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Forest volume modeling plays a fundamental role in forest inventory, biomass estimation, and the sustainable
management of timber resources. In the Amazon region of Peru, native species such as Calycophyllum spruceanum
and Cedrelinga cateniformis hold high ecological and commercial value, yet remain understudied in terms of
volumetric estimation. This study aimed to develop and evaluate volumetric models for both species across three
ecological zones—humid forest, very humid forest, and dry forest—representing the environmental diversity of
the northeastern Peruvian Amazon. A total of 18 volumetric models were fitted for each species and site con-
dition using linear regression techniques. Model performance was assessed through adjusted coefficient of
determination (R%adj), root mean square error (RMSE), mean absolute error (MAE), Akaike Information Criterion
(AIC), and diagnostic analyses including residual plots and relative error histograms. The results revealed that
model performance varied by ecological zone, with the dry forest models showing the highest precision and
lowest residual dispersion. Models M3 (Spurr), M4 (Schumacher & Hall), and M9 (Meyer) consistently achieved
strong predictive accuracy. Prediction errors were higher in small-volume classes, suggesting the need for
caution when applying models to young or small-diameter trees. The developed models are statistically reliable,
requiring minimal input variables for the accurate estimation of the timber volume of the two species across
various Amazonian environments. It is recommended to adopt zone-specific models for operational use and to
continue expanding regional forest databases to improve future model calibration and validation.

1. Introduction

In recent decades, forest plantations have gained increasing impor-
tance, playing a significant role in land use and continuing to expand
with the aim of producing timber for industrial purposes, restoring
degraded soils, combating desertification, and capturing carbon (Prado,
2019). At present, plantations surpass native forests in global industrial
wood production and offer multiple economic and social advantages.
However, plantations often involve significant ecological trade-offs; for
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example, they tend to sustain substantially lower biodiversity compared
to mature or secondary forests. Studies report that tree plantations
harbor only about 66.7 % of the insect species and between 30 % and 39
% of the dung beetle species found in mature forests (Tito et al., 2022).
From the perspective of the sustainable use of native forest products, it is
therefore essential to promote proper management of both plantations
and natural forests in the Peruvian Amazon (Pedroso, 2015; Dour-
ojeanni, 2019; Rojas et al., 2020), thereby reducing pressure on the
resources of natural forests (Mejia and Pacheco, 2013; Peirano et al.,
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2023). Volume quantification in plantations is a key indicator for forest
planning, management, and valuation. However, due to the great di-
versity of forest species and their morphological characteristics, volume
calculation remains one of the most costly and complex tasks in forest
management (Hernandez-Ramos et al., 2017; Vargas-Larreta et al.,
2021). Therefore, the accurate determination of volume constitutes a
fundamental challenge in precision forestry, which, in this context, re-
fers to the use of species-specific models, localized data, and adapted
forest management strategies to improve estimation accuracy and
decision-making efficiency (De Lima et al., 2021; Sharma, 2021;Wang
et al., 2022).

Over time, volume estimation in standing trees has evolved from
destructive methods with high operational costs to non-invasive in-
struments complemented by mathematical models (Garcia-Espinoza
et al., 2019). The actual tree stem volume can be directly determined
using the water displacement method, although this is largely imprac-
tical (Burkhart and Tomé, 2012). Alternatively, rigorous scaling can be
employed through mathematical expressions that approximate tree
shape (Soares et al., 2011), commonly using Smalian’s, Huber’s, and
Newton’s formulas (Campos and Leite, 2013), although their field
application is limited.

Other scaling methods such as form factor, taper functions, and
volume models have been widely used (Machado et al., 2005; Martins
et al.,, 2017). The form factor adjusts cylindrical volume based on
diameter and total height and is considered simple and illustrative
(Romanh and Ramirez, 2010), although site-dependent (Chapagain and
Sharma, 2021). Taper functions simplify calculations and reduce biases
in diameter estimation (Cancino, 2006), but present challenges for
parameter estimation and the use of commercial formulas (Kozak,
1988). Volume models offer flexibility by integrating multiple variables
for more accurate and adaptable estimates across various scenarios
(Picard et al., 2012; Schroder et al., 2013; Diéguez Aranda et al., 2023).

Implementing more precise production diagnostics using tools like
volume models is essential for improving forest inventories and opti-
mizing sustainable forest management (De Lima et al., 2014; Pedroso,
2015; Fernandes et al., 2017; Ramirez-Martinez et al., 2018; J.M. Revilla
et al., 2021). Worldwide, allometric volume functions have shown sig-
nificant advances over the past decades. Pioneering studies by Schu-
macher and Hall (1933) and Spurr (1952) laid the mathematical
foundations for relating individual-tree variables to volume (Benavides
etal., 2018; Imana-Encinas et al., 2019; Pompa Garcia and Solis Moreno,
2008). In regions like Europe and America, specific equations are used
according to forest type and species (Fang et al., 2000; Graciano-Avila
et al., 2019; Navar et al., 2001; Tamarit Urias et al., 2013; Trincado
et al., 1997).

Recent advances in forest mensuration highlight the potential of
Terrestrial Laser Scanning (TLS) as a non-destructive and precise tool for
estimating tree volume and biomass. Its combination with technologies
such as LiDAR has demonstrated good accuracy in estimating stem
volume (Kankare et al., 2013), although it presents limitations related to
the overestimation of small branches due to occlusions and noise in
point clouds (Demol et al., 2022). Recent studies have expanded its
application in tropical and temperate forests, using TLS together with
open-source  software to estimate volume and biomass
(Hernandez-Moreno et al., 2025) and developing hybrid approaches
that integrate quantitative structural models with Poisson surface
reconstruction techniques to improve volume estimation in complex
geometries (Ali et al., 2025).

In parallel, artificial intelligence and computer vision methods are
increasingly being incorporated into forestry operations, particularly in
the assessment of stacked timber. YOLOv8 models have been success-
fully applied to detect and count stacked eucalyptus logs (Casas et al.,
2023), while hybrid approaches combining deep learning-based detec-
tion with diameter distribution models have achieved accurate estimates
of solid wood volume (Casas et al., 2024). Together, these advances
demonstrate a growing synergy between TLS and artificial intelligence
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approaches, offering practical and scalable tools to strengthen precision
forestry and improve forest volume modeling in tropical regions such as
the Amazon.

In Peru, research on forest modeling in the Amazon has mainly
focused on the estimation of growth, biomass, and carbon capture (J.M.
Revilla-Chavez et al., 2021; Revilla-Chavez et al., 2024; Chave et al.,
2014; Baluarte-Vasquez and Alvarez-Gonzales, 2015), while studies
specifically dedicated to tree volume remain scarce. The few existing
contributions are limited to localized areas and a small number of spe-
cies, such as Cedrelinga cateniformis (Otarola-Acevedo and
Linares-Bensimon, 2002), Guaguma crinita (Guerra et al., 2008), and
Swietenia macrophylla (Romero, 2017; Escobar, 2018). More recently,
models have been developed for Guazuma crinita and Apuleia leiocarpa
(J.M. Revilla et al., 2021). However, an integrated effort to calibrate
volume models across different ecological zones and to establish
species-specific equations for other Amazonian trees of commercial and
ecological importance has not yet been undertaken, leaving a critical
gap for forest management in Peru.

