m 95 5.76-29.35 18.33 18.60
3x3m 66 9.80-31.19 21.01 16.16

2.3. Tree Felling and Stem Sectioning

The selected trees were felled using a chainsaw under controlled cutting procedures,
following occupational safety protocols and ensuring the preservation of stem integrity.
Stem sectioning was performed according to ISO 4471:1982 [32], which establishes proce-
dures for longitudinally dividing the stem into three levels: base (Ba), middle (Me), and
apex (Ap). This segmentation allows for the evaluation of wood properties along the axial
growth gradient (Figure 3).

Section starts
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afterfellingcut 1 Section Section Section
@t0cm);,  length Length Length

Felling Cut |
(Stump) |=

|
) |
—— ——r— —
—— = — =
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Figure 3. Longitudinal stem sampling scheme and disk preparation of 13-year-old Simarouba amara trees.
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2.4. Preparation and Coding of Stem Sections

Three 50 cm long stem sections were obtained from the basal (Ba), middle (Me),
and apical (Ap) portions of each tree following the sampling procedure described in NTP
251.008 [31]. Subsequently, transverse wood disks were prepared from each stem section for
specimen preparation and physical property determination. Immediately after sampling,
the stem sections and corresponding wood disks were wrapped in plastic film to minimize
moisture loss and labeled with indelible codes to ensure full experimental traceability. The
coding system incorporated the following information: species (Simarouba amara Aubl.),
tree number (1-5), stem position (Ba, Me, Ap), and planting spacing (D1 for 2 x 2 m and
D2 for 3 x 3 m), in accordance with NTP 251.008:2016.

2.5. Transportation and Processing of Stem Sections

The stem sections and their corresponding wood disks were transported to the car-
pentry workshop of the Forest Productive Innovation and Technology Transfer Center of
Pucallpa (CITEforestal Pucallpa), where they were processed for specimen preparation.
Transportation was carried out under conditions that avoided direct sunlight exposure in
order to preserve the initial moisture content of the samples, as recommended by NTP
251.009, “Wood and Carpentry for Construction. Conditioning of Wood Intended for
Physical and Mechanical Testing” [33].

2.6. Preparation of Specimens

Based on the previously obtained and coded disks, wood specimens were prepared at
the CITEforestal Pucallpa workshop using calibrated machinery to ensure cutting accuracy.
Prismatic specimens measuring 3 cm x 3 cm X 10 cm were produced in accordance with
Peruvian Technical Standard NTP 251.011 [34]. The specimens were oriented according to
the tangential and radial anatomical planes and prepared following the recommendations of
ASTM D5536-17 [35]. After specimen preparation, all samples were preconditioned under
controlled laboratory conditions (20 °C and 60%—-70% relative humidity) prior to testing
to minimize uncontrolled moisture variation. Specimens were prepared following the
recommendations of ASTM D5536-17. Oven drying at 90 & 2 °C was carried out exclusively
to determine the oven-dry mass required for the calculation of physical properties and was
not used as a conditioning treatment before testing.

A total of 691 specimens were obtained. All specimens retained the traceability
established during the disk coding process and were organized according to three sampling
factors: plantation spacing, longitudinal stem position, and radial location within the cross-
sectional area of the log (Figure 4). The samples originated from trees established under
two planting spacings (2 m x 2 m, equivalent to 4 m? per tree, and 3 m x 3 m, equivalent
to 9 m? per tree). For each spacing treatment, disks were collected from three longitudinal
stem positions (base, middle, and apex) to represent the axial variability of the wood.

From each disk, specimens were obtained from four radial positions (A, B, C, and D),
defined as consecutive sectors of the cross-section. Position A corresponded to the initial
reference segment of the disk, located near the cutting point; positions B and C represented
adjacent sectors toward the interior; position D corresponded to the sector opposite the
initial reference point.

This distribution scheme, presented in Table 2, enabled the integration of stem axial
variability, radial wood variability, and silvicultural spacing conditions into the sampling
design, thereby ensuring an adequate representation of the wood structure under evaluation.

https://doi.org/10.3390/£17080915
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Mitutoy

Figure 4. Preparation and conditioning of wood specimens used for the physical and technological
characterization of Simarouba amara wood. (a) Classified and labeled wood specimens prepared from
the stem sections; (b) dimensional verification of specimen cross-sections using a digital caliper; and
(c) oven conditioning of the specimens prior to physical property determination.

Table 2. Distribution of evaluated specimens according to planting density, longitudinal stem position,
and radial position in thinning wood of Simarouba amara Aubl.

Longitudinal Stem Position/Radial Position

Planting .
Density Base Middle Apex Total
A B C D A B C D A B C D
2x2=4m? 26 28 26 36 31 36 25 23 30 27 28 30 346
3x3=9m? 33 24 35 23 26 25 29 35 26 33 29 27 345

Subtotal of specimens

59 52 61 59 57 61 54 58 56 60 57 57 691

2.7. Coding of Test Specimens

The test specimens were recoded following the specifications established in NTP
251.008 [31], considering the variables of species, tree number, longitudinal stem position,
planting density, and radial position. This coding system allowed for the unambiguous
identification of the origin of each sample throughout processing and analysis.

2.8. Experimental Design

The study was conducted under a completely randomized design with a 2 x 3 factorial
arrangement, aimed at analyzing the effect of two factors on the physical properties of
thinning wood from Simarouba amara Aubl. The first factor corresponded to planting
density, evaluated at two spacing levels (2m X 2m and 3 m x 3 m), while the second factor
was represented by longitudinal stem position, with three levels: base, middle, and apex.
This design allowed for the evaluation of both the individual effects of each factor and their
interaction on the response variables. Both factors were considered fixed effects, as they
represent defined experimental conditions of direct interest for comparison. Additionally,
the variability associated with radial wood position was incorporated into the model as a
random effect through the inclusion of four radial positions (A, B, C, and D) within each
disk. This approach allowed the intrinsic variability of the stem to be isolated, improving
the precision of the estimated effects.

2.9. Data Analysis

Data processing and statistical analysis were performed using the R programming en-
vironment (version 4.5.0), through the RStudio interface. Generalized linear mixed models
(GLMMs) were applied using the glmmTMB package, considering different probability
distributions, link functions, and, when necessary, the modeling of overdispersion or un-
derdispersion. Model selection for each response variable was based on the lowest Akaike
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Information Criterion (AIC). The model specifications, including assumed distribution,
link function, and dispersion structure, are detailed in Table 3.

Table 3. Random component, dispersion structure, and model selection criteria.

Variable Distribution = Link Function AIC Dispersion

CHSat Gamma Logaritmo 1368 NO

Cheh Beta Logit —4676 NO
PSF Beta Logit —4380 NO
TC Beta Logit —4763 -
RC Beta Logit —5848 -
LC Beta Logit —8060 -
VC Beta Logit —8348 NO
BD Normal Logaritmo —3135 NO
SD Gamma Logaritmo —1978 NO
AD Tweedi Logaritmo —2882 NO
OD Gamma Logaritmo —2968 NO
DSI Lognormal Logaritmo —120 -
vVCC Beta Logit —8988 NO

CHSat: saturated moisture content; Cheh: equilibrium moisture content; PSF: fiber saturation point; TC: tangential
shrinkage; RC: radial shrinkage; LC: longitudinal shrinkage; VC: volumetric shrinkage; DSI: dimensional stability
index; VCC: volumetric shrinkage coefficient; SD: saturated density; AD: air-dry density; OD: oven-dry density;
BD: basic density. The “Dispersion” column indicates whether a variable was used to model overdispersion or
underdispersion when detected; otherwise, it is reported as NO.

