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Abstract: This study addressed multi-product optimization in Cedrelinga cateniformis plan-
tations in the Peruvian Amazon, aiming to maximize volumetric yields of logs and sawn
lumber. Data from seven plantations of different ages and types, established on degraded
land, were analyzed by using ten stem profile models to predict taper and optimize wood
use. In addition, the structure of each plantation was evaluated using diameter distribu-
tions and height-diameter ratios; log and sawn timber production was optimized using
SigmaE 2.0 software. The Garay model proved most effective, providing high predictive
accuracy (adjusted R? values up to 0.963) and biological realism. Marked differences in
volumetric yield were observed between plantations: older and more widely spaced plan-
tations produced higher timber volumes. Logs of optimal length (1.83-3.05 m) and larger
dimension wood (e.g., 25.40 x 5.08 cm) were identified as key contributors to maximizing
volumetric yields. The highest yields were observed in mature plantations, in which the
total log volume reached 508.1 m3ha~! and the sawn lumber volume 333.6 m>ha~!. The
findings demonstrate the power of data-driven decision-making in the timber industry. By
combining precise modeling and optimization techniques, we developed a framework that
enables sawmill operators to maximize log and lumber yields. The insights gained from this
research can be used to improve operational efficiency and reduce waste, ultimately leading
to increased profitability. These practices promote support for smallholders and the forestry
industry while contributing to the long-term development of the Peruvian Amazon.

Forests 2025, 16, 164

https://doi.org/10.3390/£16010164



Forests 2025, 16, 164

2 of 32

Keywords: agroforestry; dynamic programming; logs; production planning; sawn lumber;
taper; wood industry

1. Introduction

Plantation forests occupy a total area of about 131 million hectares worldwide, repre-
senting 3% of the global forest area and 45% of all planted forests. South America has the
highest proportion of plantation forests, accounting for 99% of the planted forest area and
2% of the total forest area. Globally, 44% of plantation forests are dominated by introduced
species, with significant regional variations [1,2]. For instance, plantation forests in North
and Central America mainly consist of native species, while those in South America are
almost exclusively composed of introduced species [3].

The rapid expansion of tree plantations, particularly in Asia and Latin America, has
been a defining trend in recent decades. Annual growth rates of 2% [4,5] have led to
significant increases in forested areas, primarily in countries like Vietnam, China, Chile and
Brazil. These plantations often rely on exotic species, a practice that has drawn considerable
attention [6,7]. The establishment of plantations using native species has gained traction
globally [8,9]. However, initiatives are often limited by a lack of knowledge about the most
suitable silvicultural techniques for native species [10]. The concern regarding the estab-
lishment of plantations is driven by the high demand for forest products and the decline
in natural forests [11]. These concerns have also driven the need for sustainable forest
management practices, including the establishment of plantations of native species [12].

The planted forest area in Peru is currently 117,579.34 hectares [13]. In the mountains,
eucalyptus (Eucalyptus spp.) and pine (Pinus spp.) are the dominant species, together
with native species such as quinual (Polylepis spp.), which is used for wood and firewood.
On the coast, carob (Prosopis pallida) and tara (Caesalpinia spinosa) are important for wood
and beekeeping [14]. In the jungle, the planted area is around 46,295.15 hectares (39.2%),
distributed in the regions of Loreto (12.7%), San Martin (9.4%), Amazonas (8.7%), Ucayali
(7.4%) and Madre de Dios (1%) [13]. Amazonian plantations are mainly established with
native species such as Cedrelinga cateniformis (Ducke) Ducke, known as “Tornillo” [14].

Cedrelinga cateniformis is one of the main timber species in Peru. The timber is mainly
obtained from natural forests, and market volumes of 115,227.96 m3 and 69,574.17 m3
of round and sawn wood were reached in 2023, respectively [15,16]. Since 1970, several
tropical forestry projects have been implemented, and C. cateniformis plantations have been
established [17]. The wood, which was of a medium density (0.45 g cm~3), with good
workability and rapid growth, is widely used in carpentry, vehicle bodies and furniture-
making. The species presents good growth rates in plantations, being a valuable resource
for the timber industry [18-20]. In addition, the species is also of interest to the forestry
industry for the quality of its wood and its good adaptability in agroforestry systems, which
is of potential value for the sustainable development of the Amazon region [21,22].

A bioeconomic model developed for C. cateniformis management has determined that
the optimal harvest cycle to maximize economic benefits while ensuring the sustainability
of the resource is 25 years [23]. The species has been the subject of various growth modeling
studies in plantations in the Amazon, highlighting its economic and ecological impor-
tance [18,24,25]. Despite the prevalence of these plantations, a sustainable management
strategy for remains underdeveloped.

By analyzing tree stem profiles, we can optimize harvesting and increase the economic
value of each tree. This involves accurately estimating wood volume and identifying the
best use for different stem sections. Forest measurement has primarily focused on describ-
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ing and quantifying the irregular shapes of tree stems, as they often deviate from the ideal
cylindrical form [26]. Stem profile models are mathematical representations that describe
how the diameter of a tree stem tapers from its base to its crown. These models are based
on various mathematical functions, such as simplified, polynomial, sigmoidal, trigono-
metric and segmented functions [27,28], which can be fitted using different regression
techniques [29,30]. Stem profile models have been successfully applied to predict diameters
at different heights and to estimate volumes within specific sections of the stem [28,31].
Although profile studies in Peru have mainly been based on shape factors [32], the use of
stem profile models is less common.

Various products can be obtained from a tree for different commercial purposes, such
as sawn timber, veneer, particleboard and energy. Determining the optimal quantity of
products for each industry is a complex task, depending on many factors or constraints,
such as log dimensions [33]. Different algorithms and programs are used for the opti-
mization of forest products, such as the dynamic programming method, Bartho, M3to and
M3sNO [34,35]. The complexity of the process depends on the degree of constraints consid-
ered and the type of objective that defines the planning [36]. Key input variables for forest
product optimization typically include the following: (i) diameter distribution, (ii) product
characteristics, and (iii) stem profile models [37]. Optimization solutions can be derived
using linear programming, mixed-integer programming or heuristic techniques [38,39].
Effective product optimization helps maximize the value of forests and improve their
productivity [40,41].

Despite the importance of C. cateniformis as a key timber species in the Peruvian
Amazon, there are some important knowledge gaps regarding forest management and
optimization potential for multi-product systems. While some studies on form factors
(0.65) have been conducted in Peru [42], the use of stem profile models is less common.
Previous studies have primarily focused on general growth and yield modeling [17,43]
without adequately addressing the integration of advanced taper profile modeling and
multi-product optimization techniques tailored to plantation structures. These limitations
hinder the accurate prediction of wood volume and optimal utilization strategies, leading
to inefficient resource use and generating a knowledge gap regarding the potential use
of plantation wood. This situation has resulted in logging and processing practices being
based on experience rather than sound technical guidelines. Furthermore, forest product
optimization in Peru is not yet standard practice. Opportunities to maximize wood yield
and improve the profitability of forest producers thus remain underutilized.

This study sought to address the need for adaptation strategies to improve the value
of plantation wood while also addressing research gaps in stem profile modeling and forest
product optimization. The specific objectives of this study were as follows: (i) to evaluate
the diameter distribution and to fit models characterizing the diameter-height relationship;
(ii) to identify the most suitable stem profile models for forest plantations; and (iii) to
maximize the volumetric yield of logs and sawn wood for multi-product production. By
achieving these objectives, this research could contribute to more efficient and sustainable
forest management practices in the Peruvian Amazon, ultimately benefiting both the forest
industry and smallholders.

2. Materials and Methods
2.1. Study Area

The present study was carried out in seven plantations established in the Peruvian
Amazon. The specific location is in the district of San Juan Bautista, province of Maynas,

Loreto region, with reference coordinates 3.952500° S and 73.413951° W and an elevation
of 120 m (Figure 1). The area belongs to the “El Dorado” Experimental Annex of the
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San Roque Agricultural Experimental Station (National Institute of Agrarian Innovation,
INIA). The minimum and maximum temperatures in the area are 21 °C and 33 °C, and the
annual precipitation is around 3000 mm [44]. The soils are mainly clay loam and loamy
sand, and they are strongly acidic (4.5-4.77), with low to medium levels of organic matter
(0.80%-1.77%) [45].

Department of Loreto

b

Scale  1:1000 0 5 10 20 Meters
Legend
Species © Calophyllum brasiliense
®  Cedrelinga cateniformis * Bactris gasipaes
®  Calycophyllum spruceanum Bertholletia excelsa
Province Of Maynas ®  Virola albidiflora ®  Theobroma grandiflorum
£225 7] Centrocema macrocarpum
. I ™ o i P
San Juan Bautista of District Theobroma cacao —

Figure 1. Location of Cedrelinga cateniformis plantations, Peru: (a) Location of the department of
Loreto, (b) Study area, (c) Diagrams illustrating the different types of production systems associated
with each plantation (P1 to P7).

Plantations between 10 and 35 years old were evaluated. The genetic material used
for the facility is derived from botanical seeds from trees located in the natural forests
surrounding the study area [46]. C. cateniformis is established in degraded areas of the
Amazon in different types of production systems: forest massif (FM), agroforestry systems
(SAF) and living fence (LF) at different spacings (Table 1). The FM corresponds to a
plantation in an open area where the plants were evenly distributed; ASF are production
systems where C. cateniformis was planted with other Amazonian forest and fruit species;
and LF corresponds to an area where the species was planted at the edge of the road as a
boundary (Table 1 and Figure 1).

Table 1. Descriptive detail of Cedrelinga cateniformis in different plantation types in the Peruvian Amazon.