Calycophyllum spruceanum (Benth.) Hook.f. ex and Cedrelinga cat-
eniformis (Ducke) Ducke are Amazonian species locally known as “cap-
irona” and “tornillo,” respectively. These species are notable for their
high wood quality, adaptability, and productivity (Otarola-Acevedo and
Linares-Bensimon, 2002; Lombard et al., 2008; Ugarte and Dominguez,
2010; Baluarte-Vasquez and Alvarez-Gonzales, 2015; Cruz et al., 2020;
Haag et al., 2020; Cardenas-Rengifo et al., 2024; Murga-Orrillo et al.,
2024). Calycophyllum spruceanum is a pioneer species that colonizes al-
luvial plains and disturbed forests, reaching heights of up to 35 m and
breast height diameters of up to 1.8 m at maturity (Guerra-Arévalo et al.,
2025; Saldana et al., 2021; Weber and Montes, 2005). In turn, Cedrelinga
cateniformis is a promising species for Amazonian reforestation, growing
between 25 and 40 m tall with diameters of up to 2 m (Baluarte-Vasquez
and Alvarez-Gonzales, 2015; Cardenas-Rengifo et al., 2024).

In recent years, the production of roundwood from natural forests in
Peru has significantly declined. For Calycophyllum spruceanum, produc-
tion dropped by 72.51 %, from 93,896 m® to 25,816 m? while for
Cedrelinga cateniformis, the reduction was 37.02 %, falling from 183,106
m? to 115,318 m® over the same period (DGFFS, 2014; SERFOR, 2024).
This downturn reflects the impact of excessive reliance on natural forests
and underscores the need to strengthen sustainable management stra-
tegies such as the establishment of forest plantations (CEPLAN, 2023).
However, national demand for wood products continues to grow and is
primarily met through imports (FAO, 2018; SERFOR, 2024).

The use of allometric volume functions is a valuable tool in countries
with vast forest resources like Peru, where the economic potential of
native species represents a strategic asset for the development of the
forestry sector and the growing demand for wood products (Cuellar and
Reyes, 2016). The absence of species-specific equations can lead to
inaccurate volume estimates, highlighting the need to develop ecolog-
ical zone-specific models with broad applicability and precise estima-
tions that ensure sustainable use (Segura and Kanninen, 2005; Fearnside
et al., 2020; Aryal et al., 2023).

This study was conducted with the aim of modeling commercial
timber volume for two ecologically and economically important
Amazonian species—Calycophyllum spruceanum and Cedrelinga cat-
eniformis—by developing and validating volumetric equations across
representative ecological zones of the northeastern Peruvian Amazon,
including very humid forest, humid forest and dry forest environments.

2. Materials and methods
2.1. Study area

The study was conducted in 18 plots established in the northeastern
Amazon region of Peru, these plots are distributed across the de-

partments of Loreto, San Martin, and Ucayali, belonging to the National
Institute for Agricultural Innovation (Agricultural Experimental Stations
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of San Roque, El Porvenir, and Pucallpa), as well as private forestry
producers. These plots span multiples life zones, representative sam-
pling of Amazonian Forest types (Holdridge, 1967).

In Loreto, the plots are located primarily within the very humid
forest (bmh) life zones (Fig. 1), characterized by a mean annual bio-
temperature between 22 and 24 °C and high annual precipitation
ranging from 4500 to 5500 mm. Soil in this region is typically deep,
acidic, and low in fertility (Fig. 1). The vegetation is classified as ever-
green rainforest. Additionally, some plots are in humid forest (bh) life
zones, where the mean annual biotemperature ranges from 23.2 to 25.7
°C and precipitation varies between 1916 and 3419.5 mm. The terrain is
predominantly undulating to hilly with deep, acidic soils composed of
kaolinitic clays, and the characteristic vegetation is tall forest (Aybar
and Lavado, 2017; ONERN, 1994).

In San Martin, the plots were established in both very humid forest
(bmh) and dry forest (bs) life zones (Fig. 1). These areas exhibit a where
the mean annual biotemperature ranges from 23.9 to 25.1 °C, with
annual precipitation between 1020 and 1391 mm. The topography
terrain varies from gently sloping to steep hills, with deep, clayey, and
calcareous soils. The typical vegetation includes tall forest species, both
evergreen and deciduous (Aybar and Lavado, 2017; ONERN, 1994).

In Ucayali, the plots are situated in the humid forest (bh) life zone
(Aybar and Lavado, 2017; ONERN, 1994) (Fig. 1). The area exhibits a
diverse relief, comprising three main landscapes units: alluvial plains,
hilly terrain and mountain regions (Mateo et al., 2006).

The plantations varied both in spacing and establishment method,
encompassing three modalities: forest stand, agroforestry system, and
living fence, with areas ranging from 0.09 to 1.26 ha (Table 1). The
plantations were established at different times using botanical seed
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material collected from trees located in surrounding natural forests
(Cruz et al., 2020).

The Calycophyllum spruceanum individuals ranged in age from 3.2 to
19.0 years, while Cedrelinga cateniformis specimens showed an age range
of 9.4 to 35.1 years. Plantation density exhibited wide variation between
species and systems, fluctuating between 73 and 1250 individuals ha!
for Calycophyllum spruceanum and between 46 and 892 individuals ha™!
for Cedrelinga cateniformis. Likewise, basal area showed marked het-
erogeneity, with values ranging from 0.9311 to 8.9179 m? ha™ for
Calycophyllum spruceanum and from 1.9353 to 51.0460 m? ha™ for
Cedrelinga cateniformis. These differences reflect the influence of factors
such as plantation age, initial spacing, and the edaphic and environ-
mental conditions of the evaluated sites.

2.2. Data collection

A 100 % forest inventory was conducted to ensure the representa-
tiveness of diverse site conditions, including variations in site quality,
age, and plantation density (Ercanli et al., 2014). The study encom-
passed a total of 902 trees, of which 369 corresponded to Calycophyllum
spruceanum and 533 to Cedrelinga cateniformis (Table 1).

