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Abstract

Teak (Tectona grandis L.f.) is a leading tropical plantation species valued for high-quality
timber and carbon (C) storage. This study assessed stand growth across ages and sites,
quantified biomass and C by tree component and stand, and developed DBH-based allomet-
ric equations for biomass and C estimation. Six stand ages (5, 6, 9, 11, 14, and 17 years) were
assessed in three municipalities of Nayarit, Mexico. Dendrometric inventories in permanent
plots and destructive sampling of 35 trees provided calibration data for leaves, branches,
stem, and roots. C concentration was determined with an elemental analyzer, and nonlinear
regression models were adjusted and validated. Stand biomass and C increased with age,
peaking at ages 11-14 (>130 Mg ha—!; >60 Mg C ha~!), with lower values at age 17. San
Blas and Rosamorada accumulated significantly more than Tuxpan, reflecting site quality.
C concentration was stable across sites and ages, with stem and roots consistently ranging
between 48% and 50%, and leaves and branches averaging 45%—-46%. Allometric equations
were most accurate for stem and total biomass/C (R? = 0.73-0.79), while foliage showed
higher variability. On average, 60%-70% of biomass was allocated to the stem and 15%—-20%
to roots. Indicators were stable, with an aboveground-to-belowground ratio (A:B) ~ 4.9
and a biomass expansion factor (BEF) =~ 1.5. The current annual increment (CAI) presented
two main peaks: ~20 Mgha~! yr~! atages 5-6 and ~11 Mgha~! yr~! at ages 9-11, followed
by a decline after age 14. Teak in western Mexico reaches peak productivity at ages 6-11,
with belowground biomass essential for accurate C accounting.
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1. Introduction

Teak (Tectona grandis L.f.) is a native species of South and Southeast Asia, mainly
distributed in India, Myanmar, Laos, and Thailand [1]. It has been extensively cultivated
in its natural range for centuries due to its high-quality timber, durability, and resistance
to pests and fungi [2]. During the 20th century, teak was widely introduced to tropical
regions of Africa and Latin America, becoming one of the most important exotic hardwood
species in commercial forestry [3]. In Mexico, teak introduction began in the early 1960s,
with experimental plots in Veracruz and Campeche, followed by large-scale plantations
established along both coasts from the 1990s onward [4]. At present, Nayarit, Campeche,
Tabasco, Veracruz, and Oaxaca host extensive teak stands, positioning the species as a key
component of the national reforestation and timber production strategy [5]. Teak stands are
recognized for their relatively high productivity compared with other tropical hardwoods.
Reported mean annual increments (MAISs) in Asia range between 8 and 12 m> ha~! yr~1 in
India and Myanmar under natural forest management [6], but can exceed 20 m® ha~! yr—!
under improved silvicultural practices [7]. In Latin America, MAI values were documented
at 12 to 18 m® ha~! yr~! in Costa Rica [8], with values up to 22 m® ha~! yr~! in intensively
managed plantations [9]. In Mexico, teak productivity is slightly lower but still competitive,
with MALI values ranging from 8 to 15 m? ha~! yr~! in Nayarit and Campeche [5,10].

In addition to timber production, teak contributes to climate change mitigation through
biomass accumulation and carbon (C) storage. In Costa Rica, aboveground biomass was
reported to range between 120 and 220 Mg ha~! in stands aged 10-20 years, with corre-
sponding C stocks of 60-110 Mg C ha~! [11]. Similarly, teak stands reached 150 Mg ha~! of
biomass by age 15, capturing up to 70 Mg C ha~! [12]. In India, biomass values can exceed
250 Mg ha~! in mature stands (>25 years), reflecting both favorable site conditions and
intensive silvicultural practices [13]. In Mexico, estimates remain scarce, but preliminary
reports indicate aboveground biomass values of 100-180 Mg ha~! in stands aged between
10 and 20 years, equivalent to 50-90 Mg C ha~! [5]. Reliable quantification of biomass
and C pools requires robust allometric equations. Although generic pan-tropical models
are widely applied [14], they often fail to capture stand- and site-specific variability in
teak. Component-specific equations have proven more accurate, as demonstrated by [7] in
India, [11] in Costa Rica, and [13] in Kerala, where locally calibrated models reduced errors
by 15%—-25% compared with generalized models. In Mexico, research on teak allometric
equations is still limited, and most estimations rely on extrapolated or generic tropical equa-
tions, creating uncertainty in biomass and C inventories [10]. This study was conducted in
San Blas, Rosamorada, and Tuxpan, which are among the main teak-growing municipalities
in Nayarit. Their contrasting edaphoclimatic conditions make them representative of the
variation observed in Mexican teak plantations.

We hypothesized that teak stands in western Mexico reach maximum growth and C
accumulation during the first decade, that DBH-based allometric models provide accurate
estimates of biomass and C pools, and that belowground biomass must be included to
avoid systematic underestimation in C inventories. Accordingly, the aims of this study were
to (i) analyze growth and productivity across stand ages and sites, (ii) quantify biomass
and C accumulation by component and stand, and (iii) develop and validate DBH-based
allometric equations for biomass and C estimation
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2. Materials and Methods
2.1. Study Area

The research was conducted in teak stands located in three municipalities of Nayarit,
Mexico: San Blas, Rosamorada, and Tuxpan (Figure 1). These sites encompass distinct
ecological conditions, which made it possible to analyze growth, productivity, biomass
accumulation, and C pools under varying environmental contexts while maintaining similar
management practices.