Associated . . .
. . . . Area Age  Distancing (m) Planting
Plantation Production Forest and Fruit Species
System (ha) (Years) (Rows/Floors) System
3 Cedrelinga cateniformis + Centrocema
P-1 M macrocarpum 0.09 10 5x5 Square
Cedrelinga cateniformis + Calycophyllum
g spruceanum + Virola albidiflora +
P-2 ASE Theobroma cacao + Centrocema 1.00 10 5x15 Rectangle
macrocarpum
Cedrelinga cateniformis + Calophyllum
P-3 ASF brasiliense + Bactris gasipaes + Centrocema 1.26 19 35 x5 Rectangle

macrocarpuim
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Table 1. Cont.
Associated . . .
. . . . Area Age  Distancing (m) Planting
Plantation Prg;lsl}[g;:m Forest and Fruit Species (ha) (Years) (Rows/Floors) System
Cedrelinga cateniformis + Bertholletia
P-4 ASF excelsa + Theobroma grandiflorum + 0.54 25 12 x 8 Five-petal
Centrocema macrocarpum
P-5 LF Cedrelinga Cf;;?g%%i ;1 Centrocema 0.05 29 5 Linear
Cedrelinga cateniformis + Theobroma .
P-6 ASF grandiflorum + Centrocema macrocarpum 0.40 28 10>10 Five-petal
P-7 ASF Cedrelinga cateniformis + Piper nigrum + 0.27 35 27 %27 Rectangle

Centrocema macrocarpum

FM: forest massif; AFS: agroforestry systems; LF: live fence.

2.2. Data Collection

All trees (100%) in the plantations were inventoried. The trees were georeferenced,
and the diameter at breast height (dbh) and total height (H) were measured using diameter
tape and the laser dendrometer (Criterion™ RD1000, Laser Technology, Centennial, CO,
USA), respectively. Stem profile measurements were taken by section. The diameter at
0.30 and 1.3 m height was determined by measuring it with a diameter tape. The upper
diameters were determined by remote measurement using a dendrometer (£1.5 cm). In
trees smaller than 30 cm dbh, the remotely evaluated sections were measured every 2 m,
and in trees larger than 30 cm dbh, they were measured every 3 m until reaching a stem
diameter of 5 cm. At least six sections were evaluated in each tree.

2.3. Data Dendrometric Description

Dendrometric measurements of C. cateniformis (Table 2) were divided into training
(70%) and validation (30%) data sets for the plantations (P-1 to P-7). This process ensures
robust model analysis, enabling generalization beyond the training data and improving
prediction accuracy and reliability for future applications. The variables include the total
number of data measured (N), number of trees (n), diameter at breast height (dbh), tree
height (H), diameter (d) at a certain height / along the stem and (h), which is the height
from the base to the point where the diameter d is reached. For each variable, the table
provides average, maximum, minimum and standard deviation values. In the training
data, the average dbh ranged from 21.83 cm (P-1) to 51.15 cm (P-5), which is similar to
the validation means. The maximum dbh value recorded was 109.60 cm (P-5), while the
minimum was 7.90 cm (P-2). The height (H) of all mean trees ranged from 14.68 m (P-2)
t0 29.04 m (P-4) in the training data and from 14.94 to 28.93 m in the validation data. The
standard deviations for these variables indicate variability across the dataset, particularly
in diameter and height, suggesting a wide range of tree sizes within the plantations.

Comparative analysis of the d/dbh ratio and relative height (/H) by data type (training
and validation) in different production systems is shown in Figure 2. Graphs of these
relationships demonstrate that there are no outliers and that the data are balanced.

2.4. Stem Profile Modeling

Ten stem profile models were evaluated for C. cateniformis (Table 3), considering
various mathematical relationships between h, H and/or dbh. The statistical analysis was
performed using the statistical software R Studio (v. 4.3.3) [47]. The fits were conducted
using the “Im” and “nls” functions for polynomial and non-linear models, respectively. The
statistical significance of the model parameters was determined using the t-Student test
(o £0.05) based on the fitting data; models whose parameters did not meet this criterion
were rejected.
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Table 2. Dendrometric measurements of Cedrelinga cateniformis individuals evaluated in different types of plantations in the Peruvian Amazon.

Plantation P-1 P-2 P-3 P-4 P-5 P-6 P-7

Data Training Validation Training Validation Training Validation Training Validation Training Validation Training Validation Training Validation
N (trees ha—1) 180 77 422 184 240 101 163 62 311 141 344 150 487 205
n 30 13 68 29 35 15 28 12 41 18 45 19 61 26
Average of dbh (cm) 21.83 20.22 24.04 23.89 47.62 45.42 49.67 50.3 51.15 51.64 35.57 41.67 43.28 43.79
Max of dbh (cm) 29.0 29.8 39.6 39.1 72.3 60.8 85.6 70.3 109.6 95.4 58.4 68.3 78.50 96.90
Min of dbh (cm) 11.1 8.4 7.9 8.7 19.6 30.8 21.9 30.5 15.5 18 16.2 23.9 17.10 12.40
StdDev of dbh 4.46 4.48 7.14 7.91 13 8.14 12.42 13.49 22.26 19.6 10.85 11.39 14.97 19.35
Average of H (m) 15.21 14.94 14.68 15.18 27.09 27.15 29.04 27.21 25.94 25.56 19.51 20.87 27.03 28.93
Max of H (m) 17.8 16.9 20 20.5 35.5 32.2 36.96 31.95 33.5 31.2 24.5 26.3 40.00 42.10
Min of H (m) 10.2 8.9 52 7.8 14 19.7 19.24 22.35 13.8 15.1 13.6 13.1 13.70 13.30
StdDev of H (m) 1.69 2.01 2.67 2.74 452 3.85 3.8 2.94 5.6 3.76 2.92 3.59 5.69 7.29
Average of d (cm) 18.45 17.53 19.85 19.79 37.39 35.78 40.76 41.03 39.52 39.19 26.82 31.22 32.75 33.99
Max of d (cm) 344 37.2 47.8 49.1 82.5 69.1 98.6 81.9 1222 118.8 67.5 84.3 103.90 118.90
Min of d (cm) 7.4 5.0 5.6 5.6 7.7 12.3 11.6 12.4 9.1 7.6 7 10.3 7.80 7.70
StdDev of d 6 6.22 8.3 8.91 14.79 12.65 15.63 16.92 22.38 20.84 12.96 14.93 15.52 18.80
Average of I (m) 3.67 3.62 3.96 412 6.58 6.45 7.13 6.08 7.88 7.98 5.48 5.73 8.24 8.19
Max of h (m) 10 10 13.5 14 21 18 26.18 21.74 24 24 16 16 24.00 24.00
Min of /1 (m) 0.3 0.3 0.3 0.3 0.3 0.3 0.5 0.5 0.3 0.3 0.3 0.3 0.30 0.30
StdDev of h 2.84 2.86 3.17 3.34 5.35 523 6.45 5.88 6.42 6.38 421 4.46 6.51 6.58

dbh is the diameter at breast height at 1.3 m above ground level, in cm. d is the diameter with bark at height &, in cm. H is the total height of the tree in m. / is the height from the base of
the tree to the point where diameter 4 is reached in m.
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The model performance was determined using validation data. The adjusted coeffi-
cient of determination (Rad], Equation (11)), coefficient of correlation between observed val-
ues and estimated values (rw, Equation (12)), root mean square error (RMSE; Equation (13))
and percentage (RMSE%; Equation (14)), bias (Bias; Equation (15)) and its percentage
(Bias%; Equation (16)), and the Akaike Information Criterion (AIC; Equation (17)) were
evaluated. The models were also graphically assessed by evaluating (i) relative residual
(RE%) vs. predicted diameter (d) and (ii) model function vs. field-observed data; the RE%
was calculated using Equation (18). The model selected to explain the species profile was
based on statistical indicators and biological realism.

P-1 P-2 P-3 P-4
0.8
0.6
0.4
0.2
0.0
< 15 1 05 0 05 1 15
<
0.8
0.6
Data
0.4 —= Training
—=— Validation

0.2

00] , ;

15 1 05 0 05 1 1515 1 05 0 05 1 1515 1 05 0 05 1 15
d/dbh

Figure 2. Relationship between diameter (d/dbh) and relative height (i/H) by data type for Cedrelinga

cateniformis. The individual trees are represented by continuous lines.

Table 3. Stem profile models evaluated for Cedrelinga cateniformis trees distributed in different types
of plantations in the Peruvian Amazon.

Model Function Author Equation
. - 371/2
Cielito I d = dbh- | By- (Hf) + By (HHh) +63.(HT—}1) } T [48] 1
. r 2 3 411/2
Cielito TI i — dbh- BOJFBY(A) +l52-(£) +B3_(%) 64-(%) } 4 [48] )
Clutter d=Bod bhﬁl HP2.(H — h)f’3 te [49] (3)
; (H2-12)-(h—1.3)
Amidon d = dbh- |B,- (H 13) + By < d;h H2 >:| € [50] (4)
Kozak d — dbh- ﬁ0+51'(%) 4By ( ) } T [51] (5)
Demaerschalk 4 = 10P0-dbiP1-H2 B2 (H — h)2P3 4 ¢ (52] (6)
Ormerod d—= dbh,(PIIi—llg) B +e [53] (7)
C B 2 -~ 3 _ 4172 54 8
e o B+ 1o () + B (HER) b () +pe ()] 4 - ®
Garay d = dbh-By- [1 + By Ln(l - ﬁz.hﬁs.H*ﬁs)] te [55] )
dbh g\ o13.B3 ByH
COFORD e IFER d=2 [1,eﬁ?(1 m + (M - |31) ’ (1 B 1—ef53?(1'3*H> ) + (12_95;33]-()1;44) e Pl — 1,[5;52-(1.2341) el +e 56l (10)

d is the diameter with bark at height &, in cm. dbh is the diameter at breast height at 1.3 m above ground level, in
cm. h is the height from the base of the tree to the point where diameter d is reached in m. H is the total height of
the tree in m. e is the exponential. Ln is the natural logarithm. o, 31, B2, B3, B4 are model parameters. ¢ is the
random error.
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(11)

Tyy = L . = Ym=n"'} 0, Y, (12

n (Y- )

RMSE = {| =———, (13)
n
o1 [T (Y- V)
RMSE% = 100-Y; 1—7 (14)
Y. — Y.
Bias =) " (linﬁ (15)
_ Yi-Y;
Bias% = 100.Y; 'y ., % (16)
AIC = n-logs® + 2K, (17)
Yi—Y;
RE% = 100-( B ‘>, (18)
1

where Y;, Y; and Y are the observed, predicted and average diameter values along the stem,
respectively; n is the total number of data points used in the model fitting; log is base 10
logarithm; K = p + 1; p is the number of parameters to be estimated; and &2 is the variance
of the model error expressed as y ' ; (Y; — Yi)z/ n.