Field measurements were carried out between October 2022 and
October 2024, following the methodology proposed by Base-
lly-Villanueva et al. (2025). The diameter at breast height (DBH; 1.3 m
above the ground) was measured using a diameter tape. Additionally,
diameters were recorded at 0.3 m, 0.5 m, and 1.0 m above ground level
using the same device. For diameters above DBH, a laser dendrometer
(Criterion™ RD1000, laser technology, USA) was used (Kim and Lee,
2016; Martins et al., 2017; Garcia-Espinoza et al., 2019; Flores Morales
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Table 1
Description of the study plots located in the departments of Loreto, San Martin, and Ucayali.
Plot  Species Type of Associated with Plantation Age Density Individuals Basal DBH range Commercial Life
plantation crops area (years) (individuals evaluated area (m? (cm) height range zone
(spacing) (ha) ha™) ™) ha™) (m)
P1 Calycophyllum Forest massif - 0.40 5,1 625 60 2.0326 9-16,8 3-8 bh
spruceanum (4 x 4m)
P2 Calycophyllum Agroforestry C. cateniformis- 1.00 10,6 73 67 1.4285 8,1-28,6 4-16 bmh
spruceanum System Virola sp-
(15 x 5m) Theobroma cacao
P3 Calycophyllum Forest massif - 0.30 3,2 816 26 0.9311 8-18,5 4-10 bh
spruceanum (3.5 x 3.5m)
P4 Calycophyllum Agroforestry Theobroma cacao 0.25 10,7 400 60 4.0893 9,5-20,5 5-11,3 bs
spruceanum System
(5 x 5m)
P5 Calycophyllum Forest massif - 0.50 10,8 1150 80 3.6594 12,4-23,8 6-14 bs
spruceanum (29 x3m)
P6 Calycophyllum Agroforestry Theobroma cacao  0.50 10,8 833 30 1.3311 12,7-19,6 8-14 bs
spruceanum System
(2 x 6m)
pP7 Calycophyllum Forest massif - 0.37 15,0 1111 24 1.5743 8,5-25,5 3-12 bh
spruceanum (3x3m)
P8 Calycophyllum Forest massif - 0.09 19,0 1111 22 8.9179 13-31,9 5-9 bh
spruceanum (3 x3m)
P9 Cedrelinga Living Fence - 0.35 28,3 84 62 41.3520 15,5-109,6 8-24 bmh
cateniformis (5 m)
P10 Cedrelinga Agroforestry C. spruceanum- 1.00 10,6 97 96 4.4201 8,7-39,6 3,5-14,5 bmh
cateniformis System Virola sp-
(15 x 5m) Theobroma cacao
P11 Cedrelinga Agroforestry Bertholletia 0.54 24,4 78 40 15.2692 21,9-85,6 10,5-26,9 bmh
cateniformis System excelsa
(12 x 8 m)
P12 Cedrelinga Forest massif Centrosema 0.09 9,6 480 44 14.5478 8,4-29,8 3,5-10,3 bmh
cateniformis (5 x5m) macrocarpum
P13  Cedrelinga Agroforestry Theobroma 0.40 28,4 162 40 11.5169 17,1-68,3 7-16 bmh
cateniformis System grandiflorum
(10 x 10 m)
P14  Cedrelinga Agroforestry Citrus sp 1.26 19,3 46 50 7.0695 19,6-72,3 9-21 bmh
cateniformis System
(35 x 5m)
P15  Cedrelinga Agroforestry Piper nigrum 0.27 35,1 330 88 51.0460 12,4-96,9 6-24 bmh
cateniformis System
(2.7 x 2.7 m)
P16 Cedrelinga Forest massif - 1.00 35,0 454 24 2.7362 30,2-52,2 12-18 bmh
cateniformis (4 x 4m)
P17 Cedrelinga Forest massif - 0.50 9,4 892 43 1.9353 13,2-21,3 6-12 bh
cateniformis (3.5 x 3.5m)
P18  Cedrelinga Agroforestry Theobroma cacao  0.57 25 100 46 12.1841 18,6-68,8 4-12 bmh
cateniformis System
(10 x 10 m)

Note: Plots 1, 2, 3,9,10, 11, 12, 13, 14 and 15 are located in the department of Loreto; plots 4, 5, 6, 16, and 17 are located in the department of San Martin; and plots 7,

8 and 18 are situated in the department of Ucayali.

et al., 2021; Aryal et al., 2024).
The spacing of remote measurements along the stem varied accord-
ing to tree size:

e For trees with DBH < 15 cm, measurements were taken every 1 m
e For trees with DBH between 15 and 30 cm, every 2 m
e For trees with DBH > 30 cm, every 3 m

Measurements continued up to a section with a diameter equal to or
greater than 5 cm, a threshold commonly adopted in tropical dendr-
ometry to define the commercial wood volume and exclude fine
branches with minimal yield (Cysneiros et al., 2020). Reports from
tropical forests have shown that volume estimates tend to stabilize in
branches with diameters greater than 5 cm, whereas smaller segments
introduce greater variability and error (Takoudjou et al., 2017). The
commercial height (H) was defined as the height of the last measurable
stem section, while total height (TH) corresponds to the top of the tree.

The individual stem volume was estimated by applying Smalian’s
formula to each section. The commercial volume (V) of each tree was
calculated as the sum of all partial volumes along the stem up to the

minimum usable diameter (Schroder et al., 2013; Pedroso, 2015; Ramos
et al., 2018; Monarrez-Gonzalez et al., 2024).

The sampled individuals of Calycophyllum spruceanum exhibited DBH
values ranging from 8.00 to 31.90 cm, H ranging from 3.00 to 16.00 m,
and TH between 6.70 and 25.54 m; likewise, V fluctuated between
0.0150 and 0.9730 m?® (Table 1). In turn, the individuals of Cedrelinga
cateniformis showed DBH values ranging from 8.40 to 109.60 cm, H
between 3.50 and 26.87 m, and TH varying from 5.20 to 42.10 m;
similarly, V ranged from 0.0180 to 10.9670 m>.

Structurally, Calycophyllum spruceanum exhibited relatively uniform
growth, characteristic of young plantations, with a homogeneous dis-
tribution of sizes and heights. In contrast, Cedrelinga cateniformis dis-
played greater structural heterogeneity, reflected in the wide variability
of its dendrometric dimensions; this pattern suggests the presence of
individuals at different stages of development.

2.3. Models analyzed

To estimate the commercial volume of trees (V), allometric volume
functions were employed using (DBH), commercial height (H), and total
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height (TH) as potential explanatory variables. These variables have
been widely used in previous studies due to their strong correlation with
stem volume. Linear and multiple models, recognized for their effec-
tiveness in various forestry contexts, were considered. (Table 2)

2.5. Statistical analysis

Data verification was carried out through an exploratory graphical
analysis (Supplementary 1), following the recommendations of Zuur
et al. (2010) and Fonseca et al. (2021). The behavior of accumulated
commercial volume in relation to different commercial heights was
analyzed, as well as the relationship between relative diameter (d/DBH)
and relative height (h/H), according to the approaches proposed by
quelik & Goceri (2015), Tang et al. (2016), Gomez-Garcia et al. (2016),
Martins et al. (2017), and Flores Morales et al. (2021). The data showed
no evidence of outliers in either of the two analyzed species and pre-
sented consistent and expected trends in both relationships.

The volume prediction models were fitted using linear regressions
with the “Im” function of R Project v4.4.1 (R Core Team, 2024),
implemented through the caret package (Kuhn et al., 2024). To ensure
model robustness, stability, and generalization, a 10-fold
cross-validation scheme (k = 10) was applied, defined using the “train-
Control()” function of the same package with the option method = "cv",
which allowed the dataset to be randomly divided into ten subsets of

Table 2
Allometric volume functions fitted for estimating the commercial tree volume of
C. spruceanum and C. cateniformis.