Subsequently, the selected models were validated using the DHARMa package, eval-
uating assumptions of residual uniformity and absence of outliers, as well as the lack of
overdispersion or underdispersion and homogeneity of variances. Once model adequacy
was confirmed, marginal means were estimated using the emmeans package, and multiple
comparisons among treatments were performed at a significance level of 0.05, applying
false discovery rate (FDR) correction. Additionally, univariate generalized linear mixed-
effects models (GLMMs) with a beta distribution and logit link were fitted using B-spline
basis functions implemented through the bs() function to capture potential nonlinear re-
lationships. These models were used to evaluate the relationship between volumetric
shrinkage and different wood density measures, as well as the relationship between tangen-
tial shrinkage and moisture-related variables (CHSat, Cheh, and PSF). Finally, a principal
component analysis was conducted using the factoextra package to identify multivariate
association patterns between treatments and the evaluated variables. The validity of the
statistical inferences was supported by model diagnostics, selection criteria, and adjusted
significance testing procedures.

2.10. Machinability Test

The machinability of thinning wood of Simarouba amara Aubl. was evaluated under
a quantitative descriptive approach, aimed at assessing the behavior of wood under ma-
chining processes representative of the secondary forest industry. The study material was
obtained from a 13-year-old plantation established at the Los Mangos Experimental Center
of the Pucallpa Agricultural Experimental Station (INIA). Four trees were selected through
simple random sampling, considering silvicultural criteria such as stem straightness, good
phytosanitary condition, and diameter representativeness. Felling was conducted under
controlled harvesting principles, followed by stem sectioning into 1.5 m logs according to
1SO 4471 [32].

Log sawing was performed in accordance with NTP 251.008, ensuring the produc-
tion of specimens with tangential, radial, and oblique cutting planes, which allowed the
influence of wood structural anisotropy on machinability behavior to be analyzed [19].
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Specimens measuring 2.5 x 10 x 100 cm were prepared for planing, molding, and drilling
tests, considering different cutting planes, while specimens measuring 4.5 x 4.5 x 15 cm
were prepared for turning tests. Specimen coding allowed for the identification of tree
origin and anatomical orientation, ensuring experimental traceability.

Machinability tests included planing, molding, drilling, and turning operations, which
were performed under controlled conditions according to the criteria established in NTP
251.008 and ASTM D1666-22. The specimens were conditioned to reach an approximate
moisture content of 16%, and all tests considered the influence of grain direction and wood
anatomical features on machining performance. In planing, a cutter with a 30° cutting

angle and a feed speed of 12 m min~!

was used; in molding, a tool with a 25° cutting angle
and a rotational speed of 4000 rpm was employed; in drilling, two spindle speeds (320 and
1720 rpm) were evaluated; and in turning, cutting angles of 15° and 45° were applied [36].

Machining quality was determined through the identification and classification of
surface defects generated during the operations, including torn grain, raised grain, fuzzy
grain, splintering, and surface roughness, following the evaluation criteria established in
ASTM D1666-22. For result standardization, the equivalent defect value (VA) equation
proposed by [37] was used, allowing qualitative assessment to be transformed into a
quantitative indicator. In addition, specific formulas were applied for each test, such
as the calculation of knife marks in planing and feed and cutting speed calculations in
molding, drilling, and turning, ensuring a comprehensive technical characterization of

wood behavior [36].

2.11. Evaluation Variables

The evaluation of physical properties and machinability was carried out at the Wood
Technology Laboratory of CITEforestal Pucallpa, located at kilometer 4.2 of the Federico
Basadre Highway, Calleria District, Coronel Portillo Province, Ucayali Department, Peru.
Table 4 presents the evaluated physical properties.

Table 4. Evaluation procedures for technological properties of thinning wood of Simarouba amara Aubl.

Variable Formula Reference

Saturated moisture content of the specimen (CH)
Air-dry moisture content of the specimen (Cheh) Cheh(%) = (Ph — Pheh)/Pheh x 100

CH(%) = (Ph — Psh)/Psh x 100 NTP 251.010 [38]

NTP 251.010 [38]

Basic density (BD) (g/ cm?) BD =Psh/Vh NTP 251.011 [34]
Saturated density (SD) (g/cm?) SD =Ph/Vh NTP 251.011 [34]
Air-dry density (AD) (g/ cm?) AD =Psa/Vsa NTP 251.011 [34]
Oven-dry density (OD) (g/cm?) OD =Psh/Vsh NTP 251.011 [34]

Tangential shrinkage (TC)
Radial shrinkage (RC)
Longitudinal shrinkage (LC)
Volumetric shrinkage (VC)
Dimensional stability index: T/R ratio (DSI) DSI =TC/TR
Volumetric shrinkage coefficient (VCC)
Fiber saturation point (PSF)

TC (%) = (Dht — Dst)/Dht x 100

RC (%) = (Dhr — Dsr)/Dhr x 100
LC (%) = (Dhl — Dsl)/Dhl x 100
VC (%) = (Dhv — Dsv)/Dhv x 100

NTP 251.012 [39]
NTP 251.012 [39]
NTP 251.012 [39]
NTP 251.012 [39]
NTP 251.012 [39]
VCC (%) = (V1 — V2)/V2(H1 — H2) x 100  NTP 251.012 [39]

PSF (%) = VC/VCC NTP 251.012 [39]

Ph: wet weight (g); Psh: oven-dry weight (%) ; Pheh: equilibrium hygroscopic moisture weight (g); Psa: air-dry
weight (g); Vh: wet or saturated volume (cm”); Vsa: air-dry volume (cmd); Vsh: oven-dry volume (cm®); Dht, Dhr,
Dhl, Dhv: wet dimensions (tangential, radial, longitudinal, volumetric); Dst, Dsr, Dsl, Dsv: oven-dry dimensions
(tangential, radial, longitudinal, volumetric); H1, H2: moisture content (%).

Table 5 shows that the evaluation of the “wood machinability” variable was conducted
through four dimensions corresponding to machining tests (planing, molding, drilling,
and turning). In each case, the defects generated were identified and quantified according
to their severity (scale from 1 to 5) and surface extent, in accordance with the criteria of
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ASTM D1666-22 [19]. Subsequently, these values were transformed into a quantitative
indicator (VA) using the equation proposed by [37], which allowed for standardization of
the evaluation and the establishment of the final classification of machinability quality [36].

Table 5. Evaluation of machinability variables in thinning wood of Simarouba amara Aubl.