2.5. Diameter Distribution and the Diameter-Height Relationship

The diameter distribution in each plantation was categorized in 5 cm intervals to
establish diameter classes. The diameter-height relationship was assessed using five
height-diameter models [57] (Table 4). These models were specifically designed to estimate
the height (H) for the established diameter classes. The model parameters were validated
using Student’s t-test (x < 0.05), and the goodness of fit was evaluated using R2.

Table 4. Height-diameter relationship models for Cedrelinga cateniformis trees distributed in different
types of plantations in the Peruvian Amazon.

Model Type Function Equation
Chapman-Richards H =By (1—e(—Ppy-dbh))P2 + ¢ (19)
Exponential H= BOE(M;;P%M) +e (20)
Reciprocal H=py+ Bl'(db#) te (21)
Logarithmic LnH = B + B1-Ln(dbh) + ¢ (22)
Reciprocal-Log LnH = o+ 51.<ﬁ> Te (23)

dbh is the diameter at breast height at 1.3 m above ground level, in cm. H is the total height of the tree in m.
e denotes exponential. log denotes natural logarithm. 3y, 31 are model parameters. ¢ is the random error.

2.6. Multi-Product Optimization

Multi-product optimization was carried out using SigmaE 2.0 software. This software,
developed through dynamic programming, addresses the primary problem of obtaining
the largest volume of harvestable stem and the highest economic yield, considering the
characteristics of the forest population and the products for different industries [58]. The
computational code MPDAMA (Dynamic Programming Model for the Evaluation of Multi-
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Products from Individual Trees) was used [59]. The model levels and variables and the
deterministic recurrence relationships are detailed below.

2.6.1. Model Levels

e  First Level:

This level determines the taper profile of the tree trunk by applying equations
to calculate diameter variations along its length. Based on these measurements, the
trunk is sectioned into logs, and their volumes are estimated using Smalian’s formula
(Supplementary S1, Figure 1a).

e  Second Level:

Logs are converted into products based on conversion factors obtained from industry
(Supplementary S1, Figure 1b).

e Third Level:

At this stage, the logs are processed into sawn wood, defining cutting stages along the
trunk. This accounts for both parallel and circular saw cuts, with parameters such as cutting
thickness adjusted for each level. The optimization of product recovery is achieved using
Pythagoras’ theorem, and efficiency is maximized without predefining cutting structures
(Supplementary S1, Figure 1c).

2.6.2. Model Variables
The model uses the following variables:

H, Hc, Hb: Total height, commercial height and remaining stump height (in meters).
dbh: Diameter at breast height measured at 1.3 m (in cm).

Kz, Kx, Ky: Intervals of states at Levels 1, 2 and 3 in the dynamic programming model.
nz.kz: Variable associated with states at Level 1 (in meters).

nx.kx, ny.ky: Variables associated with states at Levels 2 and 3 (in mm).

Nz, Nx, Ny: Total number of states at Levels 1, 2 and 3, respectively

H. — H,

NZ == kz

u: Wood usage.

dmin(i), dmax(i): Minimum and maximum diameters of the ith log (in cm).

LZUu, LZLu: Maximum and minimum acceptable log lengths for usage u (in meters).
LZ[u, i]: Length of the ith log for usage u (in meters).

LZmim, LZmax: Minimum and maximum log lengths across all usages.

Piuw: Market price of the wth final product from the ith log for usage u.

Qiuw: Quantity of the wth final product from the ith log for usage u.

Cyiuw: Cost of the wth final product from the ith log for usage u, with components,

O Peeling cost;

O Transport cost;
O Sectioning cost;
O Processing cost (industrial).

jz.kz: State of the system, describing the current situation (number of intervals kz forming
a log).

Vu(i): Volume of the ith log for usage u (in md).

FTuw: Conversion factor for usage u to produce final product w.

skz, skx, sky: Cutting thicknesses at Levels 1, 2 and 3 (in mm).

Nx = dmin(i)/Kx
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Ny;

ylnx]/ky, se ylnx] < ylnx — Lx[z]];

ylnx — Lx[z]]/ky, se y[nx] > y[nx — Lx[z]];
y[nx]: Available face in state nx at Level 2;

O O O0OO0O0

Lx[z]: Decision variable at Level 2 (equals product thickness w obtained between
consecutive states) ;

O Ly[z]: Decision variable at Level 3 (corresponding to product width w obtained).
Fnz, Fnx, Gny: Optimal accumulated values at states nz, nx and ny of Levels 1, 2 and
3, respectively.

Ru(Jz.kz, dmin(i), dmax(i)): Return from converting the ith log of length Jz.kz with diameters
dmax(i) and dmin(i) for usage u

V(w, nxkx, nyky, Ix[z], ly[z]): Value of product w obtained at coordinates nxkx and nyky,
with thickness Ix[z] and width ly[z].

For this study, cost-related variables were excluded.

2.6.3. Deterministic Recurrence Relationships

The following deterministic recurrence relationships were obtained using the vari-
ables described:
First Level:

Fouz(H, dbh, Hb) = MAX{R,(J2.K2, dyin(iy, dmax(i)) + Fuzjzke(nzkz — Jz.kz, dbh, Hb))
Ru(Jz.kz, dmin(i)r dmaxm) =Xw=1 Quw(z.kz, dmin(i)r dmux(i))'Piuw — Yw=1 Zyzl Cyiuw(]z.kz,
Ainin(i), Amax(i)), para u # saw lumber, ou
RuUZ.kZ, dmin(i)r dmux(z’)) =0, paranz = 0

Second Level:
Frx(nxkx) = MAX{Gy(NY ky, nx.kx, nx.kx — Lx[z]) + Fppx_px[z]/ke(nx.kx — Lx[z] — skx)}

Lx[z] €Sy, 51 =Lx[z]/z€ Z
0<nx<NX;Fy=0
Third Level:

Gny(ny.ky, nx.kx, nx.kx — Lx[z]) = MAX{V(w, ny.ky, nx.kx, Lx[z], Ly[z]) + Tny- Lylz]/ky-sky
(ny kyLylz] — sky)}

Lylz] €Sy, Sy = Lylz]/z€ Z
0<nx<NY;Gy=0

The structure of the plantation was detailed by diameter classes, specifying the dbh of
the class mark, the height (H) and the number of individuals per hectare (trees ha=!). The
H of each diameter class was estimated using the best hypsometric model. The best profile
equations were entered for each plantation, with d and h as dependent variables.

Because C. cateniformis wood is mainly used in the sawmill industry, simulations were
performed for round and sawn wood. Surveys were conducted with the main sawmills
in the city of Iquitos to determine the wood dimensions most commonly marketed. The
simulations for round wood-covered log lengths from 1.83 to 3.05 mfv and a cutting yield
of 90% were considered. In the case of sawn lumber, widths from 10.16 to 25.40 cm and
thicknesses from 2.54 to 5.08 cm were considered, and the cutting width was 4 mm.
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3. Results
3.1. Diametric Distribution Structure and Diameter—Height Relationship

The specific diameter classes (5 cm intervals) for the seven plantations evaluated
are shown in Figure 3a. The diameters were normally distributed, ranging from 7.5 to
102.5 cm. Plantation P-1 included five classes, with the 17.5 cm class containing the highest
number of trees (189 trees ha~!), followed by the 22.5 cm class (156 trees ha~!) and the
27.5 cm class (89 trees ha~!). Plantation P-2 included seven classes, with the 22.5 cm class
containing most trees (58 trees ha~!) and frequencies decreasing for the lower and higher
classes. Plantation P-3 included 12 classes covering a wide range of diameters, each with
a low density, and a maximum of eight trees ha~! were recorded in the 42.5 and 47.5 cm
classes. Plantation P-4 included 10 classes, with the 52.5 and 62.5 cm classes having the
highest number of individuals (13 trees ha~!). Plantation P-5 also presented a wide variety
of diameters, with 17 diameter classes, but all classes had low counts, with a peak of
8 trees ha—! in the 22.5, 32.5 and 42.5 cm classes. Plantation P-6 had 10 classes, with the
32.5 cm class including the largest number of individuals (35 trees ha!), followed by the
27.5 cm class with 30 trees ha~!. Plantation P-7 had 15 classes; the count is notable in
the 27.5, 32.5 and 42.5 cm classes, which included 49, 34 and 41 trees ha—!, respectively,
indicating a high density and a diameter range that reflects mature individuals.

The selection criteria for the hypsometric models were based on a higher R?, indicative
of greater explanatory power and consistent data behavior, with the red regression lines
representing the models (Figure 3b). Model fits were statistically significant, explaining
the variability in the height data from 14.23 to 72.25%. The models included a logarithmic
function, and the predictive variables were the inverse of the dbh (P1, P2, P4, P5 and P6) or
its logarithm (P3 and P7). Plantation P-1 included trees of 8.05 to 16.50 m in total height,
on average, for diameter classes of 7.5 and 27.5 cm, respectively. In plantation P-2, the
total heights of trees were, on average, 8.12 to 18.76 m for the diameter classes 7.5 and
37.5 cm, respectively. In plantation P-3, the total heights of the trees were, on average,
18.03 to 32.03 m for diameter classes 17.5 and 72.5 cm, respectively. In plantation P-4, the
total heights of the trees were, on average, 23.00 to 30.08 m for diameter classes 22.5 and
87.5 cm, respectively. In plantation P-5, the total heights of the trees were, on average, 15.02
to 31.06 m for diameter classes 17.5 and 102.5 cm, respectively. In plantation P-6, the total
heights of the trees were, on average, 6.62 to 23.23 m for diameter classes 7.5 and 67.5 cm,
respectively. Finally, in plantation P-7, the total heights of trees were, on average, 14.43 to
42.16 m for diameter classes of 12.5 and 97.5 cm, respectively. The horizontal (diametric
classes) and vertical (heights) structures varied between plantations.