Model  Functions Reference Structure

M1 V =po+ p:DBH + ¢ Berkhout (1920) Linear

M2 In(V) = o + p1In(DBH) + Husch et al.(1972) Logarithmic
€

M3 In(V) = po + p1 In Spurr (1952) Logarithmic
(DBH?H) + ¢

M4 In(V) = o + p1 In(DBH) + Schumacher & Hall Logarithmic
B2 In(H) + ¢ (1933)

M5 V =Po + p1DBH? + ¢ Kopezky- Gehrhardt Quadratic

linear

M6 V=po+ p1DBH + p2DBH?>  Hohenald-Krenn Quadratic
+€

M7 V= + p1 (DBH*H) + ¢ Spurr (1952) Quadratic

M8 V=0 + p1DBH? + BoH +  Stoate (1945) Cubic
p3(DBHZH) + &

M9 V = po + p1DBH? + Meyer (1938) Cubic
f2(DBH-H) + 3(DBH*-H)
+ €

M10 V/DBH? = B + p1(1/ Otarola-Acevedo y Inverse
DBH?) + ¢ Linares-Bensimon (2002)

Mi11 V/DBH? = f + p1(1/ Otarola-Acevedo y Inverse
DBH?) + B2(1/DBH) + ¢ Linares-Bensimén (2002)

M12 V/DBH*H = f + p1(1/ Otarola-Acevedo y Inverse
DBH?H) + Bo(1/H) + Linares-Bensimoén (2002)
B3(1/DBH?) + ¢

M13 V/DBH*H = f + p1(1/ Otarola-Acevedo y Inverse
DBH?H) + Bo(1/H) + Linares-Bensimoén (2002)
B3(1/DBH) + ¢

M14 V/DBH? = $0 + p1(1/ Otarola-Acevedo y Inverse
DBH?) + p2(H/DBH?) + Linares-Bensimén (2002)
pP3H + ¢

M15 V/DBH? = ¢ + p1(1/ Otarola-Acevedo y Inverse
DBH?) + B»(H/DBH) + Linares-Bensimén (2002)
BsH + ¢

Mil6 V/DBH?H = Bo + B1(1/ Otarola-Acevedo y Inverse
DBH?H) Linares-Bensimoén (2002)

M17 V = o + p1DBH + fo. Meyer (1941) Quadratic
DBH? + B3DBH-TH + ¢ polynomial

M18 V=>8+ ﬁlDBHZ-TH + Prodan et al.(1997) Quadratic
$2DBH? + & polynomial

Where: fo, p1, B2, and ps are the model parameters, V is the commercial volume
(m®), DBH is the diameter at breast height (cm), H is the commercial height (m),
and TH is the total height (m), “In” denotes the natural logarithm, and ¢ is the
random error.
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equal size. In each iteration, nine subsets were used for model training
and the remaining one for validation, rotating this process until all
subsets had been used as test data (Gonzalez-Benecke et al., 2022; Da
Rocha et al., 2023).

The application of this method allowed for a more objective evalu-
ation of the model’s predictive capacity, reducing dependence on a
single validation set and minimizing the risk of overfitting. This
approach is consistent with recent studies in forest modeling, where
cross-validation has been established as a fundamental tool for esti-
mating the accuracy and stability of allometric volume functions (Al6
et al., 2024; Diamantopoulou et al., 2025). Thus, a more reliable esti-
mation of the average prediction error was obtained, reinforcing the
statistical consistency of the generated models (Tian et al., 2022).

The correct division of data into the different cross-validation subsets
(folds) was verified using scatter plots (Supplementary 2), which
represent the relationship between CV and the variables DBH, TH and
slenderness index (TH/DBH). The observed patterns show a homoge-
neous distribution of the folds, with no evidence of bias or irregular
clustering, confirming an appropriate random allocation of observations
among partitions. This proper stratification of the data supports the
reliability of the cross-validation process and ensures an objective and
reproducible evaluation of model performance.

The overall significance of each model was assessed using the F-test
(p < 0.05), while the individual significance of the parameters was
determined using t-tests (p < 0.05). Model performance was evaluated
using the adjusted coefficient of determination (R*adj), the root mean
square error (RMSE), the mean absolute error (MAE), the Akaike in-
formation criterion (AIC) and relative error (RE ( %)) (Table 3). Addi-
tionally, residual plot analysis was conducted to verify the homogeneity
of variances and detect any systematic patterns (Ercanli et al., 2014;
Kora et al., 2018; Xu et al., 2022; Mulatu et al., 2024). All graphs were
generated in R using the ggplot2 package (Wickham, 2016).

3. Results

The parameter estimates and statistical performance of 18 volu-
metric models fitted for Calycophyllum spruceanum and Cedrelinga cat-
eniformis across different ecological zones of the northeastern Peruvian
Amazon are presented in the appendix (Supplementary 3 and Supple-
mentary 4).

In the Very Humid Forest, for Calycophyllum spruceanum, models M1,
M2, M3, M4, M5, M7, M10, M11, M16, and M17 showed statistically
significant parameters (p < 0.05), while M6, M8, M9, M12, M13, M14,
M15, and M18 exhibited one or more non-significant parameters,

Table 3
Statistical indicators for evaluating the goodness-of-fit of the allometric volume
functions.

Number  Description Equation
1 Adjusted coefficient of o n-1
determination (R%adj) Radj” =1- [(m)} |-
Y (Y- v
Yh(fe-7)?
2 Root mean square error nogo 52798
(RMSE) RMSE = [M]
n—p
3 Mean Absolute Error (MAE) 1 n —~
MAE :HZH |Y; — 7
4 Akaike Information Criterion AIC = nln[ZLI (v — Yl)Z /n] +2p
(AIC)
5 Relative Error ( %) Y. .
e = =Y 400

Yi

Where: Y; are the observed values, ?i are the predicted values, n is the number of
observations, p is the number of model parameters, and In denotes the natural
logarithm.
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indicating lower statistical robustness (Supplementary 3). Among the
models with significant parameters, M3, M7, and M16 stood out for their
superior performance, with adjusted R?> values between 0.970 and
0.973, low RMSE (0.016-0.017 m?), reduced MAE (0.010-0.011 m?),
and minimal AIC (-356.300 to —-350.391).

These models incorporate DBH and H, either through their product
or implicitly via logarithmic and inverse transformations, which notably
enhance the predictive capacity of volume. In contrast, models M1, M5,
and M10, although with significant parameters, showed lower fit
(adjusted R? between 0.869 and 0.924) and higher errors (RMSE from
0.027 to 0.036 m®). These results indicate that simple models based
solely on DBH underestimate volume variability compared to those that
include height. In summary, for Calycophyllum spruceanum, models M3,
M7, and M16 are the most accurate and stable in very humid forest
conditions.

In the case of Cedrelinga cateniformis, models M1, M2, M3, M4, M5,
M6, M7, M10, M11, M16, and M17 were statistically significant (p <
0.05), while M8, M9, M12, M13, M14, M15, and M18 did not show
complete significance in their parameters (Supplementary 4). Among
the significant models, the best-performing ones were M3, M4, and M16,
with adjusted R? values between 0.959 and 0.968, RMSE ranging from
0.241 to 0.273 m®, MAE from 0.130 to 0.156 m?®, and low AIC values
(0.305 to 131.222). These models also simultaneously incorporate DBH
and H, which increases their accuracy by capturing the structural vari-
ability of the trees. Conversely, models M1, M5, and M10 showed the
lowest performance (adjusted R? from 0.827 to 0.929), exhibiting high
residual dispersion and low predictive capacity due to their reliance
solely on DBH. Overall, for Cedrelinga cateniformis, models M3, M4, and
M16 stand out as the most accurate and parsimonious for volume esti-
mation in very humid forests.