Study Dimension Evaluated Measurement Instrument/ Technical
Variable (Test) Indicators Unit/Scale Technique Reference

Grain tear-out, Defect grade (1-5) Direct

Planing fuzzy grain, raised and % observation and

grain, knife marks affected area recording sheet
Surface roughness, Defect grade (1-5) Direct

Molding splintered grain, and % observation and

fuzziness affected area recording sheet
Internal roughness, = Defect grade (1-5) Direct

Drilling grain rupture, and % observation and

W.OOd. ) compressed grain affected area recording sheet  D1666-22 [19]
machinability

Splintered grain, Defect grade (1-5) Direct

Turning fiber tear-out, and % observation and

surface roughness affected area recording sheet

Global Equivalent defect Continuous scale Mathematical
evaluation value (VA) (1.0-5.5) calculation
e Machinability Categorical: . Technical
Classification ) excellent, good, fair, . .
quality interpretation

poor, very poor

2.12. Environmental Conditions During Sampling and Processing

During the stages of extraction, transportation, and specimen preparation, environ-
mental conditions were recorded to minimize their influence on the physical properties
of the wood. Field activities were conducted under climatic conditions typical of the low-
land Peruvian Amazon, with minimum, maximum, and average temperatures of 21.9 °C,
33.5 °C, and 27.7 °C, respectively. Relative humidity was 70.5%, precipitation was 50.5 mm,
sunshine duration was 200.7 h, and wind speed was 2.2 m/s. This information was ob-
tained from the Meteorological Bulletin Vol. 2-2024 of the CP-UNU-Pucallpa Meteorological
Station [40] during the sampling period in August 2024.

Subsequently, in the Wood Technology Laboratory of CITEforestal Pucallpa, stable
environmental conditions were maintained with a temperature of 20 °C and average
relative humidity between 60% and 70%, allowing all specimens to be preconditioned under
identical environmental conditions prior to oven drying, thereby minimizing uncontrolled
moisture variation among samples. Critical handling stages were performed in minimal
time to reduce uncontrolled moisture loss. These conditions are considered relevant due
to their influence on density, shrinkage, and moisture content, which are key parameters
evaluated in this study and must be measured under controlled or properly recorded
environmental conditions to ensure result reliability (NTP 251.011).

Soil physicochemical analysis revealed a forest ecosystem characterized by acidic
conditions ranging from moderately acidic (pH 5.8-6.1) to strongly acidic (pH 4.5). Or-
ganic matter content varied from low to medium (1.70% to 3.00%), while effective cation
exchange capacity (ECEC) remained at low to moderate levels (5.70 to 14.73 cmol(+) kg’l).
Physically, the soil presented a predominantly loamy texture, with localized variations
toward clay loam and sandy loam classes [30]. The recording of these edaphoclimatic
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parameters suggests that, despite natural soil variability, site conditions maintained relative
environmental uniformity.

3. Results
3.1. Hygroscopic Properties of Thinning Wood of Simarouba amara Aubl.

The ANOVA results indicated that the hygroscopic properties of Simarouba amara Aubl.
thinning wood were significantly influenced by both the longitudinal stem level (NLF)
and planting density (DS) (p < 0.01). A significant interaction effect (NLFxDS) was also
observed for CHSat, Cheh, and PSF. In contrast, the effect of radial position was practically
null. The models showed a high explanatory capacity, with marginal R? values ranging
from 0.69 to 1.00.

In agreement with these results, Figure 5 shows multiple comparisons where sig-
nificant differences in the NLFxDS interaction were observed for CHSat, PSF, and Cheh,
exhibiting consistent patterns along the stem. For CHSat, a progressive and clearly differen-
tiated increase from the base to the apex was observed in both DS levels. Under the 2 x 2 m
spacing, values increased from 96.17% at the base to 109.09% in the middle section and
125.38% at the apex. The same trend was observed in the 3 x 3 m spacing, although with
higher values at each level: 106.94% at the base and 122.06% in the middle section, reaching
a maximum of 135.42% at the apex. Differences between DS were evident at all longitudinal
levels, being more pronounced at the apical section, where the greatest separation between
treatments was recorded.

Humidity (%)
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Figure 5. Variation in the hygroscopic properties of thinning wood of Simarouba amara Aubl. according
to longitudinal stem position and planting density. CHSat: Saturated Moisture Content; Cheh:
Equilibrium Moisture Content; PSF: Fiber Saturation Point; Ba: 2 x 2: base of the stem with 4 m?
spacing; Me: 2 x 2: middle of the stem with 4 m? spacing; Ap: 2 x 2: apex of the stem with 4 m?
spacing; Ba: 3 x 3: base of the stem with 9 m? spacing; Me: 3 x 3: middle of the stem with 9 m?
spacing; Ap: 3 x 3: apex of the stem with 9 m? spacing. Means that do not share a common letter are
significantly different (p < 0.05).

For PSE, a similar pattern of increase from the base toward the apex was observed, with
significant differences between longitudinal levels within each planting density. Under
the 2 x 2 m spacing, values were 26.8% at the base, 29.94% in the middle section, and
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33.17% at the apex. Under the 3 x 3 m spacing, the corresponding values were 29.15%,
31.97%, and 34.99%, respectively, with this last value being the highest observed. As with
CHSat, at all longitudinal levels the 3 x 3 m spacing showed higher values than the 2 x 2 m
spacing, maintaining a consistent trend of differentiation between spacings. Regarding
Cheh, although differences were less pronounced compared to the other variables, a
gradual increase from the base toward the apex was also observed in both densities. Under
the 2 x 2 m spacing, mean values were 11.42% at the base, 12.84% in the middle section,
and 14.57% at the apex. Under the 3 x 3 m spacing, the corresponding values were
approximately 12.5% at the base, 13.79% in the middle section, and 15.54% at the apex. In
this case, although differences between densities were smaller, the pattern of higher values
under the 3 x 3 m spacing was maintained throughout the stem. Overall, the results shown
in Figure 5 evidence a clear differentiation both by longitudinal stem level and planting
density, with consistent increases from base to apex and systematically higher values under
the 3 x 3 m spacing for the three hygroscopic properties evaluated.

3.2. Density of Thinning Wood of Simarouba amara Aubl.

Wood densities of Simarouba amara Aubl. thinning wood were significantly affected
by longitudinal stem level (NLF) and planting density (DS) (p < 0.01) for all evaluated
properties: basic density (BD), saturated density (SD), air-dry density (AD), and oven-dry
density (OD). The NLFxDS interaction was not significant for BD, SD, and OD (p > 0.05),
whereas a significant interaction was observed for AD (p = 0.04), indicating a differentiated
response depending on the combination of both factors. Additionally, the effect of radial
position was minimal, and the models showed good fit, with marginal R? values ranging
from 0.59 to 0.97.

According to Figure 6, saturated density (SD) showed its highest values at the base of
the stem and a progressive decrease toward the apex. Under the 2 x 2 m spacing, values
were 1.09 g cm ™2 at the base, 1.01 g cm 3 in the middle section, and 0.92 g cm 3 at the
apex. For the 3 x 3 m spacing, the corresponding values were 1.02, 0.95, and 0.88 g cm 3.
At all longitudinal levels, the 2 x 2 m spacing exhibited higher values than the 3 x 3 m
spacing. For air-dry density (AD), a decreasing trend along the stem was also observed in
both planting densities. Under the 2 x 2 m condition, values were 0.52 g cm ™~ at the base,
0.46 g cm 3 in the middle section, and 0.40 g cm 3 at the apex. Under the 3 x 3 m spacing,
the corresponding values were 0.47, 0.43, and 0.36 g cm 3. This variable also showed a
significant interaction, reflected in more marked differences among treatment combinations.