3.2. Taper Modeling

Table 5 shows statistical estimates for various models applied to different plantations
(P-1 to P-7) to analyze certain coefficients across equations. For models such as Cielito I,
Cielito II, Clutter, Kozak, Ormerod and Garay, statistically significant fits were obtained
for all their parameters (p < 0.05). Models such as Demaerschalk, Amidon and COFORD
e IFER had more non-significant values, suggesting limited applicability or less reliable
parameter estimates for the specific plantations (e.g., P3, P5 and P6).
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Figure 3. Diameter distribution (a) and height-diameter curves (b) for Cedrelinga cateniformis plan-
tations. dbh denotes the diameter at breast height at 1.3 m above ground level in cm; H is the total
height of the tree in m; and log denotes the natural logarithm. Circles indicate field observations, and
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the red line represents the fitted hypsometric model. * = p < 0.05, *** = p < 0.0001.
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Table 5. Coefficients and significance of profile models for Cedrelinga cateniformis
different plantation types in the Peruvian Amazon.

distributed in

Plantation Equation Model Bo B1 By B3 Ba
1) Cielito I - 2.6367 *** —6.4578 *** 5.3099 *** -
2) Cielito IT 1.6473 *** —10.5955 *** 42.5310 *** —79.6238 *** 52.9715 ***
3) Clutter 2.6951 *** 0.9880 *** —1.3552 *** 1.0496 *** -
(4) Amidon - 1.0294 *** —0.0719 ™ - -
P-1 5) Kozak 1.4253 *** —4.3401 *** 4.3352 *** - -
6) Demaerschalk 0.4306 *** 0.9880 *** —0.6776 *** 0.5248 *** -
(7) Ormerod - 1.0065 *** - - -
8) Cervera 1.0086 *** —4.2973 *** 17.3195 *** —36.4661 *** 26.6667 ***
9) Garay 1.4083 *** —0.7795 *** —1.5982 *** 0.5109 *** -
(10) COFORD e IFER - —0.5955 *** 0.7755 ** 0.0003 *** -
1) Cielito I - 2.1966 *** —5.6452 *** 5.0686 *** -
2) Cielito IT 1.8447 *** —12.5610 *** 48.8622 *** —85.6369 *** 52.4065 ***
3) Clutter 1.9447 *** 0.9577 *** —1.2649 *** 1.1284 *** -
(4) Amidon - 1.0566 *** —0.1645 *** - -
P2 (5) Kozak 1.5313 *** —4.47171 *** 3.9217 *** - -
6) Demaerschalk 0.2887 *** 0.9577 *** —0.6325 *** 0.5642 *** -
(7) Ormerod - 1.0381 *** - - -
(8) Cervera 1.1122 *** —3.9432 *** 7.0278 *** —3.282 1 —2.6621 ™
9) Garay 1.4327 *** —1.9923 *** —0.5140 ** 0.4968 * -
(10) COFORD e IFER - —0.4620 *** 0.0704 ** 0.0252 *** -
1) Cielito I - 1.52171 *** —3.5346 *** 3.2859 *** -
2) Cielito IT 1.3918 *** —8.7808 *** 36.9321 *** —72.7176 *** 49.83182 ***
3) Clutter 1.6416 *** 0.8479 *** —1.1331 *** 1.1862 *** -
(4) Amidon - 1.0120 *** —0.1213 * - -
2 (5) Kozak 1.2355 *** —3.4404 *** 2.9894 *** - -
P-3 6) Demaerschalk 0.2153 *** 0.8479 *** —0.5665 *** 0.5931 *** -
7) Ormerod - 1.1592 *** - - -
(8) Cervera 1.0381 *** —5.0939 *** 21.9141 *** —47.6002 *** 35.3879 ***
9) Garay 1.2006 *** —1.9589 *** —0.5274 ** 0.6099 ** -
(10) COFORD e IFER - —0.7457 ™S 0.0397 s 0.0188 *** -
1) Cielito I - 2.2812 *** —5.5187 *** 4.5587 *** -
2) Cielito IT 1.5037 *** —10.30521 *** 40.5168 *** —68.6426 *** 39.9844 ***
3) Clutter 1.9809 *** 1.0244 *** —1.0921 *** 0.8755 *** -
(4) Amidon - 1.0177 *** —0.1385 * - -
g (5) Kozak 1.2471 *** —3.4367 *** 3.0283 *** - -
P-4 ©) Demaerschalk 0.2969 * 1.0244 *+ ~0.5461 *** 0.4378 *+* -
7) Ormerod - 0.8548 *** - - -
8) Cervera 1.1136 *** —6.8880 *** 30.0872 *** —56.0962 *** 35.0389 ***
9) Garay 1.5299 ** —1.7740%* —0.5223 ** 0.3101 ** -
(10) COFORD e IFER - —2.9905 *** 0.1342 %+ 0.0062 *** -
1) Cielito I - 0.9199 *** —1.4577 ** 1.8637 *** -
2) Cielito IT 1.4499 *** —7.7048 *** 28.5881 *** —49.9187 *** 29.8572 ***
3) Clutter 1.1555 *** 0.8918 *** —0.9449 *** 1.0684 *** -
() Amidon i 1.0465 *** —0.1589 *** - :
P-5 (5) Kozak 1.2899 *** —2.8793 *** 1.8474 *** - -
(6) Demaerschalk 0.0628 s 0.8919 *** —0.4724 *** 0.5342 *** -
7) Ormerod - 0.9632 *** - - -
8) Cervera 1.1108 *** —4.1757 *** 14.6614 *** —27.9422 *** 18.0384 ***
9) Garay 1.1712 *** —4.3455 ** —0.2340 ** 0.7972 *** -
(10) COFORD e IFER - —0.2177 ™ 0.0031 ™ 0.0048 s -
1) Cielito I - 0.7490 *** —1.6084 ** 2.2074 *** -
2) Cielito IT 1.4639 *** —7.8082 *** 28.6149 *** —53.6171 *** 35.7454 ***
3) Clutter 1.7447 *** 0.9034 *** —1.3836 *** 1.3603 *** -
(4) Amidon - 1.0244 *** —0.2743 *** - -
g (5) Kozak 1.3144 *** —3.4834 *** 2.6341 *** - -
P-6 6) Demaerschalk 0.2417** 0.9034 *** —0.6918 *** 0.6802 *** -
7) Ormerod - 1.2869 *** - - -
(8) Cervera 1.0497 *** —4.0688 *** 14.2263 *** —30.5012 *** 23.0377 ***
9) Garay 1.2066 *** —4.4049 *** —0.2582 *** 0.7581 ** -
(10) COFORD e IFER - —1.2023 s 0.0318 s 0.0438 *** -
1) Cielito I - 1.6700 *** —3.8591 *** 3.5137 *** -
2) Cielito IT 1.4592 *** —8.9219 *** 32.6118 *** —53.6524 *** 30.6442 ***
3) Clutter 1.8009 *** 1.0317 *** —1.1722 *** 0.9822 *** -
(4) Amidon - 1.0231 *** —0.1103 *** - -
3 (5) Kozak 1.2640 *** —3.2419 *** 2.5407 *** - -
P-7 ) Demaerschalk 0.2555 %+ 1.0317 #+ 05861 0.4911 *+* -
(7) Ormerod - 0.9377 *** - - -
(8) Cervera 1.0818 *** —5.2557 *** 19.3922 *** —34.1951 *** 20.7376 ***
9) Garay 1.3510 *** —3.9110 *** —0.2219 ** 0.4214 * -
(10) COFORD e IFER - —0.5717 *** 0.1017 *** 0.0055 *** -

ns = not significant at the 0.05 significance level, * = p < 0.05, ** = p < 0.001, *** = p < 0.0001.

Analysis of model performance across plantations (P-1 to P-7) is summarized in Table 6.

In plantation P-1, the Cielito II and Cervera models stand out, with the highest R2ad]- values
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of 0.953 and 0.951, respectively, indicating a strong model fit. Both models also present high
values for ryg (0.980 and 0.980) and low RMSE values (1.299 and 1.337), suggesting high
prediction accuracy. Cielito II presents the lowest RMSE% (7.041%), while Garay reaches
an equally low RMSE% (7.592%). Likewise, the Cielito II and Cervera models present
the lowest values for the AIC (46.996 and 46.824). The Ormerod and COFORD and IFER
models show higher values of Bias and Bias%, suggesting some systematic errors in their
predictions. Cielito II and Cervera models present good statistical indicators, which makes
them strong candidates for modeling the profile in this plantation.

For plantation P-2, the Garay model yielded the highest Rzadj (0.967), followed by
Cielito II (0.965), both with excellent fits, with a ry¢ of 0.984. Garay also yielded the
lowest RMSE, RMSE% and AIC, with values of 1.603, 8.074% and 85.376, respectively,
demonstrating precise predictions. Cielito II and Cervera also perform well with relatively
low RMSE values. However, COFORD and IFER have a high bias (—8.110%), indicating a
notable lack of systematic prediction. Overall, the Garay and Cielito II models were the
most reliable for modeling the screw profile in this plantation.

In plantation P-3, the Garay model again performed well, with a high Rzadj and ryq
(0.888 and 0.943) and the lowest RMSE (4.190), RMSE% (11.206%) and AIC (135.688). The
Cielito I and Cervera models followed closely with good fit and moderate RMSE values.
Models such as Amidon and Demaerschalk yielded higher RMSE%, indicating less accurate
predictions. The COFORD and IFER models also led to slightly higher Bias%. The Garay
model was the most effective for profile modeling.

In plantation P-4, the Cielito II and Cervera models produced good results with
high values of Rzadj (0.946 and 0.943) and ryy (0.978 and 0.976), low RMSE values and
low AIC scores, suggesting strong fit and accuracy. Garay also yielded a relatively low
AIC (85.692), although only slightly lower than that of Cielito II and Cervera. Models
such as Kozak, Cielito I, Clutter and Demaerschalk yielded higher Bias% and AIC values,
indicating systematic error. The Cielito II and Cervera models were the most accurate for
this plantation.

In plantation P-5, Garay yielded high R? adj and ryg values (0.942 and 0.971) with low
RMSE and AIC (4.971 and 206.387), demonstrating a robust fit and accuracy. The Amidon
and Demaerschalk models also performed well, but Amidon yielded the lowest AIC
(209.608) among the models. COFORD and IFER yielded a high AIC (216,488), suggesting
that it is less optimal for this plantation. The Garay and Amidon models appear to be the
best choices for this plantation due to their combination of high fit and low AIC.

The Garay model yielded the best results for plantation P-6, with the highest Rzadj
and ry¢ values (0.951 and 0.976), the lowest RMSE and AIC (3.257 and 99.231). Demaer-
schalk also produced good results, but with a slightly higher RMSE%. The Amidon and
COFORD and IFER models yielded high RMSE% and Bias% values, indicating a notable
prediction error. The statistical indicators showed that the Gary model performed best for
this plantation.