In the case of humid forests, for Calycophyllum spruceanum, models
M1, M2, M3, M4, M5, M6, M7, M10, M11, M16, and M17 showed sta-
tistically significant parameters (p < 0.05). Among these, models M4,
M6, and M17 presented the best indicators, with adjusted R? values
ranging from 0.952 to 0.971, low RMSE (0.029-0.038 m®), MAE be-
tween 0.018 and 0.023 m? and the lowest AIC values (-484.434 to
-550.591). These models exhibit logarithmic, quadratic, and polynomial
structures that integrate both DBH and H, which enhances their pre-
dictive capacity by more comprehensively representing tree structure. In
contrast, models M1, M7, and M16, although statistically significant,
showed the lowest performance, with adjusted R* values between 0.880
and 0.916 and higher RMSE (0.050-0.060 m?®). These models have linear
or inverse structures, based solely on DBH or partial combinations of this
parameter.

For Cedrelinga cateniformis, models M1, M2, M3, M4, M7, M9, and
M16 presented statistically significant parameters (p < 0.05), while the
remaining models included one or more non-significant coefficients
(Supplementary 4). Among the models with significant parameters, the
best-performing ones were M3, M4, and M9, with adjusted R? values of
0.884, 0.881, and 0.905, respectively. These models also showed low
RMSE (0.011-0.012 m?®), MAE between 0.008 and 0.009 m?® and
reduced AIC values (-263.113 to —253.361). On the other hand, models
M1, M2, and M16, which included DBH as the sole predictor variable,
showed the lowest fit, with adjusted R? ranging from 0.624 to 0.878 and
higher AIC values (-252.497 to —203.980).

In summary, the models that incorporate DBH and H as predictor
variables and exhibit non-linear structures (logarithmic, quadratic, or
polynomial) provided the best indicators of fit and accuracy. Therefore,
models M4, M6, and M17 are recommended for estimating the volume
of Calycophyllum spruceanum, while M3, M4, and M9 are the most suit-
able for Cedrelinga cateniformis under humid forest conditions. These
models combine statistical robustness, biological consistency, and
parsimony.

In the Amazonian dry forests, for Calycophyllum spruceanum, models
M1, M2, M3, M4, M5, M7, M10, M11, M16, M17, and M18 showed
statistically significant parameters (p < 0.05), while the remaining
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models included one or more non-significant coefficients (Supplemen-
tary 3). Among the models with significant parameters, the best-
performing ones were M3, M4, and M7, which achieved the highest
adjusted R? values (0.985-0.986), along with the lowest RMSE (0.008
m?®), MAE (0.005-0.006 m®), and AIC (-1146.91 to —1136.03). Similarly,
these models integrate both DBH and total height (TH), either through
their product or via logarithmic transformations. In contrast, models
M1, M2, and M11 showed inferior performance.

Overall, the results indicate that under Amazonian dry forest con-
ditions, models M3, M4, and M7 provide the most accurate and
consistent volume estimates for Calycophyllum spruceanum, standing out
for their high statistical significance, low error, and appropriate balance
between complexity and parsimony.

At the scale of the entire Northeastern Peruvian Amazon, for Caly-
cophyllum spruceanum, models M1, M2, M3, M4, M5, M6, M10, M11, and
M17 presented highly significant coefficients (p < 0.05). Additionally,
some models such as M8, M9, and M18 showed acceptable statistical
performance, although they included at least one non-significant
parameter (Supplementary 3). Model M4 showed the best statistical
performance, with an adjusted R? of 0.915, the lowest RMSE (0.036 m®),
and an AIC of -1407.342, indicating excellent predictive capacity. It was
followed by models M3 and M17, which also showed strong fits
(adjusted R? of 0.864) and low RMSE values (0.045 m? in both cases). On
the other hand, models M1, M6, and M11 showed more modest per-
formance, with lower adjusted R? values (0.791, 0.756, and 0.821,
respectively) and higher prediction errors (RMSE between 0.052 and
0.060 m?®).

For Cedrelinga cateniformis, models M1, M2, M3, M4, M5, M6, M7,
M10, M11, M16, and M17 presented highly significant coefficients (p <
0.05). Among them, model M4 stood out, with the highest adjusted R?
(0.969), the lowest RMSE (0.231 m?®), and an AIC of —-45.748, indicating
excellent fitting capacity (Supplementary 4). Models M3 and M16 also
showed excellent performance (adjusted R? of 0.961 and 0.960,
respectively; RMSE of 0.262 and 0.263 m?), consolidating themselves as
robust options for volume estimation. In contrast, models M1, M5, and
M10 obtained moderate results, with adjusted R*> between 0.826 and
0.930, high RMSE values (0.348 to 0.551 m®), and positive AIC values
(between 425.366 and 952.779), reflecting lower accuracy in the
estimates.

In summary, the models with the best statistical performance varied
by species. For Calycophyllum spruceanum, models M3, M4, M6, M7,
M16, and M17 show great potential for volume estimation. On the other
hand, for Cedrelinga cateniformis, models M3, M4, M9, and M16 were the
most robust. These differences in performance reflect the structural
variability between species and highlight the importance of selecting
species-specific allometric volume functions according to the morpho-
logical and ecological characteristics of each species within the north-
eastern Peruvian Amazon.

Fig. 2 shows the distribution of relative errors (RE %) between the
observed and predicted volumes of Calycophyllum spruceanum across the
three evaluated ecological zones: very humid forest, humid forest, dry
forest, and the northeastern Peruvian Amazon.

In the very humid forest, models M3, M7, and M16 showed error
distributions centered around zero; however, model M3 exhibited the
least dispersion and the narrowest clustering of residuals, indicating an
almost negligible bias and excellent statistical calibration. In models M7
and M16, a slight positive dispersion was observed in smaller volumes,
suggesting a mild overestimation in trees of smaller dimensions.

In the humid forest, models M4, M6, and M17 exhibited more vari-
able residual behavior (Fig. 2). Model M4 showed a more homogeneous
distribution of errors, with residuals evenly spread across almost the
entire prediction range. Model M6 showed a slight tendency to under-
estimate at lower volumes and a mild overestimation at higher volumes,
whereas model M17 was characterized by a stronger overestimation in
trees of smaller volume and a wider spread of residuals.

In the dry forest, models M3, M4, and M7 showed the best residual
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performance among all life zones (Fig. 4). The residuals clustered tightly
around the zero line, with no apparent bias and minimal dispersion,
indicating precise calibration and the absence of heteroscedasticity.
However, models M3 and M4 demonstrated the best residual perfor-
mance across all analyzed ecological zones; both presented residuals
tightly grouped around the zero line, with minimal dispersion and no
systematic bias.

In the northeastern Peruvian Amazon (Fig. 4), models M3, M4, and
M17 showed differences in the distribution of relative errors (RE %).
Model M4 exhibited the best residual dispersion, evidencing homosce-
dasticity. Model M3 also displayed balanced behavior, with low vari-
ability and absence of systematic bias. In contrast, model M17 showed
greater error dispersion, mainly in trees with smaller volumes, with a
slight tendency toward overestimation.

Fig. 3 shows the distribution of relative error classes (RE %) for the
predicted commercial volume of Calycophyllum spruceanum, grouped by
volumetric model and life zone. Each histogram allows the evaluation of
model accuracy and bias by analyzing the concentration, symmetry, and
spread of error classes around the zero value.