Regarding OD, the values also decreased from the base toward the apex. Under
the 2 X 2 m spacing, values of 0.49, 0.42, and 0.36 g cm 3 were recorded for the base,
middle section, and apex, respectively, while under 3 x 3 m, the values were 0.43, 0.38,
and 0.32 g cm 3. In all cases, higher values were observed under the higher planting
density. Finally, basic density (BD) presented the lowest values among the evaluated
variables, showing a similar decreasing pattern along the stem. Under the 2 x 2 m spacing,
values were 0.45 g cm 2 at the base, 0.40 g cm 3 in the middle section, and 0.34 g cm 3
at the apex, while under the 3 x 3 m spacing, values were 0.41, 0.36, and 0.30 g cm 3,
respectively. Overall, Figure 5 shows a consistent decrease in wood density from the base
toward the apex, as well as systematically higher values under the 2 x 2 m spacing for all
evaluated variables.
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Figure 6. Variation in wood density of thinning wood of Simarouba amara Aubl. according to
longitudinal stem position and planting density. SD: Saturated Density; AD: Air-dry Density; OD:
Oven-dry Density; BD: Basic Density; Ba: 2 x 2: base of the stem with 4 m? spacing; Me: 2 x 2:
middle of the stem with 4 m? spacing; Ap: 2 X 2: apex of the stem with 4 m? spacing; Ba: 3 x 3: base
of the stem with 9 m? spacing; Me: 3 x 3: middle of the stem with 9 m? spacing; Ap: 3 x 3: apex
of the stem with 9 m? spacing. Means that do not share a common letter are significantly different
(p < 0.05).

3.3. Shrinkage of Thinning Wood of Simarouba amara Aubl.

Wood shrinkage of Simarouba amara Aubl. thinning wood was significantly influenced
by longitudinal stem position (NLF) and planting density (DS) (p < 0.01) for all evaluated
variables: tangential shrinkage (TC), radial shrinkage (RC), longitudinal shrinkage (LC),
and volumetric shrinkage (VC). Likewise, the NLFxDS interaction showed significant
effects for all shrinkage variables (p < 0.01), indicating that the response of these properties
depends on the combination of both factors. Figure 7 shows that volumetric shrinkage
(VC) presents a well-defined gradient along the stem, with progressive increases from
the base toward the apex in both spacing treatments. Under the 2 x 2 m spacing, values
ranged from 10.19% at the base to 12.05% in the middle section and 13.80% at the apex.
Under the 3 x 3 m spacing, this trend was more pronounced, reaching 11.56%, 13.27%,
and 14.81%, respectively. It is particularly noteworthy that the difference between planting
densities increases along the stem, being more evident in the middle section and especially
at the apex.

For tangential shrinkage (TC), a behavior consistent with that described for VC was
observed, although with less pronounced variation. Under the 2 x 2 m spacing, values
increased from 6.22% at the base to 7.41% in the middle section and 8.82% at the apex.
Under the 3 x 3 m spacing, these values increased to 6.98%, 8.28%, and 9.40%, respectively.
The separation between spacings was consistent across all stem levels, maintaining a
relatively stable difference, although slightly greater at the upper section of the stem.
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Figure 7. Variation in shrinkage properties of thinning wood of Simarouba amara Aubl. according to
longitudinal stem position and planting density. TC: Tangential Shrinkage; RC: Radial Shrinkage; LC:
Longitudinal Shrinkage; VC: Volumetric Shrinkage; Ba: 2 x 2: base of the stem with 4 m? spacing;
Me: 2 x 2: middle of the stem with 4 m? spacing; Ap: 2 x 2: apex of the stem with 4 m? spacing; Ba:
3 x 3: base of the stem with 9 m? spacing; Me: 3 x 3: middle of the stem with 9 m? spacing; Ap:
3 x 3: apex of the stem with 9 m? spacing. Means that do not share a common letter are significantly
different (p < 0.05).

Radjial shrinkage (RC) and longitudinal shrinkage (LC) exhibited narrower ranges of
variation. RC ranged from 3.77% to 4.95%, while LC remained below 1% (0.25%—0.85%).
However, both variables maintained an increasing trend from the base toward the apex
and higher values under the 3 x 3 m spacing. These results indicate that longitudinal
stem position (NLF) and planting density (DS) generate differentiated shrinkage patterns,
being more pronounced in VC and TC, where differences between treatments become more
evident toward the upper stem sections.

3.4. Other Properties of Thinning Wood of Simarouba amara Aubl.

The dimensional stability index (DSI) and volumetric shrinkage coefficient (VCC) of
Simarouba amara Aubl. thinning wood were significantly affected by longitudinal stem
position (NLF) and planting density (DS) (p < 0.01). However, the NLF x DS interaction
was not significant for any of the evaluated variables (p > 0.05), suggesting that both factors
act independently on these properties. Likewise, the effect of radial position was negligible,
and the model showed high explanatory power for VCC, with a marginal R? of 0.97.

In Figure 8, the dimensional stability index (DSI) shows a narrow range of variation
among treatments, with values between 1.66 and 1.91. The highest value was recorded
at the apex under 3 x 3 m spacing (1.91), followed by slightly lower values at the apex
under 2 x 2 m spacing (1.84) and at the middle section under 3 x 3 m spacing (1.82). At
the middle section under 2 x 2 m spacing, the value was 1.76, while the lowest values were
observed at the base, with 1.67 under 3 x 3 m spacing and 1.66 under 2 x 2 m spacing. The
distribution indicates a slight decrease from apex to base, as well as moderate differences
between planting densities.
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Figure 8. Variation of the dimensional stability index and volumetric shrinkage coefficient of thinning
wood of Simarouba amara Aubl. according to longitudinal stem position and planting density. DSI:
Dimensional Stability Index; VCC: Volumetric Shrinkage Coefficient; Ba: 2 x 2: base of the stem with
4 m? spacing; Me: 2 x 2: middle of the stem with 4 m? spacing; Ap: 2 x 2: apex of the stem with
4 m?2 spacing; Ba: 3 x 3: base of the stem with 9 m? spacing; Me: 3 x 3: middle of the stem with 9 m?
spacing; Ap: 3 x 3: apex of the stem with 9 m? spacing.

Regarding VCC, a narrower range of variation was observed, with values between 0.38
and 0.42. The highest values (0.42) were recorded at the apex under both spacings (2 x 2m
and 3 x 3 m), as well as at the middle section under 3 x 3 m spacing. At the middle section
under 2 x 2 m and the base under 3 x 3 m spacing, values were 0.40, while the lowest
value (0.38) was observed at the base under 2 x 2 m spacing. Overall, the results show a
relatively homogeneous distribution among treatments, with slight variations associated
with stem position. In general, Figure 8 reflects that both DSI and VCC exhibit lower
variability compared to previously analyzed properties, while still maintaining detectable
differences mainly associated with longitudinal stem position.

3.5. Relationship Between Density and Volumetric Shrinkage of Thinning Wood from
Simarouba amara Aubl.

The association between wood densities (basic, saturated, air-dry, and oven-dry) and
volumetric shrinkage allows for the identification of physical behavior patterns in thinning
wood, which is particularly relevant for predicting dimensional stability and performance
in processing and end use applications. In this context, univariate GLMM regression
models with beta distribution and logit link function were fitted to evaluate the relationship
between volumetric shrinkage and the different types of wood density.