For plantation P-7, the Garay model again yielded the highest Rzadj and ryg values
(0.963 and 0.982), along with the lowest RMSE (3.610) and the lowest AIC (238.586), making
this one of the best models. Cervera yielded high fit and precision with values for R%adj,
RMSE and AIC of 0.951, 4.118 and 260.013, respectively. The Amidon, Clutter, and COFORD
and IFER models yielded higher RMSE, RMSE% and AIC values, indicating less reliable
predictions. The Garay model again provided the best fits, reinforcing its effectiveness.
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Table 6. Model performance metrics for Cedrelinga cateniformis in different types of plantations in the

Peruvian Amazon.

Plantation Model Equation R2,qj I'vy RMSE RMSE% Bias Bias% AIC

Cielito I (1) 0.924 0.964 1.680 9.105 —0.228 —1.238 79.378

Cielito II (2) 0.953 0.980 1.299 7.041 —0.261 —1.415 46.996

Clutter (3) 0.890 0.949 2.013 10.908 —0.390 —2.115 103.555

Amidon (4) 0.897 0.950 11.277 61.123 —0.406 —2.202 101.193

P-1 Kozak (5) 0.910 0.956 1.838 9.962 —0.232 —1.258 87.421
Demaerschalk (6) 0.890 0.949 2.012 10.904 —0.389 —2.110 103.501

Ormerod (7) 0.881 0.949 2.131 11.548 —0.786 —4.261 105.181

Cervera (8) 0.951 0.980 1.337 7.245 —0.292 —1.581 46.824

Gara ) 0.948 0.978 1.401 7.592 —0.491 —2.663 55.080

COFORD e IFER (10) 0.872 0.949 2.185 11.845 —0.972 —5.268 114.572

Cielito I (1) 0.933 0.968 2.287 11.520 0.326 1.641 142.193

Cielito II (2) 0.965 0.984 1.642 8.273 0.281 1414 91.282

Clutter (3) 0.944 0.973 2.079 10.476 —0.303 —1.525 127.003

Amidon (4) 0.948 0.974 10.170 51.234 —0.146 —0.736 121.762

P2 Kozak (5) 0.923 0.963 2.453 12.358 0.267 1.346 149.415
Demaerschalk (6) 0.944 0.973 2.079 10.474 —0.302 —1.523 126.983
Ormerod (7) 0.932 0.974 2.313 11.652 —1.009 —5.084 138.017

Cervera (8) 0.956 0.978 1.838 9.262 —0.066 —0.332 104.790

Gara ) 0.967 0.984 1.603 8.074 —0.290 —1.462 85.376

COFORD e IFER (10) 0.914 0.975 2.589 13.044 —1.610 —8.110 162.046

Cielito I (1) 0.878 0.940 4.355 11.646 0.766 2.050 139.066

Cielito II (2) 0.871 0.938 4.426 11.838 0.765 2.046 142.501

Clutter (3) 0.857 0.929 4.684 12.527 0.410 1.096 145.464

Amidon (4) 0.864 0.931 12.926 34.570 0.486 1.300 144.354

P-3 Kozak (5) 0.874 0.938 4.417 11.812 0.736 1.969 136.309
Demaerschalk (6) 0.857 0.929 4.686 12.532 0.425 1.137 145.496

Ormerod (7) 0.866 0.932 4.604 12.315 —0.505 —1.351 137.962

Cervera (8) 0.876 0.939 4.372 11.694 0.639 1.709 137.423

Gara ) 0.888 0.943 4.190 11.206 —0.148 —0.395 135.688

COFORD e IFER (10) 0.861 0.932 4.644 12.422 —0.812 —2.173 144.721

Cielito I (1) 0.897 0.956 5.287 12.972 1.827 4.483 99.681

Cielito II (2) 0.943 0.976 3.871 9.498 1.159 2.844 84.893

Clutter (3) 0.890 0.951 5.417 13.289 1.628 3.994 100.982

Amidon (4) 0.920 0.961 11.499 28.211 0.167 0.410 93.551

P-4 Kozak (5) 0.882 0.949 5.668 13.907 1.963 4.817 99.429
Demaerschalk (6) 0.890 0.951 5417 13.290 1.631 4.001 100.985

Ormerod (7) 0.900 0.950 5.316 13.043 0.922 2.262 93.975

Cervera (8) 0.946 0.978 3.793 9.305 1.298 3.185 79.791

Gara ) 0.940 0.973 4.078 10.004 1.196 2.935 85.692

COFORD e IFER (10) 0.919 0.963 4.706 11.547 —1.155 —2.834 93.413

Cielito I (1) 0.922 0.962 5.768 14.458 1.216 2.983 224.620

Cielito I (2) 0.922 0.963 5.714 13.004 1.107 2.715 225.449

Clutter 3) 0.937 0.969 5.139 32.949 —0.429 —1.053 210.471

Amidon (4) 0.939 0.971 13.021 14.650 —1.058 —2.596 209.608

P-5 Kozak (5) 0.921 0.962 5.790 12.996 1.131 2.776 221.071
Demaerschalk (6) 0.937 0.969 5.136 13.693 —0.399 —0.978 210.397

Ormerod (7) 0.932 0.970 5.411 13.896 —1.695 —4.159 210.791

Cervera (8) 0.929 0.965 5.492 12.577 0.884 2.169 216.598

Gara ) 0.942 0.971 4.971 3.561 —0.538 —1.321 206.387

COFORD e IFER (10) 0.931 0.970 5.398 3.150 1.407 3.452 216.488

Cielito I (1) 0.928 0.968 3.950 14.266 1.245 4.347 113.808

Cielito II (2) 0.930 0.969 3.826 12.548 1.166 —0.388 113.400

Clutter 3) 0.947 0.974 3.365 49.295 —0.104 3.531 101.705

Amidon (4) 0.922 0.964 13.221 14.445 0.947 4.400 117.135

P-6 Kozak (5) 0.930 0.969 3.874 12.543 1.180 —0.360 108.341
Demaerschalk (6) 0.947 0.974 3.364 13.487 —0.097 —2.766 101.675

Ormerod (7) 0.941 0.972 3.617 13.985 —0.742 3.136 101.157

Cervera (8) 0.934 0.970 3.751 12.144 0.841 0.558 107.895

Gara ) 0.951 0.976 3.257 12.652 0.150 1.128 99.231

COFORD e IFER (10) 0.947 0.976 3.393 16.136 0.303 2.243 102.325

Cielito I (1) 0.946 0.974 4.328 12.796 0.602 1.696 270.866

Cielito IT (2) 0.949 0.977 4191 13.721 0.556 —1.211 267.143

Clutter (3) 0.942 0.971 4.494 40.121 —0.397 —2.610 277.568

Amidon (4) 0.943 0.973 13.140 12.957 —0.855 1.592 276.449

P-7 Kozak (5) 0.949 0.975 4.243 13.719 0.521 —1.208 263.360
Demaerschalk (6) 0.942 0.971 4.493 14.183 —0.396 —1.699 277.537

Ormerod (7) 0.939 0.969 4.645 12.573 —0.556 0.513 277.456

Cervera (8) 0.951 0.976 4118 11.023 0.168 —0.244 260.013

Gara ) 0.963 0.982 3.610 13.962 —0.080 —5.459 238.586

COFORD e IFER (10) 0.940 0.975 4.572 0.000 —1.788 0.000 280.660

a

dej represents the coefficient of determination; ry denotes the coefficient of correlation; RMSE is the root mean

square error; RMSE% is the percentage root mean square error; Bias%: denotes the percentage bias; and AIC is the

Akaike Information Criterion.
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In general, the Cielito II, Cervera and Garay models yielded lower RMSE and AIC
values across different plantations and with consistently high adjusted R? values and ryy,
showing their strong prediction accuracy and further supporting their effectiveness in
model selection. The Ormerod and COFORD and IFER models yielded relatively higher
biases in certain plantations, potentially indicating systematic errors in their predictions.

The relative error (RE %) is shown in Figure 4 as a function of the estimated diameter
(d) in plantations P-1 to P-7 for the Cielito II, Cervera and Garay models. The model
errors showed similar trends, with higher estimation errors for small diameters and lower
errors for larger diameters. The precision remained around zero for most observations; in
plantations P-1 and P-4, the lowest RE, on average, was obtained for the Cielito Il model,
with values of —0.664 and 5.898%, respectively. In plantation P-2, the lowest error was
found for the Cervera model, with 0.420%. Finally, in plantations P-3, P-5, P-6 and P-7,
the Garay model yielded the lowest RE value, on average, with values of 1.122, 0.329,
1.299, —0.929 and —0.203%, respectively. In general, the residual analysis reinforced the
good performance of the Cielito II, Cervera and Garay models at different relative heights,
consistent with their high R?adj values and low RMSE.
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Figure 4. Evaluation of the Residue Percentage (RE%) based on the expected diameter (d) by
plantation type for Cedrelinga cateniformis in the Peruvian Amazon. Circles denote the residuals, while
the red line indicates zero error.

To improve the model selection analysis, biological realism was also evaluated by
assessing the behavior and patterns of the model in relation to the stem characteristics of the
species (Figure 5). The formation of the curve shown in Graph 5 of relative height versus
diameter reflects the natural growth of C. cateniformis, with more pronounced diameter
growth at the base of the tree and a gradual decrease in diameter growth as height increases.
The Cielito II and Cervera models correctly represented the relationship between d/dbh
and h/H at the base of the stem; however, deviations were observed in the upper sections.
Analysis of the different models in plantations P-1 to P-7 indicates that Garay’s model most
closely matches the biological realism of the species in question. Although some models,
such as Cielito Il in P-1 and Cervera in P-4, performed well, with high adjusted R? values,
low RMSE and minimal Bias%, Garay’s model consistently achieved high accuracy while
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reflecting the profile patterns of the species, steadily decreasing in diameter as h increases.
For example, in plantations P-2, P-3, P-5, P-6 and P-7, Garay’s model not only provides the
highest adjusted R? values, ranging from 0.888 to 0.963, but also maintains a low RMSE
and Bias%, suggesting accurate prediction with minimal error. The strong alignment of
this model with both statistical metrics and biological characteristics of the species makes
it the most reliable choice for all plantations, allowing consistent and ecologically sound
predictions under various structural conditions for C. cateniformis.