In the very humid forest, models M3, M7, and M16 exhibited rela-
tively symmetrical error distributions centered around zero. Model M16
showed the most concentrated and narrow distribution, while model M3
also performed well, with most errors clustered around zero and a slight
dispersion toward negative values, suggesting a mild tendency to un-
derestimation. In contrast, model M7 showed a wider spread in error
classes.

In the humid forest, models M4, M6, and M17 displayed well-
concentrated and predominantly symmetrical distributions. Model M4
stood out for its narrower distribution around zero, although it showed a
slight tendency toward underestimation. Meanwhile, model M6
exhibited slightly greater dispersion, with a tail extending toward
negative values, indicating a tendency to underestimate. Model M17, on
the other hand, showed greater variability and a more pronounced trend
toward overestimation.

In the dry forest, models M3 and M4 showed highly concentrated and
symmetrical distributions, with mean RE values very close to zero,
reflecting excellent predictive precision and the absence of systematic
bias under dry conditions. In contrast, model M7 presented a slight
right-skewed asymmetry, indicating a tendency to overestimate
volumes.

Across the entire Amazonian region, models M3, M4, and M17
exhibited concentrated and symmetrical error distributions, with mean
RE values close to zero. Model M3 was the most consistent, showing the
narrowest and most centered distribution, indicating excellent predic-
tive capacity and the absence of systematic bias. Model M4 also main-
tained strong performance, with high accuracy and a slight tendency
toward overestimation. Finally, model M17 showed a greater number of
error classes and a tendency toward overestimation, suggesting lower
relative accuracy and wider variability in predictions under Peruvian
Amazon conditions.

Overall, the residual analysis confirms that models M3 (Spurr, 1952),
M4 (Schumacher and Hall, 1933), and M16 (Otarola-Acevedo and
Linares-Bensimon, 2002) exhibited the best residual distribution (Figs. 2
and 3), demonstrating high precision, statistical consistency, and the
absence of systematic bias across the evaluated life zones.

Fig. 4 shows the distribution of relative errors (RE %) between the
observed and predicted commercial volumes of Cedrelinga cateniformis in
two ecological zones (very humid forest and humid forest) and across
the Peruvian Amazon as a whole.

In the very humid forest, models M3, M4, and M16 showed moderate
dispersion of RE %, with ranges reflecting appreciable variability in the
predictions (Fig. 4). Model M4 stood out for presenting a more sym-
metrical and compact distribution of residuals around the zero line,
suggesting greater stability and lower systematic bias. In contrast,
models M3 and M16 showed slightly higher dispersion, with alternating
tendencies of overestimation and underestimation in smaller volumes,
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probably associated with stem morphological heterogeneity and the
architecture of smaller individuals.

In the humid forest, models M3, M4, and M9 showed errors tightly
clustered around zero, reflecting consistent and balanced predictions
(Fig. 4). However, model M9 showed the best residual dispersion, with a
more compact and uniform error distribution. The generally low level of
dispersion suggests that these models are properly calibrated for humid
forest conditions, maintaining minimal bias across the full range of
predicted volumes.

Across the Peruvian Amazon, models M3, M4, and M16 showed re-
sidual amplitudes reaching approximately +50 % (Fig. 4). Model M4
stood out for its best overall performance, with lower dispersion and
greater uniformity of errors. Models M3 and M16 showed similar
behavior, although with a slight tendency toward both overestimation
and underestimation in smaller volumes.

Fig. 5 shows the distribution of relative error classes (RE %) for the
predicted commercial volume of Calycophyllum spruceanum, grouped by
volumetric model and life zone. The histograms allow the evaluation of
model accuracy, dispersion, and bias through the concentration and
symmetry of errors relative to the zero value.

In the very humid forest, models M3, M4, and M16 presented narrow
error distributions centered around zero, reflecting good predictive
performance under high-humidity conditions (Fig. 5). Model M4 stood
out for having the fewest error classes, with a strongly concentrated
distribution around zero, indicating high precision and minimal sys-
tematic bias.

Model M3 showed similar behavior, although with slight asymmetry
toward negative values, suggesting a mild tendency toward underesti-
mation. Meanwhile, model M16 showed somewhat greater dispersion
and fewer observations in the central error classes.

In the humid forest, models M3, M4, and M9 exhibited concentrated
and symmetrical error distributions, with mean RE values close to zero
(Fig. 5). Model M9 stood out for having the largest proportion of errors
grouped around zero, demonstrating very high precision and making it
the most accurate model under humid forest conditions. Model M4 also
showed a narrow and concentrated distribution around zero, with a
reduced number of error classes, while model M3 exhibited slight
dispersion toward negative values.

Across the Amazonian region as a whole, models M3, M4, and M16
showed narrow and centered distributions, with mean RE values very
close to zero (Fig. 5). Model M4 exhibited the highest overall precision,
with the most concentrated distribution around zero, indicating high
predictive stability and the absence of systematic bias. Model M3
maintained a slight tendency toward underestimation but preserved
good symmetry and concentration. In contrast, model M16 showed
greater dispersion and a lower concentration of observations in the
central classes.

Overall, the residual analysis confirms that models M4 (Schumacher
and Hall, 1933) and M9 (Meyer, 1938) presented the best distributions
of relative errors (RE %) (Figs. 4 and 5), demonstrating high precision,
statistical stability, and the absence of systematic bias across the eval-
uated ecological zones. Both models showed residuals centered around
the zero-error line, with reduced dispersion and adequate symmetry,
reflecting robust calibration and consistent predictive behavior under
contrasting environmental conditions.

Table 4 presents a comprehensive selection of the optimal allometric
volume functions used to estimate the commercial wood volume of
Calycophyllum spruceanum and Cedrelinga cateniformis across the main
ecological zones of the northeastern Peruvian Amazon: very humid,
humid, and dry forests. In addition, general models applicable to all
ecological zones are included. The selection of models was based on
validation performance criteria—adjusted R?, RMSE, MAE, AIC, and
graphical validation of model fit and error distribution—ensuring both
statistical rigor and biological consistency.

The selected models reflect the distinctive allometric behavior of
each species under different site conditions, highlighting the importance
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Fig. 3. Histogram of relative error ( %) classes for Calycophyllum spruceanum across selected volumetric models across the ecological zones of the northeastern
Peruvian Amazon. The black dashed line represents the mean error for each model-zone combination, allowing for the evaluation of bias direction (overestimation or
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Fig. 4. Relative error ( %) of predicted commercial volume for Cedrelinga cateniformis using selected volumetric models across the ecological zones of the north-

eastern Peruvian Amazon. The black dashed line represents the zero-error reference.

of applying zone-specific models to improve accuracy in operational
forest inventories. These results reaffirm the efficiency and robustness of
equations that jointly integrate DBH and H as explanatory variables in
the estimation of commercial volume for both species. Likewise, the

10

stability observed in logarithmic and polynomial models suggests an
optimal balance between parsimony, biological coherence, and predic-
tive capacity, supporting their practical applicability across different
ecological conditions of the northeastern Peruvian Amazon. Overall,
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Fig. 5. Histogram of relative error classes ( %) for Cedrelinga cateniformis across selected volumetric models across the ecological zones of the northeastern Peruvian
Amazon. Each histogram represents the frequency of error classes, with the black dashed line indicating the mean relative error.

these models are consolidated as the most reliable tools for volumetric

4. Discussion

estimation and sustainable forest planning for both species in the

Amazon region.