In Figure 9, the curves corresponding to basic density (BD), air-dry density (AD), and
oven-dry density (OD) show a highly consistent behavior, characterized by a positive and
progressive relationship with volumetric shrinkage (VC). In all three cases, VC increases
from values close to 10%—11% at low density ranges to approximately 14%-15% at higher
density levels, maintaining very similar trajectories throughout the evaluated interval. This
functional overlap indicates that these variables have a comparable capacity to describe the
variation in volumetric shrinkage. Additionally, the slightly convex shape of the curves
reflects an increase in VC sensitivity at higher density ranges, where small changes result
in more pronounced increases in shrinkage.
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Figure 9. Beta regression models between volumetric shrinkage and different wood density measures
of thinning wood from Simarouba amara Aubl. Colored dots represent observed data points, solid
lines represent fitted Beta regression curves, and shaded areas represent 95% confidence intervals.
SD: Saturated Density; AD: Air-dry Density; OD: Oven-dry Density; BD: Basic Density.

In contrast, saturated density (SD) shows a clearly differentiated trajectory, with a
steeper slope and a progressive separation from the other variables, particularly in the
medium- and high-density ranges. Although the VC variation range remains between
10% and 15%, the greater inclination of the curve indicates a more sensitive response
of shrinkage to changes in this variable. This behavior suggests that SD captures more
strongly the variations associated with dimensional changes in wood, positioning itself as
a more reactive indicator within the analyzed set. Overall, while BD, AD, and OD define
a homogeneous behavioral core, SD introduces an additional level of differentiation in
the relationship, evidencing that not all density types contribute equally to explaining the
variability in volumetric shrinkage.

3.6. Relationship Between Moisture Content and Tangential Shrinkage of Thinning Wood of
Simarouba amara Aubl.

The association between moisture content variables (CHSat, Cheh, and PSF) and
tangential shrinkage allows for visualization of the relationship between the hygroscopic
state of wood and its dimensional behavior. For this purpose, univariate GLMM regression
models with beta distribution and logit link function were fitted to evaluate the response of
tangential shrinkage as a function of each moisture content variable.

This relationship shows a consistent pattern of increasing shrinkage as moisture levels
increase (Figure 10). For equilibrium moisture content (Cheh), tangential shrinkage values
range approximately between 6% and 10%, showing a well-defined increasing trend within
a narrow moisture range (12%-16%). The fitted curve presents a sustained positive slope,
with slight stabilization at higher values, suggesting a progressive but moderate response
within this interval.
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Figure 10. Beta regression models between tangential shrinkage and moisture content variables of
thinning wood from Simarouba amara Aubl. Colored dots represent observed data points, solid lines
represent fitted Beta regression curves, and shaded areas represent 95% confidence intervals. CHSat:
Saturated Moisture Content; Cheh: Equilibrium Moisture Content; PSF: Fiber Saturation Point.

In the case of fiber saturation point (PSF), the relationship maintains a similar increas-
ing trend, although shifted toward higher moisture values (28%-35%). Tangential shrinkage
varies approximately between 6% and 10%, with a steeper slope compared to Cheh, partic-
ularly in the midsection of the curve. Data dispersion is slightly higher, although alignment
with the fitted curve remains consistent, evidencing a structured behavior.

For saturated moisture content (CHSat), the widest variation range is observed
(80%—150%), where tangential shrinkage increases from values close to 6% up to approxi-
mately 9%-9.5%. The curve shows a nonlinear behavior, with a positive slope in the low
and medium ranges, followed by a tendency toward stabilization and even a slight decrease
at the highest moisture values. This change in slope suggests a transition in wood response
beyond certain moisture levels.

The coefficient of determination (R? = 0.99 in all cases) indicates a highly robust model
fit, reflecting a strong association between tangential shrinkage and the evaluated moisture
content variables. Overall, the results demonstrate a well-defined positive relationship,
with differences in curve shape and slope intensity depending on the hygroscopic variable,
allowing for the identification of specific behaviors within the same phenomenon.

3.7. Principal Component Analysis

Principal component analysis (PCA) was applied to integrate and synthesize the
information contained in the set of evaluated physical variables, allowing for a joint
exploration of the relationships among hygroscopic properties, densities, and shrinkage
of thinning wood from Simarouba amara Aubl. This multivariate approach facilitates the
identification of association patterns, variation gradients, and potential groupings among
treatments, providing a simplified representation of the data structure without losing the
essential variability of the system.
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Figure 11 presents the PCA results, where the first two axes explain the largest propor-
tion of total variability, with 98.40% for the first principal component (PC1) and 0.60% for
the second principal component (PC2). The distribution of treatments along PC1 shows
a clear differentiation, making this axis the main gradient of variation. In this sense,
treatments corresponding to the apex at 3 x 3 m spacing (Ap: 3 x 3) are located at the
positive extreme of PC1, while the base at 2 x 2 m (Ba: 2 X 2) is positioned at the negative
extreme, showing a marked separation between contrasting structural conditions. The
remaining treatments are distributed in intermediate positions, following a progressive
order associated with both longitudinal stem position and planting density.
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Figure 11. Principal component analysis (PCA) of the physical properties of thinning wood of
Simarouba amara Aubl. according to longitudinal stem position and planting density. CHSat: Saturated
Moisture Content; Cheh: Equilibrium Moisture Content; PSF: Fiber Saturation Point; SD: Saturated
Density; AD: Air-dry Density; OD: Oven-dry Density; BD: Basic Density; TC: Tangential Shrinkage;
RC: Radial Shrinkage; LC: Longitudinal Shrinkage; VC: Volumetric Shrinkage; DSI: Dimensional
Stability Index; VCC: Volumetric Shrinkage Coefficient; Ba: 2 x 2: stem base with 4 m? spacing; Me:
2 x 2: middle stem section with 4 m?2 spacing; Ap: 2 x 2: stem apex with 4 m? spacing; Ba: 3 x 3:
stem base with 9 m? spacing; Me: 3 x 3: middle stem section with 9 m? spacing; Ap: 3 x 3: stem
apex with 9 m? spacing.

The orientation of the vectors indicates that variables such as the volumetric shrinkage
(VQ), radial shrinkage (RC), tangential shrinkage (TC) and the fiber saturation point (PSF)
present positive loadings on PC1, aligning in the same direction as the treatments located
on the right side of the plot. Similarly, the saturated moisture content (CHSat) and the equi-
librium moisture content (Cheh) also show a positive association with this axis, although
with lower relative magnitude. In contrast, the basic density (DB) and the dry density (DS)
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are oriented toward the negative side of PC1, indicating an opposite relationship with the
aforementioned variables.

On the vertical axis (PC2), variability is considerably lower; however, it allows certain
nuances in the distribution of treatments to be distinguished. For example, the treatments
at the stem apex in 2 x 2 (Ap: 2 x 2) and in 3 x 3 (Ap: 3 x 3) present positive values on
this axis, whereas Ba: 2 x 2 and Ap: 3 x 3 show greater dispersion toward negative values,
evidencing internal variability within these groups. Likewise, the direction of variables
such as RC and TC toward positive values of PC2 suggests a slight differentiation with
respect to variables such as Cheh and LC, which are oriented toward negative values.

The overall configuration of the biplot shows well-defined groupings of treatments.
Those corresponding to the base at 2 x 2 (Ba: 2 x 2) are clearly isolated at the negative
extreme of PC1, while those at the apexin 3 x 3 (Ap: 3 x 3) cluster at the opposite extreme,
showing a well-defined structural separation. Intermediate treatments, such as Me: 2 x 2
and Me: 3 x 3, are located in central positions, reflecting transitional conditions between
both extremes. This arrangement suggests a continuous gradient in the evaluated proper-
ties, where longitudinal position and planting density jointly influence the multivariate
configuration of the thinning wood from Simarouba amara Aubl.