For the practical visualization of the stem shape of C. cateniformis established in the
plantations under study, the profile of the trees by diameter class was generated from the
observed values (dispersion) and the predicted values (solid lines) using the Garay model
(Figure 6). For example, in plantation P-1, the diameters of the sections of a tree with an
average dbh of 8.4 cm, at 0.3, 2.0, 4.0 and 6.0 m in height, were 10.1, 8.0, 6.0 and 4.7 cm,
respectively. Likewise, the diameters of sections of a tree with an average dbh of 29.7 cm,
at 0.3, 2.0, 4.0, 6.0 and 8.4 m height, were 37.2, 27.0, 24.1, 23.1 and 18.4 cm, respectively.
In plantation P-2, the diameters of the sections of a tree with an average dbh of 8.7 cm, at
0.3,2.0,4.0 and 6.0 m in height, were 10.9, 7.6, 6.5 and 5.6 cm, respectively. The diameters
of sections of a tree with an average dbh of 39.1 cm, at 0.3, 4.0, 8.0, 12.0 and 14.0 m in
height, were 49.1, 36.4, 27.9, 14.5 and 12.4 cm, respectively. Finally, in plantation P-7, the
diameters of sections of a tree with an average dbh of 16.6 cm, at 0.3, 3.0 and 6.0 m in height,
were 18.0, 12.3 and 9.9 cm, respectively. Likewise, the diameters of a tree with an average
dbh of 96.9 cm, at 0.3, 6.0, 12.0, 18.0 and 24.0 m height, were 118.9, 80.7, 72.4, 46.4 and
26.7 cm, respectively.
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Figure 5. Relationship between relative height (1/H) and relative diameter (d/dbh) across different
locations and plantations. Circles represent the field observations (relatives) and the red line the
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profile model functions.
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Figure 6. Observed (scatter) and predicted (solid lines) profiles by diameter class of various trees
using the Garay model.

3.3. Model Optimization
3.3.1. Optimization of Log Cutting

Once the height-diameter relationship model was established, volumes were estimated
for the diameter classes defined by the dataset. The standing volumes of trees were 33.1137,
29.8444, 70.2215, 181.9544, 205.2809, 98.5093 and 564.5432 m>*ha~! for plantations P-1,
P-2, P-3, P-4, P-5, P-6 and P7, respectively. Table 7 and Figure 7 show the distribution
of the quantity (N ha—!) and volume (m>ha~!) of log across different diameter classes
(cm) for various plantations (P-1 to P-7) using specific log lengths (1.83, 2.13, 2.44, 2.74
and 3.05 m). These lengths were chosen as the optimal combinations for producing log
products, maximizing efficiency in the cutting process. All dimensions were established
starting from a minimum diameter of 20 cm, which was identified as the optimal solution
for maximizing log yield.

Plantation P-1 yielded relatively low volumes of wood, with lengths of 1.83 and
2.13 m corresponding to 156 and 178 logs, which, in total, represented 11.5271 and
18.2752 m3ha !, respectively (Table 7). Similarly, low volumes distributed in 243 logs
containing 26.8600 m*ha~! were recorded in plantation P-2. Plantation P-3 yielded a
high volume of logs of lengths of 2.13 and 2.44 m, totaling 63,200 m*ha~! in 302 logs.
Plantation P-4 yielded high volumes of logs of lengths of 2.13 and 2.44 m of 13.5088 and
49.4906 m>ha~!, respectively. This plantation had a total of 163,759 m>ha~! in 782 logs. In
plantation P-5, the volumes were mainly comprised of logs of lengths of 2.74 and 3.05 m,
with a total volume of 184,753 m*ha ! in 416 logs. Plantation P-6 yielded a total log volume
of 88,659 m*ha~! comprised of a total of 450 logs of lengths 2.13 and 2.44 m. Plantation P-7
yielded the highest total volume (508,089 m3ha~! in 1712 logs), with significant quantities
of lengths of 2.74 and 3.05 m of volumes of 126,4132 and 379,838 m?ha—!. The log length
obviously increased with the age of the plantations, as older trees have larger dimensions
(Figure 7).

A table is provided in Supplementary S2, outlining the log optimization in further
detail. This table includes the position or range of measurement for each log segment, along
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with the total volume and the recovered volume, as determined by the best optimized
cutting strategies, showing how the cuts were made to maximize the volume recovered
while minimizing waste.

Table 7. Volumes of log-by-length classes across different types of Cedrelinga cateniformis plantations
in the Peruvian Amazon.

Plantati Log Lengths (m) Total
antation 1.83 2.13 244 2.74 3.05 (m*ha~1)
P-1 11.5271 18.2752 29.8023
P-2 10.7798 16.0802 26.8600
P-3 0.2006 13.5088 49.4906 63.2000
P-4 79.4685 84.2906 163.7591
P-5 40.0938 144.6596 184.7534
P-6 34.8302 53.8283 88.6585
P-7 1.8374 126.4132 379.8380 508.0886
P-1 P-2 P-3 P-4 P-5 P-6 P-7
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Figure 7. Distribution of log quantity (N ha~!) and volume (m3 ha~1) by diameter classes and lengths
across different Cedrelinga cateniformis plantations in the Peruvian Amazon.

3.3.2. Optimization of Sawn Lumber Cutting

The volumes of sawn lumber based on piece dimensions by log length classes for each
plantation (P-1 to P-7) are shown in Table 8. Lumber yields varied among plantations, with
51.2,57.3,61.0, 63.7, 62.4, 54.7 and 62.3% for P-1, P-2, P-3, P-4, P-5, P-6 and P7, respectively.
The yields also varied between diametric classes, with 46.2% in the 22.5 cm class and 68.4%
in the 117.5 cm class.

In plantation P-1, the wood pieces measured 10.16 x 2.54 cm, 10.16 x 3.81 cm,
10.16 x 5.08 cm, 17.78 x 2.54 cm and 17.78 x 3.81 cm, distributed in lengths of 1.83 m
and 2.13 m. Logs of dimensions 17.78 x 3.81 cm yielded the highest volume, totaling
6.3904 m3ha~! (38.1%) in 490 pieces of wood. Altogether, this plantation accumulated a
volume of 16.7551 m>ha—! in 1781 pieces (Table 8 and Figure 8).

A wider range of dimensions was included in plantation P-2, with additional pieces
measuring 25.40 x 2.54 cm and 25.40 x 3.81 cm. Volumes were distributed in lengths of
1.83 m and 2.13 m, with the 10.16 x 5.08 cm dimension yielding the largest sawn volume,
with 5.7408 m®ha~! (35.63%) in 563 pieces; the total wood volume was 16.1079 m%ha~! in
1492 pieces (Table 8 and Figure 8).
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Table 8. Volume of sawn lumber by length classes across different Cedrelinga cateniformis plantations

in the Peruvian Amazon.

Plantation Dimensions of Pieces (cm) Log Lengths (m) Total
(Width x Thickness) 1.83 2.13 2.44 2.74 3.05 (m® ha-1)
10.16 x 2.54 1.4360 1.4360
10.16 x 3.81 1.0957 3.6378 4.7335
P1 10.16 x 5.08 1.4417 1.9147 3.3563 16.7551
17.78 x 2.54 0.8388 0.8388
17.78 x 3.81 3.8403 25501 6.3904
10.16 x 2.54 02772 0.6992 0.9764
10.16 x 3.81 0.8990 0.4496 1.3486
10.16 x 5.08 1.9222 3.8186 5.7408
17.78 x 2.54 0.2429 0.2828 0.5257
P2 17.78 x 3.81 1.9201 1.1461 3.0662 16.1079
17.78 x 5.08 0.3239 2.4506 2.7745
25.40 x 2.54 0.1162 0.6763 0.7925
25.40 x 3.81 0.8832 0.8832
17.78 x 3.81 0.0369 2.9656 6.2856 9.2881
3 17.78 x 5.08 0.0486 3.1103 12.1142 15.2732 41350
- 25.40 x 3.81 11513 8.3606 9.5119 :
25.40 x 5.08 0.4328 6.8483 72812
17.78 x 5.08 10.9310 10.6182 21.5492
17.78 x 5.08 21.4519 17.5343 38.9862
P-4 25.40 x 3.81 8.6141 7.8189 16.4330 104.7930
25.40 x 5.08 15.9871 11.8374 27.8246
17.78 x 3.81 5.1418 17.0269 22.1686
17.78 x 5.08 9.7723 427021 52.4745
P-5 25.40 x 3.81 5.1571 18.7229 23.8800 127.8294
25.40 x 5.08 45933 247129 293063
17.78 x 3.81 6.3752 7.3031 13.6783
17.78 x 5.08 6.4092 12.3518 18.7609
P-6 25.40 x 3.81 1.9531 49201 6.8752 51.8490
25.40 % 5.08 5.0044 7.5301 12.5345
17.78 x 3.81 0.3200 24.0686 43.6134 68.0020
. 17.78 x 5.08 04211 255827 101.9507 127.9545 333.6007
- 25.40 x 3.81 12.8530 43.0687 55.9217 :
25.40 x 5.08 151371 66.5855 81.7226
P-1 P-2 P-3 P-4 P-5 P-6 P-7
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Figure 8. Distribution of volume and number of pieces by log lengths across different Cedrelinga
cateniformis plantations in the Peruvian Amazon.
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Plantation P-3 had larger volumes in longer lengths, such as 2.13 m and 2.44 m,
with the most notable dimension being 17.78 x 5.08 cm with 15.2732 m*ha~!, which
represented 36.9% in 729 pieces. This plantation yielded a total volume of 41.3542 m%ha !
in 1970 pieces, with a tendency towards longer pieces than in the previous plantations
(Table 8 and Figure 8).

In plantation P-4, the wood volume increased significantly, reaching a total of
104.7930 m3ha ! in 5084 pieces. The predominant log lengths were 2.13 m and 2.44 m, with
pieces of 17.78 x 5.08 cm and 25.40 x 5.08 cm contributing 38.9862 and 27.8246 m>ha !,
which represented 37.20 and 26.55% in 1950 and 973 pieces, respectively. This increase
reflects the high availability of wood of larger dimensions and lengths (Table 8 and Figure 8).