The modeling results show clear variations in the accuracy of volume
prediction across different ecological zones and between the two
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Table 4
Optimal Volume Prediction Models for Calycophyllum spruceanum and Cedrelinga cateniformis Across Ecological Zones in the Northeastern Peruvian Amazon.
Ecological Zones Species Selected Autor Equation R%adj RMSE MAE AIC Comments
Model (m?) (m?)
Very humid forest  Calycophyllum M3 Spurr (1952) In(V) = —9.032069 + 0.973  0.016 0.010 —356.300 High accuracy,
spruceanum 0.880930 In(DBH?-H) minimal
dispersion.
Cedrelinga M4 Schumacher & In(V) = —9.460639 + 0.968 0.241 0.13 0.305 Robust across
cateniformis Hall (1933) 2.133552 In(DBH) + diameters and
0.608036 In(H) heights.
Humid forest Calycophyllum M4 Schumacher & In(V) = —10.871691 + 0.967 0.031 0.020 —534.923 Excellent fit,
spruceanum Hall (1933) 2.732059 In(DBH) + minimal bias.
0.643270 In(H)
Cedrelinga M9 Meyer (1938) V = -0.163979 + 0.000660 0.905 0.011 0.008 —263.113 Consistently
cateniformis DBH? + 0.002349 (DBH-H) — accurate for humid
0.000092 (DBH?-H) zones.
Dry forest Calycophyllum M4 Schumacher & In(V) = —9.331172 + 0.986  0.008 0.005 —1146.906  Exceptional
spruceanum Hall (1933) 1.865511 In(DBH) + precision in dry
0.964244 In(H) zones.
Northeastern Calycophyllum M3 Spurr (1952) In(V) = —9.716166 + 0.864  0.045 0.026 —1234.546  Generalized robust
Peruvian spruceanum 0.995075 In(DBH?-H) model.
Amazon Cedrelinga M4 Schumacher & In(V) = —9.352060 + 0.969 0.231 0.12 —45.748 Highly reliable for
cateniformis Hall (1933) 2.084338 In(DBH) + general use.

0.637998 In(H)

R?adj = Adjusted coefficient of determination; RMSE= Root mean square error; MAE = Mean Absolute Error; AIC = Akaike Information Criterion.

analyzed species. In general terms, the models achieved their best per-
formance in the dry forest, where the highest precision and the nar-
rowest residual distribution were obtained. In this more arid zone,
several models—particularly M3, M4, and M7—achieved almost iden-
tical and outstanding fits (adjusted R* ~0.986; RMSE ~0.008 m?; MAE
~0.005 m?) for Calycophyllum spruceanum. These results reflect a very
high predictive capacity under more homogeneous and water-limited
conditions, where an allometric relationship based on the product D*H
or on the logarithmic combination of DBH and H captures stem volume
with great accuracy (Chave et al., 2005; Schumacher and Hall, 1933).

By contrast, in humid and very humid forests, prediction errors were
slightly higher and more variable, especially in smaller trees, suggesting
greater heterogeneity in growth forms in resource-rich environments.
Even so, the best models in these zones maintained high precision. In the
very humid forest for Calycophyllum spruceanum, for example, models
M3, M7, and M16 achieved adjusted R? values between 0.970 and 0.973,
with low RMSE (0.016-0.017 m?®) and reduced MAE (0.010-0.011 m?),
reflecting robust performance despite ecological complexity (Segura and
Kanninen, 2005; van der Sande et al., 2024).

Regarding the species, clearly differentiated modeling behaviors
were observed. Calycophyllum spruceanum consistently showed higher R?
values and lower errors than Cedrelinga cateniformis under similar
ecological conditions. In the very humid forest, the most accurate
equation for Calycophyllum spruceanum explained 97.3 % (M3) of the
variance in volume, while for Cedrelinga cateniformis the best model
explained 96.8 % (M4). In the humid forest, Calycophyllum spruceanum
maintained an equally solid performance (adjusted R? = 96.7 %, M4),
compared to 90.5 % obtained by Cedrelinga cateniformis (M9). These
differences reflect intrinsic allometric divergences between both species
(Henry et al., 2011; Chave et al., 2014). The straighter and more cy-
lindrical stem of Calycophyllum spruceanum, characteristic of
fast-growing pioneer species (Finegan et al., 2015; Lombardi et al.,
2008), favors the prediction of volume based on diameter and height. In
contrast, the greater morphological variability of Cedrelinga cateniformis
introduces higher residual dispersion. Previous studies in Loreto re-
ported an adjusted R? close to 81 % for Cedrelinga cateniformis
(Otarola-Acevedo and Linares-Bensimon, 2002), a value comparable to
that observed in this study, confirming its more variable volumetric
structure. Meanwhile, Calycophyllum spruceanum maintains statistical
superiority attributable to its regular morphology and high form factor
(Lombardi et al., 2008), which explains the high accuracy of its volu-
metric models.
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Several studies on tropical forest species have confirmed the
outstanding performance of the classical models of Spurr (1952),
Schumacher & Hall (1933), and Meyer (1938) in estimating commercial
volume, corroborating the findings of this study. The M3 (Spurr) model
has shown a high explanatory capacity across various timber species.
Research has reported adjusted R? values ranging from 0.81 to 0.98
when applying this function (Corral-Rivas and Navar-Chaidez, 2009;
Imana-Encinas et al., 2019), results very similar to those obtained for
Calycophyllum spruceanum (adjusted R*> = 0.973). The strength of the
Spurr model lies in its functional simplicity: the inclusion of the DBH%H
product in a general logarithmic form efficiently summarizes stem vol-
ume by integrating both the cross-sectional area and the vertical
dimension of the tree.

The M4 (Schumacher & Hall) model, which employs separate loga-
rithmic variables for DBH and H, also showed robust performance in the
present study. Several works have demonstrated that this function out-
performs other volumetric models, providing reliable and precise esti-
mates of stem volume, with adjusted R? values between 0.96 and 0.99
(Ramos-Uvilla et al., 2014; Monarrez-Gonzalez et al., 2024). These re-
sults are comparable to those obtained here for both species, whose
models reached adjusted R? values between 0.967 and 0.986. Concep-
tually more flexible, the Schumacher & Hall model allows capturing the
independent influence of diameter and height on volume, reducing
heteroscedasticity and improving the stability of errors.

The M9 model (Meyer, 1938), a multiple polynomial model, in-
corporates quadratic terms and interactions between DBH and H, mak-
ing it more adaptable to species with irregular stems. Studies conducted
in Brazil reported adjusted R? values between 0.94 and 0.99 (Medeiros,
2018), results close to those obtained for Cedrelinga cateniformis in the
humid forest (adjusted R* = 0.905). Although polynomial models
generally present greater residual dispersion, they are particularly use-
ful for representing nonlinear curvature in the relationship between
diameter and height. In this context, the Meyer model complements the
predictive efficiency of logarithmic equations, providing a more detailed
description of volumetric variability in species with diverse
morphology.