Therefore, the PCA proposes a clear structuring of the treatments, dominated by princi-
pal component 1, where the variables associated with shrinkage and moisture content clus-
ter toward positive values, while the density variables are oriented in the opposite direction,
allowing for a consistent differentiation of the combined effects of the evaluated factors.

3.8. Machinability

Table 6 shows the results of the machinability evaluation of Simarouba amara Aubl.
wood, obtained from thinning operations in a thirteen-year-old plantation in the Ucayali
region. The results evidence differentiated behavior according to the machining test, based
on the equivalent defect values (VA) obtained and their corresponding classification under
ASTM D1666-22. In the planing test, the wood presented an average VA value of 1.18,
placing it within the “Excellent” quality range. This result indicates a surface largely free
of defects, with minimal presence of grain tear-out or fuzziness, suggesting an adequate
response to longitudinal cutting, even considering variations in grain orientation.

Table 6. Machinability evaluation of thinning wood of Simarouba amara Aubl.

Test Number of Predominant Evaluated Mean Quality Range = ASTM D1666-22
Specimens Defects VA (VA) Classification
. Grain tear-out, fuzziness,
Planing 60 raised grain, knife marks 1.18 1.0-1.5 Excellent
Molding 60 Roughness, splintered 1.02 1.0-15 Excellent
grain, fuzziness
Drilling 60 Internal roughness, grain 1.88 1.6-2.5 Good
rupture, compressed grain
Turning 30 Splintered grain, surface 2.68 2.6-35 Fair

roughness, fiber tearing

In the molding test, an average VA value of 1.02 was obtained, also classified as
“Excellent”, representing the best performance among the evaluated machining processes.
The low incidence of defects such as surface roughness and splintered grain indicates that
the wood presents optimal conditions for profiling operations, maintaining dimensional
stability and a uniform surface quality. This behavior suggests a high suitability of the
species for applications requiring fine finishes and precision machining.
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For the drilling test, an average VA value of 1.88 was recorded, corresponding to a
“Good” classification. In this case, moderate defects were observed, mainly associated
with internal roughness and slight grain compression, indicating that although the wood
responds favorably to the process, limitations may arise in operations involving drilling, es-
pecially under higher spindle speed conditions. Nevertheless, these defects can be corrected
through subsequent finishing processes, maintaining its viability for industrial applications.

Finally, the turning test showed the least favorable performance, with an average VA
value of 2.68, classified as “Fair”. This result reflects a higher incidence of defects such as
fiber tearing, splintered grain, and surface roughness, mainly associated with the interaction
between the anatomical structure of the wood and cutting conditions. The observed
variability suggests that turning performance is more sensitive to operational factors such as
tool angle and process stability, which partially limits its use in high-quality turned products.
Overall, the results demonstrate that the machining performance of Simarouba amara varied
according to the machining operation rather than exhibiting a uniform response across
all evaluated processes. Operations involving continuous cutting parallel to the grain
consistently produced superior surface quality, whereas turning was more susceptible to
defects associated with wood anatomical characteristics and machining conditions. These
findings highlight the technological potential of this species for manufacturing value-added
wood products requiring high surface quality during secondary wood processing.

3.9. Prototype Development from Thinning Wood of Simarouba amara Aubl.

Based on the results obtained from the machinability evaluation and considering the
previously described physical behavior of thinning wood from Simarouba amara Aubl.,
functional prototypes consisting of solid wood doors and desks were developed, with the
purpose of validating its performance under real use and processing conditions. These
prototypes enabled the integration of experimental results into an applied context, ev-
idencing the material’s response during dimensioning, assembly, and surface finishing
processes. A total volume of 3.569 m® of sawn and kiln-dried thinning wood was used for
the development of the prototypes, from which two desks and two solid wood doors were
manufactured. The production process of these prototypes is shown in Figure 12. Of this
volume, approximately 0.21 m? corresponded to the desk prototypes and 0.17 m? to the
door prototypes, considering losses associated with dimensioning, squaring, and finishing
operations. The design and construction characteristics of these prototypes are presented
as complementary information, where the dimensional and configurational aspects of each
developed product are detailed.

In the case of the solid wood doors, the manufacturing process showed favorable
behavior during planing and molding operations, reflected in the production of uniform
surfaces with low defect occurrence and adequate finishing quality. The joints and con-
nections between components exhibited good dimensional accuracy, without significant
deformations during the conditioning process. Likewise, the stability observed during dry-
ing and subsequent handling remained within acceptable ranges, with no visible warping or
cracking, resulting in a final product with adequate structural integrity and homogeneous
surface quality.

On the other hand, in the fabrication of desks, the wood showed consistent behavior
during machining and assembly stages, particularly in planing and molding operations,
where smooth and uniform surfaces were obtained. In drilling operations, slight inter-
nal irregularities were observed, consistent with the results of the drilling test; however,
these did not compromise the final product quality and were corrected through finishing
processes. During assembly, the components maintained adequate dimensional stability,
allowing for proper fit in the joints and a functional structural configuration. Overall, the
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developed prototypes reflect the suitability of thinning wood of Simarouba amara Aubl. for
use in secondary wood products, evidencing performance consistent with the experimen-
tally obtained machinability results. The surface quality, processing stability, and structural
integrity observed in both types of prototypes confirm the viability of the material for
carpentry and furniture applications under controlled processing conditions.

i(lo)

R

Figure 12. Production process of prototypes from thinning wood of Simarouba amara Aubl. Prototypes
manufactured in the Carpentry Workshop of CITEforestal Pucallpa, Technological Institute of Produc-
tion (ITP). (a) Determination of the initial volume (m3) of sawn wood. (b) Kiln drying of sawn wood
in conventional drying chambers. The thicknesses processed were 1”7, 1.5”, and 2. (c) Assembly
process of components for the fabrication of a wooden desk. (d) Pre-finishing process of a solid wood
door. (e) Application of the first coat of varnish on wooden desks. (f) Final presentation of the desk
prototype (130 cm x 60 cm X 75 cm) and solid wood door (205 cm x 83 cm), both finished using a
sealed lacquer coating technique. The developed prototypes are currently exhibited at the Alexander
von Humboldt Experimental Center, located in Padre Abad Province, Ucayali Region, Peru.
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4. Discussion

The results obtained strengthen the hypothesis that planting density and the longi-
tudinal position along the stem significantly influence the technological performance of
Simarouba amara Aubl. thinning wood, as shown in Table 7.

Table 7. Physical properties of Simarouba amara Aubl. thinning wood under the influence of planting
density and longitudinal stem position.