In plantation P-5, the wood volume was concentrated in logs of lengths greater than
2.74 m and 3.05 m. In particular, logs of dimensions 17.78 x 5.08 cm and 25.40 x 5.08 cm
yielded volumes of 52.4745 and 29.3063 m>ha~!, representing 41.05 and 22.935% in 1985
and 770 pieces, respectively; the total sawn volume was 127.8294 m>ha~! in 4695 pieces
(Table 8 and Figure 8).

Plantation P-6 yielded timber more distributed in lengths of 2.13 m and 2.44 m, with the
most representative pieces measuring 17.78 x 5.08 cm, reaching a total of 18.7609 m>*ha~!,
which represented 36.2% in 912 pieces. The total wood volume in the plantation was
51.8490 m3ha~! in 2534 pieces, indicating more moderate availability than in the other
plantations (Table 8 and Figure 8).

Plantation P-7 yielded the highest total volume of timber, reaching 333.6007 m3 in
12,419 pieces. The predominant lengths were 2.74 m and 3.05 m, with significant contri-
butions from pieces measuring 17.78 x 5.08 cm and 25.40 x 5.08 cm, yielding volumes
of 127.9545 m3 and 81.7226 m?, representing 38.36 and 24.50% in 4858 and 2154 pieces,
respectively. This result reflects a high concentration of wood in larger dimensions and
lengths (Table 8 and Figure 8).

In general, wood volumes varied significantly between plantations, with wood pieces
of larger dimensions in plantations including mature, large individuals, such as plantations
P-5 and P-7.

The optimal cutting configurations for each of the plantations (P-1 to P-7) across
three different cutting patterns (Cut 1, Cut 2 and Cut 3) are shown in Figure 9. Each cut
indicates the log length (L) and diameter (D), along with the specific dimensions of the
pieces obtained from each log. These cuts were designed to maximize wood utilization
based on the available length and diameter in each plantation.

In plantations P-1 and P-2, the optimized cuts were primarily for shorter lengths and
smaller diameters, with pieces mainly of dimensions 10.16 x 3.81 cm, 10.16 x 5.08 cm and
17.78 x 3.81 cm. Plantation P-3 performed better than P-1 and P-2, as it produced larger
components, including dimensions of 17.78 x 5.08 cm and 25.40 x 3.81 cm, particularly in
Cut 2 and Cut 3. In plantations P-4 and P-5, the cuts were significantly more productive,
with log lengths reaching up to 3.05 m and larger diameters (around 34-50 cm). This enabled
the inclusion of larger pieces (e.g., 25.40 x 5.08 cm and 17.78 x 5.08 cm) n in optimized
cuts. In plantatioP-6, optimized cutting took advantage of log lengths of up to 2.44 m
and diameters of approximately 37 to 54 cm; this plantation allowed for versatile cutting
configurations, yielding considerable amounts of pieces of dimensions of 25.40 x 3.81 cm
and 17.78 x 5.08 cm. In P-7, the optimized cuts utilized logs up to 3.05 m in length and
diameters greater than 50 cm in Cut 3. This enabled the extraction of large pieces of
dimensions 25.40 x 5.08 cm and 17.78 x 5.08 cm in dense combinations.

Overall, the cutting configurations varied depending on the log length and diameter
available in each plantation. The most productive plantations, such as P-7, P-5 and P-4,
allowed for denser cutting configurations with larger pieces, maximizing sawmill wood
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volume. The lower-performing plantations, such as P-1 and P-2, were optimized for smaller

pieces, resulting in a more limited use of the material.
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Figure 9. Wood-cutting optimization to maximize yield in different plantations for Cedrelinga cateni-

formis in the Peruvian Amazon. L denotes the length of logs, and D represents log diameters. The

dimensions of the pieces are shown in mm.
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4. Discussion
4.1. Analysis of the Diameter Structure and Diameter—Height Relationship

The results obtained in this study reveal how age and plantation type influence the di-
ameter distribution of Cedrelinga cateniformis trees. The young plantations (P-1 and P-2, both
10 years old) included large numbers of small-diameter trees distributed in few diameter
classes, indicating that their populations are still at an early growth phase [60]. By contrast,
the older plantations (P-5 and P-7) include trees in a wider range of diameter classes, as
evidenced by P-5, which included 17 classes. This is consistent with the hypothesis that
time establishment allows for greater maturation and the development of larger-diameter
trees [61].

The type and spacing of planting significantly affected competition between trees.
This was observed in plantations P-1 and P-2, which were of the same age but differed
in the number of diameter classes and the number of individuals per class because they
were established in different production systems (MF and SAF) and with different spacing
(5 x 5m and 15 x 5 m). The trees in MF have smaller diameters (7.5-27.7 cm), and those
in the SAF have larger diameters (7.5-37.5 cm). The variations are generally attributed
to combinations of factors such as site, genetic material, spacing, soil and climate [62].
Agroforestry systems yield benefits in terms of soil structure, fertility and pest control,
which are reflected in greater growth of the higher diameter classes relative to established
plantations [61]. Furthermore, [63] reported that agroforestry associations, particularly
those involving Theobroma cacao and C. cateniformis in the Ecuadorian Amazon, increase
soil fertility, carbon sequestration and overall productivity.

The diameter distribution also varied in plantations P-5 and P-6. Despite being
close in age, the LF-type plantation exhibited faster growth in diameter classes due to
lower tree density and less competition for plantation resources. This pattern is consistent
with the findings of [64], who indicated that planting density significantly influences tree
competition and growth patterns.

Analysis of height-diameter (dbh-H) curves for C. cateniformis across seven plantations
(P-1 to P-7) revealed significant variations influenced by factors such as planting distance,
plantation age and species associations. Younger plantations (P-1 and P-2, 10 years old)
exhibited more dynamic height growth with lower diameter accumulation, resulting in
a better model fit. In mature plantations (P-5, P-6 and P-7), growth stabilized due to age-
related limitations in resources. Planting distances of between 5 X 5m and 10 x 10 m (as in
P-1, P-5 and P-6) may favor a balance between height and diameter by effectively regulating
competition. Plantation P-4 (12 x 8 m, “five-petal” design) has more balanced spacing, but
the dispersion of resources among associated species and its age (25 years) seem to generate
higher variability in data, reflected in the low R? of 0.14. Plantation P-6 combines moderate
lateral competition and lower density, favoring relatively uniform growth, although the
model fit is poorer than that for other mature plantations (R? = 0.61), probably due to
variability in associated species and soil conditions. A good fit (R? = 0.69) was obtained
for the plantation (P-7) with the densest spacing (2.7 x 2.7 m), probably due to intensive
competition regulating uniform growth in both height and diameter. Simple associations,
as in P-1 and P-5 (C. cateniformis + Centrocema macrocarpum), promote more homogeneous
growth by reducing interspecific competition. Complex associations, as in P-4 (Bertholletia
excelsa and Theobroma grandiflorum), create greater heterogeneity in resource competition,
probably explaining the high data dispersion and low coefficient of determination.

Statistical modeling of tree growth often reveals significant variability based on en-
vironmental factors and species interactions. The low coefficient of determination values
indicating data variability in certain plantations is consistent with the findings of broader
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research highlighting how ecological complexity and soil conditions can influence model
accuracy and the predictability of growth patterns [45,65].

4.2. Evaluation of Taper Models

Taper models are mathematical tools that describe stem diameter variation along
the height of a tree, essential for estimating wood volume in different tree sections [66].
These models enhance forest resource planning by aiding commercial and residual volume
estimation, thus maximizing production efficiency [67]. Additionally, taper models support
forest management by enabling simulations that optimize wood yield under varying
silvicultural practices and environmental conditions, and they provide reliable growth
projections for sustainable forest management programs [68]. They provide estimates
of diameter, total volume and individual log volumes, which are crucial for informed
decision-making in these areas [69].

Various statistical models are used to describe taper. These include single models,
segmented models, polynomial models and sigmoid models [60]. In our study, tree form
was observed to vary across different plantations, as indicated by differing parameter values
among plantations within the same model. This variation highlighted the need to identify
the most suitable model to ensure greater accuracy. The Cielito Il model demonstrated a
trend closely aligned with observed data from the base, indicating an initially relatively
consistent relationship between d/dbh and h/H across all plantations; however, deviations
were observed in the upper sections. This may be due to greater variability in the height—
diameter relationship at the top of the tree, which these models do not capture fully. A
comparable pattern was observed in the Cervera model, wherein the superior aspects of
the curves exhibited a tendency to widen in an outward direction. By contrast, the Garay
model produced consistent curves across all plantations, with data points closely aligning
with the model curves, suggesting a more stable relationship between d/dbh and h/H.

The Cielito II model (for plantation P-1) and the Cervera model (for plantation P-4)
yielded high adjusted R? values and low RMSE; likewise, the Garay model yielded the
highest adjusted R? in the other five plantations while maintaining low RMSE and Bias%
values, indicating a minimum prediction error. The results of the analysis highlight the
importance of not only the statistical indicators but also biological realism, where the
Garay model best represented the stem profile of the species. These results are consis-
tent with those of [70], who also found that the Garay model is optimal for estimat-
ing stem narrowing in eucalyptus clones (Eucalyptus grandis x Eucalyptus urophylla) in
three agrosilvopastoral systems. Likewise, in some reports the Garay model was success-
fully applied to other species distributed in monoculture forest plantations, including
the eucalyptus clone (Eucalyptus grandis x Eucalyptus urophylla) [71], pine (Pinus taeda) [72],
teak (Tectona grandis) [73], and species distributed in native forests, including the baboon
(Virola surinamensis) [74]. This demonstrates the adaptability of the model to different
forest environments.

The good performance of the Garay model in various contexts can be attributed to its
sigmoid structure, which is well suited to capture non-linear growth patterns typical of
biological systems [60]. This structure may allow the model to reflect the different tapering
tendencies of the Cedrelinga cateniformis stem in different production systems due to its
ability to reflect the gradual narrowing of the stem from the base to the top.

On the other hand, studies in agroforestry systems have found that other models
are effective under certain conditions. For example, [75] identified the Kozak model as
providing the most accurate estimates of tapering for African mahogany (Khaya ivorensis),
with RMSE values below 2.62% at different sites. The Kozak model was also reported to be
the best-performing model selected in teak plantations, exhibiting an exceptional fit, with
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an R? of 0.979 and a residual standard error (RSE) of 0.7868 [76]. Similarly, [77] identified
the Biging model as optimal for Pinus arizonica in southwestern Chihuahua, emphasizing
its compatibility with volume equations and utility in forest inventories.