The inclusion of DBH together with H substantially improves accu-
racy in the estimation of merchantable volume. This combination has a
clear ecological basis: height reflects growth strategies, competition for
light, and site conditions, integrating variation in stem form and
taper—factors that DBH alone cannot represent (Picard et al., 2012). In
this study, models based solely on DBH showed lower coefficients of
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determination, while those incorporating both DBH and H achieved
higher values across most zones and species, confirming that the in-
clusion of height reduces residual variability and enhances the stability
of volumetric predictions.

These results are consistent with previous findings in various tropical
regions. In the Peruvian Amazon, Otdrola-Acevedo and
Linares-Bensimon (2002) identified the DBH?H model as the most ac-
curate for estimating the volume of Cedrelinga cateniformis. Similarly,
Segura and Kanninen (2005) demonstrated in the rainforests of Costa
Rica that the inclusion of total height significantly increases the R? of
volume and biomass models. Likewise, Picard et al. (2012) emphasized
that the combined use of diameter and height improves the flexibility
and accuracy of allometric equations by better capturing the geometric
relationships that determine stem volume. At the pantropical level,
Feldpausch et al. (2012) and Chave et al. (2014) showed that explicitly
modeling height reduces uncertainty in estimating tree size and volume.
More recently, Pena et al. (2025) demonstrated that stem taper, and
consequently total volume, is predicted more accurately when height
and forest type are incorporated along with DBH. Taken together, both
the results of this study and those reported in the literature agree that
models combining diameter and total height offer greater accuracy,
biological consistency, and statistical robustness, establishing them-
selves as the most reliable basis for volumetric modeling in Amazonian
species.

On the other hand, the slight decrease in adjusted R® from zone-
specific models (average 0.960) to the general model for the entire
Amazon (average 0.917) reinforces the advantage of local calibration
(Henry et al., 2011; Molto et al., 2013): a universal equation sacrifices
part of its precision in favor of generality. This pattern was evident in
Calycophyllum spruceanum, which reached the highest values in the dry
forest (adjusted R? = 0.986) and the very humid forest (adjusted R? =
0.973), while the lowest fits were recorded for the entire northeastern
Amazon (adjusted R*> = 0.864). Overall, the average of the specific
models confirms a high predictive power and excellent fit among
ecological zones, in contrast with the slight loss of precision in the
general model.

From a biological perspective, these findings suggest that trees of the
same species follow slightly different allometric trajectories under
varying climatic and edaphic conditions. In dry forests, trees tend to
allocate their growth toward more robust diameters relative to height,
making volume estimation more predictable; whereas in humid forests,
greater height growth and resource abundance introduce higher vari-
ability in form. This result has direct practical implications, as it vali-
dates the strategy of employing zone-specific models to improve the
accuracy of merchantable volume estimation, an essential aspect in
sustainable forest management planning (Feldpausch et al., 2012).

Our models, particularly the best-performing ones, such as M3, M4,
and M9, offer statistically robust and cost-effective tools for forest in-
ventories across different Amazonian environments. Consequently, the
operational use of equations specific to both ecological zone and species
is recommended rather than a single generic model. Thus, for Calyco-
phyllum spruceanum, model M3 is suggested for very humid zones, and
model M4 for humid and dry forests; while for Cedrelinga cateniformis,
model M4 is recommended for the very humid forest and model M9 for
the humid forest. This differentiated application ensures that volume
estimates reflect the local allometry of each species and zone, improving
inventory precision and the reliability of forest growth and yield as-
sessments. This adapted approach aligns with broader calls to develop
zone-specific allometric volume functions in support of sustainable
forest management.

Finally, the evaluated models demonstrated strong statistical per-
formance and biological consistency, and their successful calibration
across different Amazonian ecoregions represents a step forward toward
precision forestry in Peru. Nevertheless, several limitations must be
acknowledged. First, crown parameters were not included, which could
improve model accuracy in future studies. Second, the sampled trees
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come exclusively from plantations, meaning that natural forest pop-
ulations, which display greater morphological variability, have not yet
been assessed. Third, although rigorous field protocols were applied, the
possibility of species identification errors or silvicultural inconsistencies
cannot be completely ruled out, introducing additional sources of un-
certainty. Therefore, future research should expand the regional data-
base by incorporating more sites, a wider range of diameters and ages
(including larger trees), and greater ecological diversity. Moreover,
emerging techniques such as artificial intelligence—for example, recent
advances in total height estimation for Guazuma crinita (Casas et al.,
2022; De Oliveira et al., 2021)—could complement these efforts,
opening new opportunities to enhance the precision and applicability of
forest volume modeling.

5. Conclusions

This study successfully established robust volumetric models spe-
cifically calibrated for Calycophyllum spruceanum and Cedrelinga cat-
eniformis across distinct ecological zones within the northeastern
Peruvian Amazon, highlighting important ecological and species-
specific variations:

1. Very humid forest: The models developed for this zone showed high
accuracy and low residual variability. In Calycophyllum spruceanum,
model M3 (Spurr, 1952) achieved an adjusted R? of 0.973, while in
Cedrelinga cateniformis, model M4 (Schumacher and Hall, 1933) ob-
tained an adjusted R? of 0.968, confirming their excellent perfor-
mance under high-humidity conditions.

2. Humid forest: Models M4 and M9 were the most accurate for Caly-
cophyllum spruceanum and Cedrelinga cateniformis, respectively. In the
first species, model M4 (Schumacher and Hall, 1933) explained 96.7
% of the variance, while the M9 model, a multiple polynomial type,
achieved an adjusted R? of 0.905 in Cedrelinga cateniformis, reflecting
greater structural variability in this species.

3. Dry forest: Model M4 (Schumacher and Hall, 1933) for Calyco-
phyllum spruceanum showed an outstanding fit (R%adj = 0.986),
demonstrating the high stability of allometric relationships in envi-
ronments with lower structural heterogeneity

4. Models M3 and M4 proved to be remarkably robust across a variety
of ecological conditions, presenting stable and consistent predictions
for both species. The inclusion of log-squared terms effectively
accounted for variability in tree shape, making it suitable for broader
applications, particularly in developing generalized regional allo-
metric volume functions.

5. Models based solely on diameter (e.g., M1 and M2) consistently
underperformed compared to more complex equations. Although
simpler and operationally convenient, these models showed
increased error dispersion and reduced predictive precision, partic-
ularly evident in very humid and Amazon-wide analyses.

6. Significant prediction errors were consistently observed in smaller
volume classes, especially for trees with predicted volumes below 0.1
m?. This highlights a critical limitation and suggests caution when
applying these models to young or small-diameter trees, indicating
the need for further refinement or separate modeling for early
developmental stages.

7. Calycophyllum spruceanum exhibited consistently better models fit
compared to Cedrelinga cateniformis, likely due to its more uniform
and cylindrical stem morphology. Cedrelinga cateniformis showed
greater variability in stem form, reinforcing the necessity of species-
specific equations to achieve accurate volume estimations.

8. For practical and accurate forest inventory applications, zone- and
species-specific models are recommended. Specifically, the use of
models M3 and M4 for Calycophyllum spruceanum and models M4 or
M9 for Cedrelinga cateniformis, depending on ecological zones, will
significantly improve the precision of commercial volume
estimations.
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