NLF DS CHSat Cheh PSF TC RC LC vC BD SD AD oD DSI vccC

Ba 2% 2 96.17 11.41 26.80 6.22 3.77 0.25 10.18 0.45 1.09 0.52 0.49 1.66 0.38
(759b  (0.73)f (1.04) f (0.63)f  (0.28)e (0.04) f (0.84) f (0.03) ns (0.06) ns 0.04a (0.03) ns (0.21) ns (0.03) ns

Me 2% 2 109.09 12.85 29.94 742 425 0.40 12.05 0.40 1.00 0.46 0.42 1.76 0.40
(9.24)d  (0.86)d (097)d  (0.80)d  (0.35)d  (0.06)d  (1.07)d  (0.03)ns (0.06) ns 0.03b (0.03) ns (0.25)ns (0.04) ns

A 2% 2 125.38 14.58 33.17 8.82 4.84 0.65 13.81 0.34 0.92 0.40 0.36 1.83 0.42
P (9.86)e  (0.87)b  (1.02)b  (0.87)b  (0.35)b  (0.11)b  (1.14)b  (0.02)ns (0.05) ns 0.03d (0.02) ns (0.22) ns (0.03) ns

Ba 3x%3 106.94 12.52 29.15 6.98 421 0.35 11.55 0.41 1.02 0.47 0.43 1.67 0.40
(8.14)a  (0.66)e (1.00)e (0.58)e  (0.34)d  (0.05)e 091)e (0.02) ns (0.06) ns 0.03b (0.03) ns (0.18) ns (0.04) ns

Me 3x3 122.06 13.79 31.97 8.28 4.58 0.57 13.27 0.36 0.95 043 0.38 1.82 0.42
9.01)c (0.83) ¢ (1.00) ¢ 0.82) ¢ (0.36) ¢ (0.08) ¢ (1.10) ¢ (0.03) ns (0.05) ns 0.03¢ (0.02) ns (0.24) ns (0.04) ns

A 3x3 135.42 15.54 34.99 9.41 4.95 0.85 14.81 0.30 0.88 0.36 0.32 191 0.42
p (993)d  (094)a (1.03)a (096)a (043)a (0.13)a (1.14)a (0.02) ns (0.05) ns 0.03e (0.02) ns (0.24) ns (0.04) ns

Values without parentheses correspond to the mean values of each evaluated property, whereas values in
parentheses represent the standard deviation. Different letters within the same column indicate statistically
significant differences among treatments according to the multiple mean comparison test (p < 0.05); treatments
sharing the same letter do not differ significantly. The abbreviation ns indicates the absence of statistically
significant differences among the evaluated treatments (p > 0.05).

The observed variation in CHSat appears to be associated with differences in wood
density and anatomical structure [41]. Lower density wood from the upper stem, partic-
ularly under the wider planting spacing, generally exhibits a greater proportion of void
spaces and cell lumina, resulting in a higher water-holding capacity. Accordingly, CHSat
values exceeding 130% in the apical portion of trees grown under the 3 x 3 m spacing are
consistent with highly porous wood and high permeability. In contrast, wood sampled
from the stem base exhibited lower CHSat values (96.17%), consistent with a lower capacity
to retain free water, probably associated with lower porosity. Overall, these results suggest
that longitudinal position within the stem had a greater influence on moisture saturation
characteristics than planting spacing [42].

The PSF values (26.80%-34.99%) fall within the typical range reported for hardwood
species (25%—-35%) [43]. Their increase toward the apex and under wider spacing is at-
tributed to the greater proportion of cell walls containing micropores [44] and the higher
accessibility of hydroxyl (-OH) groups in juvenile wood [45]. Higher PSF values imply
that wood begins to shrink at higher moisture contents during drying, which is critical
for establishing appropriate drying schedules [46]. Therefore, for wood with high PSF
values, lower initial drying temperatures and higher relative humidity levels in the drying
chamber are recommended to prevent premature drying stresses [47]. For high-value
products, slow drying is recommended for apex wood and wood grown at 3 x 3 m spacing
to avoid collapse and checking. In contrast, base wood from the 2 X 2 m spacing treatment,
with a lower PSF (26.8%), is more tolerant of rapid drying schedules. These findings are
consistent with those reported by [48,49] regarding the relationship among basic density,
fiber saturation point, and wood collapse.

The basic density of S. amara determined in this study (0.33-0.45 g cm~3) classifies
the wood as low to medium density, placing it close to Ochroma pyramidale (balsa) at the
lighter end of the spectrum [50] and comparable to Cedrela odorata at the lower limit of
the medium-density category [51]. The decrease in density from the base toward the apex
(Figure 6) is consistent with the ontogenetic gradient. Wood at the base of the tree contains a
greater proportion of mature wood, characterized by thicker fiber walls and smaller lumina,
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whereas wood formed toward the apex is predominantly juvenile, exhibiting thinner fiber
walls, larger lumina, and consequently lower density [52]. This pattern has been widely
reported by [53,54] for tropical species.

The effect of spacing on wood quality is significant; a narrower planting spacing
(2 x 2m) induces competitive stress that triggers adaptive mechanisms in the tree, such
as the formation of reaction wood and the development of fibers with thicker cell walls
to provide structural support, thereby increasing basic density [55,56]. In contrast, wider
spacing (3 x 3 m) promotes more vigorous radial growth, although with a tendency toward
a lower proportion of high-density wood [57]. In technological terms, wood density varied
across a relatively low range overall, with basic density values ranging from 0.30 g cm >
at the apex under 3 x 3 m spacing to 0.45 g cm 3 at the base under 2 x 2 m spacing
(Figure 6). Although these variations across trunk positions and planting densities are
moderate, air-dry density (AD) revealed significant differences among treatments. These
results suggest that material from denser spacings of 2 X 2 m, particularly at the base,
could be explored for light, non-structural carpentry or joinery [26]. Conversely, lower
density material from apical sections under 3 x 3 m spacing is better suited for applications
prioritizing low weight, such as core stock for light panels, packaging, or internal furniture
components [6].

The results demonstrate a marked influence of longitudinal position and planting
density on the shrinkage anisotropy of the material. The increase in dimensional instability
from the base toward the apex is mainly attributed to differences in the physiological matu-
rity of the tissue: in the basal section, more mature cellular elements predominate, with
thicker cell walls and a denser xylem structure that restricts hygroscopic shrinkage [29]. In
contrast, toward the apex, juvenile wood prevails, characterized by a higher microfibril
angle in the S2 layer and a greater proportion of fibers with thin cell walls, factors that
exacerbate deformation during the drying process [58]. This phenomenon is consistent with
observations in various fast-growing tropical species, where the interaction between bio-
logical growth rate and spacing management defines stem homogeneity and technological
quality [29,59].

Planting density (3 x 3 m) favors the development of more vigorous crowns and
a higher production of juvenile wood, which explains the increase in shrinkage rates
compared to the 2 x 2 m planting density, where early intraspecific competition generates
tissues with higher basic density that act to reduce the magnitude of shrinkage [60,61].
The values recorded for the tangential-to-radial shrinkage ratio (TC/RC), ranging from
1.65 to 1.90, indicate wood with notable dimensional stability, a key factor for minimizing
deformation risks and internal stresses during the drying process [29,62]. This stability is
further reinforced by an exceptionally low longitudinal shrinkage (<1.5%), which prevents
critical defects such as axial warping and confirms the technological suitability of the
material for the manufacture of high value-added products, such as fine furniture or
precision components [63,64]. Finally, the combination of these physical properties with
an excellent response to machining operations enables the efficient integration of S. amara
thinning wood into high-demand secondary transformation processes [64].

The stability observed in the volumetric shrinkage coefficient (VCC) suggests that
13-year-old juvenile wood of S. amara exhibits a homogeneous hygroscopic response, an
essential characteristic for predicting material behavior during drying and subsequent
manufacturing processes [65,66]. The slight reduction in VCC observed at the base of
trees under higher planting density (2 x 2 m) may be linked to growth stress dynamics
and cellular differentiation that alter the ultrastructure of the cell wall, thereby mitigating
deformation in that specific zone [67]. However, the numerical variation detected (0.38 vs.
0.41) is marginal in practical terms, confirming the uniformity of the resource for processing.
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Similar behaviors have been documented in other fast-growing species, where stability
indices and shrinkage rates are more strongly governed by ontogenetic tissue maturity
than by variations in initial planting density [51,68]. Consequently, the homogeneity of
VCC across different stem positions allows this thinning wood to be classified as having
predictable performance, facilitating its recognition and use as a quality commercial timber
resource [24,59]. This technological consistency is essential for integrating the material into
production lines that require superior surface finishing and high machining efficiency [64].