Correct selection of the trunk profile model is essential. It has been shown that
when using mathematical programming for multi-product optimization, the Ormerod and
Kozak functions were essential for quantifying sections of length and diameter of tree
trunks and that the exponential model outperformed the polynomial model by achieving
a 16% increase in the use of material [78]. Therefore, stem profiling studies are needed to
determine the model that is biologically most realistic for the management and optimization
of forest products.

Application of the Garay model to all plantations not only facilitates analysis but
also provides a foundation for sustainable management practices based on the ecological
behavior of the species by small and medium forest producers due to the simplicity of use
of the model compared with segmented models. The application of the selected model will
improve volume estimates, optimize the harvesting process to reduce waste and maximize
the utility of each tree. This precision increases the profitability of harvested wood and
promotes sustainable management by ensuring that only the amount of wood required
is harvested.

4.3. Model Optimization for Log and Saw Lumber Cutting in Cedrelinga cateniformis
4.3.1. Production and Log Cutting Optimization

Forest plantations are increasingly recognized to be essential sources of wood products,
providing materials for a wide variety of uses while simultaneously reducing pressure on
natural forests [5,79]. Products from these plantations include logs, sawn timber, wood
pulp and other processed wood products.

The study findings showed that log dimensions vary between plantations. Short logs
(1.83-2.13 m) were predominantly found in plantations P-1, P-2 and P-3 due to smaller
tree diameters and shorter usable log lengths. Medium-length logs (2.44-2.74 m) appeared
in plantations with more mature trees, such as P-3, P-4 and P-6. These lengths indicate
a progression in tree maturity, although they are influenced by spatial constraints and
competition between species. Long trunks (3.05 m) are more abundant in plantations P-5
and P-7 and are associated with the different plantation systems and advanced ages of 29
and 35 years, respectively. These longer trunks, linked to larger diameters, offer commercial
advantages, maximizing trunk quality for applications requiring long and uniform pieces.

In general, trees with larger diameters tend to produce longer trunks, as the length of
the trunk that is useful for the tree’s purposes increases with diameter. This phenomenon
was particularly evident in plantations P-5 and P-7, where the longest trunks reach up
to 3.05 m in length. This outcome is linked to the maturation of the trees within these
systems. In plantations with a larger diameter and lower-density trees, it is possible to
harvest longer trunks, which is advantageous for high-value uses in the wood market. By
contrast, plantations with smaller diameters, such as P-1 and P-2, result in shorter trunks,
with lengths of 1.83 and 2.13 m, respectively. This indicates that in younger forest systems,
trunk length is constrained by the smaller dimensions of tree trunks.

Although plantations P-1 and P-2 are both 10 years old, they yielded slightly different
log volumes: 29.80 m*ha~! in P-1 and 26.86 m®ha~! in P-2. The higher volume in P-1 can be
attributed to its configuration as a forest massif (FM) system, which promotes linear growth
and competition between trees of the same species. This results in higher tree volumes at
early ages. By contrast, P-2, an agroforestry system (AFS), yielded lower volumes due to
competition with other fruit and forest species in the system.
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Plantations P-5 and P-6 are close in age, at 29 and 28 years, respectively, but P-5 yielded
a significantly higher total volume of 184.75 m*ha~! compared with 88.66 m3ha~! in P-6.
This difference is due to tree spacing, with the linear configuration of P-5 enabling higher
diameter growth due to minimal lateral competition, resulting in trunks up to 3.05 m long.
This shows that while density is lower, larger diameters support higher volumes in long
trunks, a highly valued feature in the wood market.

Volume analysis based on trunk length and diameter highlights the critical role of
plantation systems and tree structure in C. cateniformis wood production. Forest agroforestry
and live fence systems produce high volumes and long trunks at early and advanced stages,
respectively. Agroforestry systems balance wood production with the timber volumes of
other forest species and biodiversity. This analysis supports a differentiated management
approach to optimize resources based on the structure and associations of each plantation.
Furthermore, our results support [33,71], who emphasized the importance of logistic
factors, wood type compatibility and choice of taper pattern, which significantly affect
wood conversion to multi-product and subsequent income.

The distribution of log quantity and volume is the result of complex interactions
between tree age, plantation type, plantation design and plantation spacing (Figure 7).
These findings are consistent with existing reports, which show that forest management
strategies that incorporate hierarchical optimization and consider stand structure and
spacing result in higher volumes at the tree level [80]; similarly, zonation and spatial
optimization approaches can maximize wood production targets [41].

4.3.2. Production and Sawn Lumber Cutting Optimization

The different types of plantations studied influenced the volumes and dimensions of
sawn timber. The forest massif (P-1) slightly surpassed the agroforestry system (P-2) of
similar age in terms of productivity. This may be due to the structure of each plantation, as
the massif included a greater number of trees per hectare, but the SAF is characterized by
trees with larger diameters and thus higher sawing yield (57.3% compared with the 51.2%
for the MF). The P-1 plantation was characterized by generating short and thin pieces of
wood, being able to saw five dimensions of up to 17.78-3.81 cm wide and thick; the opposite
applied to plantation P-2, which yielded up to eight dimensions of up to 25.40-3.81 cm
wide and thick were obtained.

Agroforestry systems, as in plantations P-3 and P-4, are characterized by a diverse
production of pieces of wood of variable dimensions and lengths. This diversity is due to
differences in species and spacing, enabling the production of both small and large pieces.
The range of lengths, from 1.83 m to 3.05 m, makes these systems versatile, providing wood
suitable for uses ranging from lightweight formwork to robust structural applications.
Plantation P-4, for example, of age 25 years, produced a significant volume of medium-
length pieces (up to 2.44 m), with thicknesses ranging from 3.81 to 5.08 cm. This variety
benefits agroforestry systems by optimizing land use and providing a wide range of
wood products.

Plantations P-5 and P-6 have contiguous ages, but the living fence or boundary system
is notable for producing long and voluminous pieces at 29 years. While the width and
thickness of these pieces remain standardized (17.78 to 25.40 cm wide and 3.81 to 5.08 cm
thick), their lengths reach up to 3.05 m. The linear plantation configuration of this system
minimizes lateral competition, encouraging vertical growth and resulting in longer pieces
of wood. Such attributes make this wood ideal for high-demand structural or construction
lumber applications.

Plantation P-7, of age 35 years, yielded a total wood volume of 333.60 m3ha~!, and
it was particularly notable for its ability to produce pieces up to 3.05 m long. The longer
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pieces of wood significantly improve the total usable volume and are particularly valuable
for structural applications and high-value commercial products.

Detailed analysis of the sawn wood, based on the length and dimensions of the logs,
revealed significant differences in productivity between the various plantation systems.
The forest massif was distinguished by the production of short, thin wood. The agroforestry
systems generated a range of products, encompassing small, thin pieces, as well as medium
and robust pieces. This flexibility allows for the adaptation to diverse market demands
while promoting ecosystem health and long-term sustainability. The living fence system
focuses on producing longer and more voluminous pieces, optimizing the vertical growth
of trees; this system is particularly advantageous for applications requiring wood with
significant dimensions. The findings highlight the importance of aligning the choice of
plantation system with production objectives, considering the desired wood products and
sustainability goals.

In plantations P-1 and P-2, smaller log ends limit the production of larger pieces,
leading to greater waste of material. By contrast, the most productive plantations, such
as P-4, P-5 and especially P-7, have larger trunk ends (up to 25.40 cm), enabling cuts that
maximize the volume of large pieces. The greater trunk diameter and length in these
plantations allow for denser cutting configurations, reducing waste and improving wood
utility. These findings are consistent with others reported for the species [81], where higher
yields were obtained in trees belonging to the higher diameter classes. It is essential to
ensure the timely implementation of forest management measures to optimize resource
utilization, pruning and thinning [82,83]. The distribution of volume and number of sawn
lumber pieces of C. cateniformis across various plantations is influenced by factors such as
tree age, plantation type and planting spacing, which in turn affect the size and shape of
the logs produced (Figure 8).

Our findings, together with those of [84], demonstrate the potential for improving
volumetric yield and, thus, the competitiveness of small- and medium-sized sawmills
through advanced decision support systems. Other authors [85] have also highlighted that
the implementation of dynamic programming algorithms in cutting patterns improves raw
material yields by 14%, demonstrating the practical benefits of integrating such technologies
into sawmill operations. It is also important to consider that C. cateniformis plantations
should be harvested before 30 years of age in order to maximize usable wood volumes [45].
Optimization studies produce satisfactory results, but they must also be validated in the
field to verify their effectiveness [86], so it is recommended to use the dimensions of the
logs and sawn pieces of wood from this field study as a guide.

According to reported statistics, Amazonian forests produce an average timber volume
of 7.5 m3ha~! [87]. In the present study, the volumes of standing wood, logs, and sawn
wood were much higher; therefore, the results of the research demonstrate that forest plan-
tations are sustainable alternatives for wood production in degraded areas of the Peruvian
Amazon. This finding highlights the need to formulate policies that facilitate the estab-
lishment of wood plantations, particularly in light of the fact that harvesting wood from
natural forests is increasingly occurring in more distant locations and that issuing permits
for such harvesting is constrained by administrative and legislative considerations [88].

5. Conclusions

The stem shape of Cedrelinga catoniformis varied among the plantation types studied.
The Garay model performed best for modeling stem profiles, yielding high predictive
accuracy and biological realism, with adjusted R? values up to 0.963.

Plantation design, combined with tree age, significantly influenced timber yields, with
agroforestry systems providing various product dimensions and living fences producing
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the longest and largest pieces, with log and sawn lumber volumes of up to 508.1 and
333.6 m*ha !, respectively.

Dynamic programming of optimization techniques showed significant potential for
maximizing the volume and yields of wood products and reducing waste.

Optimization techniques using dynamic programming showed significant potential
for maximizing the volumetric yields of wood products and reducing waste.

The proposed approach provides a replicable model for optimizing forest resources,
contributing to forest management in the Peruvian Amazon.

Future research should explore alternative stem profile models for other native species
to enhance the optimization framework, and a cost-benefit analysis should be conducted
to evaluate the economic feasibility of these techniques in various plantations.
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