Regarding machinability, the results show a heterogeneous behavior conditioned by
the nature of each machining operation. The excellent performance observed in planing
and molding indicates an optimal response to longitudinal cutting, favored by the uniform
texture and the low basic density (approximately 0.40) characteristic of S. amara [6,24].
This ease of processing is correlated with the species’ moderate mechanical resistance,
allowing for the production of high-quality surfaces with minimal defect incidence, which
is essential for optimizing finishing processes in products such as furniture or musical
instruments [6,69]. In contrast, the regular performance in the turning operation suggests
limitations in transverse or rotational cutting processes, where surface quality critically
depends on factors such as rake angle, feed rate, and anatomical structure [14,70]. This
behavior is consistent with studies indicating that, in low-density and diffuse-porous
woods, machining quality may be compromised by insufficient fiber cohesion during ro-
tational cutting, requiring precise adjustment of machine parameters to avoid excessive
roughness [71,72]. Finally, the possibility of improving these properties through thermo-
mechanical treatments opens new opportunities for the use of this species in flooring or
higher technical requirement components [73].

Validation through functional prototypes confirms that thinning wood of S. amara
possesses remarkable industrial suitability, particularly in the execution of precision struc-
tural joints such as the mortise and tenon system, where fit accuracy is decisive for the
mechanical strength and durability of furniture [74]. This ability to maintain stable fitting
under service conditions is attributed to its favorable hygroscopic response, which mini-
mizes the development of gaps or stresses at critical connection points under changes in
environmental humidity [75,76]. Moreover, the surface quality and finishing achieved in
commercially sized pieces demonstrate that processing wood from thinnings or secondary
forests does not compromise either the esthetics or the technical functionality of the final
product [77]. By integrating physical characterization with real performance testing, a uti-
lization model is established that ensures both efficient raw material use and the structural
integrity required for high value-added applications [78,79]. Consequently, this practical
approach validates the transition from experimental analysis to industrial scale, ensuring
consistent results in the machining and assembly of juvenile wood components [80].

From a broader perspective, the results contribute to the understanding of the valoriza-
tion potential of thinning wood in tropical forest systems. Traditionally underutilized for
low-value energy purposes such as firewood or charcoal [81,82], this raw material demon-
strates suitable technical conditions for its incorporation into more complex value chains,
including the manufacture of engineered wood products (such as CLT or LVL), textile
fibers, and nanocellulose, aligning with circular bioeconomy approaches and the cascading
use of biomass [83,84]. In this sense, the integration of technological criteria such as density
and the management of juvenile wood proportion into silvicultural management allows
thinning to be considered the “first transformation operation” of the product, optimizing
wood characteristics for specific structural or industrial uses [26,85,86]. Moreover, the
implementation of emerging technologies such as thermal modification offers a sustainable
pathway to improve the stability and commercial competitiveness of thinning wood from
fast-growing plantations [87].
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However, it is important to acknowledge certain limitations of this study. The eval-
uation focused on physical and machinability properties, omitting critical parameters of
mechanical strength and natural durability against biological agents; this limitation restricts
extrapolation to structural applications, where stress characterization and service life are
essential regulatory requirements to ensure construction safety [81,87]. Likewise, the use of
small samples under controlled laboratory conditions may not capture the technological
variability present in thinning wood at an industrial scale, where factors such as knot
presence and the higher proportion of juvenile wood in short rotations significantly alter
material performance [26,86].

Accordingly, future research directions are proposed: (i) deeper mechanical character-
ization, given that preliminary studies on S. amara indicate that its resistance may reach
strength class C20, enabling its use in small-scale structural applications and furniture [6,25];
(ii) evaluation of biological durability and response to thermomechanical treatments, which
have been shown to significantly improve modulus of elasticity and esthetic quality for
high-value niches such as flooring [73,88]; (iii) optimization of drying processes to take
advantage of the low shrinkage and high dimensional stability exhibited by this species
even at early plantation ages (20-25 years) [25,27]; and (iv) the use of anatomical microchar-
acterization (such as fiber wall thickness) as a rapid predictor of technological performance
in underutilized Amazonian woods [89,90]. Furthermore, the implementation of predictive
models and artificial intelligence algorithms applied to thinning management would allow
for simulation of wood quality scenarios prior to harvest [91,92]. Overall, these results
position Simarouba amara Aubl. thinning wood as a key component for the development of
engineered products (glulam or OSB) that reduce dependence on overexploited species,
alleviating pressure on natural forests and strengthening the regional bioeconomy [28,93].

The wood evaluated in this study originated from 13-year-old thinning operations and
therefore represents predominantly juvenile material. Consequently, the technological prop-
erties reported here should be interpreted within the context of wood obtained from young
plantations rather than mature stands. Nevertheless, the results demonstrate that Simarouba
amara thinning wood possesses considerable potential for value-added applications, sup-
porting the sustainable utilization of material generated during intermediate silvicultural
treatments. Further evaluations of industrial processing performance, including sawing
yield and recovery, are required to optimize the utilization of thinning wood and to better
define its potential for commercial applications . Although anatomical characterization
was beyond the scope of the present study, integrating wood anatomical analyses with
technological property assessment could provide complementary information for a more
comprehensive understanding of the relationships between wood structure and perfor-
mance [90]. In addition, future studies comparing juvenile and mature wood harvested
at different rotation ages would further elucidate the ontogenetic development of wood
quality and provide a stronger scientific basis for optimizing both silvicultural management
and industrial utilization of this species [94].

5. Conclusions

The results of this study suggest that planting density and longitudinal stem position
significantly influence the physical, hygroscopic, and machinability properties of thinning
wood of Simarouba amara Aubl., validating the proposed hypothesis and evidencing consis-
tent patterns of axial and between-treatment variation. Moisture content and shrinkage
increased progressively from the base toward the apex, with volumetric shrinkage values
ranging from 10.18% to 14.81%, associated with a higher proportion of juvenile wood.
Wood density generally showed higher mean values under the 2 x 2 m spacing, although
statistically significant differences between planting spacings were only detected for air-
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dry density. Dimensional stability, evaluated through the T/R index (1.66-1.91) and the
volumetric shrinkage coefficient (0.38-0.42), falls within moderate ranges, suitable for car-
pentry and furniture applications. Regarding machinability, the wood exhibited excellent
performance in planing (VA = 1.18) and molding (VA = 1.02), good performance in drilling
(VA =1.88), and regular performance in turning (VA = 2.68), with the latter identified as the
operation requiring optimization of processing parameters. Validation through functional
prototypes confirms its suitability for secondary transformation products, showing coher-
ence between experimental results and industrial performance. Overall, these findings
suggest Simarouba amara Aubl. thinning wood as a viable resource for incorporation into
higher value-added supply chains, contributing to the sustainability of the forestry sector.
Future studies should address mechanical properties, durability, and the optimization of
industrial processes to expand its field of application.
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