Mexico

e s State of Nayarit

Figure 1. Geographic location of teak stands in San Blas, Rosamorada, and Tuxpan, Nayarit, Mexico.

Rosamorada: situated between 21°56'-22°22’ N and 104°55'-105°35’ W, at eleva-
tions ranging from 0 to 1300 m. The area is characterized by annual mean tempera-
tures of 22-28 °C and precipitation of 1000-2500 mm. Cambisol soils predominate in this
region [15].

San Blas: located between 21°20/-21°45’ N and 105°01’-105°28" W, with altitudes
from 0 to 1200 m. Mean annual temperature is 22-28 °C and rainfall ranges from 1300 to
2000 mm. The dominant soils are Luvisols [16].

Tuxpan: positioned between 21°50'-22°01' N and 105°11'-105°31’ W, with altitudes
of 0400 m. Average temperatures range from 26 to 28 °C and precipitation from 1200 to
2000 mm. Cambisols are the prevalent soil type [17].

2.2. Sampling Sites and Dendrometric Sampling

At each study site, teak stands of contrasting ages were selected to represent different
stages of development. In total, six sampling sites were distributed across three municipali-
ties: Rosamorada (6-year-old stand), Tuxpan (17-year-old stand), and San Blas (5-, 9-, 11-,
and 14-year-old stands).

It is important to note that data from Rosamorada represent stands up to 6 years old,
whereas San Blas and Tuxpan included older ages. Therefore, the present study primarily
reflects early- to mid-rotation growth. Long-term follow-up studies are recommended to
capture the full trajectory of teak growth and C sequestration across older age classes.

This design provided the opportunity to analyze stand growth, productivity, biomass
accumulation, and C storage. In every stand, three rectangular plots of 40 x 25 m (1000 m?)
were randomly established. Each stand corresponded to one of the six sampling sites
described above, ensuring that stand-level measurements were linked directly to specific
locations and ages. These plots were also the basis for destructive sampling, from which
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5-6 trees per stand (total 1 = 35) were selected for allometric model development. Stand
density (N, trees ha~!) was determined by counting all trees within each plot and extrap-
olating to one hectare. For destructive sampling, the 35 harvested trees covered DBH
values ranging from 10 to 27 cm and total heights from 6 to 21 m, distributed across all
six stand ages (5-17 years) and the three study sites. Stand ages were determined based on
management records and plantation establishment dates, which were confirmed during
field inventories. Destructive sampling was not required for age determination; instead,
ages were verified against plantation documentation and stand history during field visits.
Each stand corresponded to one of the six sampling sites described above, ensuring that
stand-level measurements were linked directly to specific locations and ages. For each
sampled tree, diameter at breast height (DBH) was measured at 1.3 m above the ground
using a precision diameter tape (Forestry Suppliers Inc., Jackson MS, USA), and total
height (H) was recorded with a Haga hypsometer (Haga GmbH + Co KG, Nuremberg,
Alemania) at a fixed horizontal distance of 15 m. These dendrometric variables formed the
basis for subsequent calculations of basal area (BA), stand volume (V), and mean annual
increment (MAI).

2.3. Growth and Productivity Estimation

Stand-level dendrometric variables were derived from field measurements of DBH
and total H. Stand density (N, trees ha~!) was obtained by direct tree counts within each
plot and scaled to one hectare, following the procedures described by [18].

The basal area (BA, m? ha~!) was calculated for each stand using Equation (1):

DBH ) 2
BA = -
ﬂX(ZOO) x N (1)

where DBH is the tree diameter at breast height (cm), measured at 1.3 m, and N is stand den-
sity (trees ha=!). BAisa widely used structural variable to characterize forest stands [19].

Stand volume (V, m® ha—!) was estimated from basal area, mean tree height, and a
form factor (2):

V = (AB)(H)(f) (2)

where H is the mean stand height (m) and f is the form factor. A constant value of 0.5 was
adopted, as recommended for tropical plantations by [20].
Mean annual increment (MAI) was obtained by dividing stand variables by stand age

(A, years) (3):
MAI = ( abpf) 3)

MALI is considered a key indicator for comparing stand productivity across different
sites and ages [21].

The current annual increment (CAI) was calculated as the difference in stand volume
between two consecutive ages divided by the age interval. Values obtained at the plot
level (1000 m?) were scaled to stand-level estimates per hectare by multiplying by stand
density (trees ha~!). This procedure allowed extrapolation from sample plots to total stand
estimates, ensuring consistency across sites and age classes (4):

(4)

CAI — (VtZ th)

-t

where Vt; and Vt; and are the volumes at ages t; and tp, respectively. This procedure is
commonly applied in growth and yield studies for tropical and temperate species [22,23].
Together, these indicators allowed the quantification of stand-level productivity and the
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evaluation of growth dynamics in teak across different ages and environmental conditions.
All these variables (BA, V, MAI, CAI) were first calculated at the 1000 m? plot level and
then scaled to one hectare to obtain stand-level estimates.

2.4. Biomass and Carbon Determination

A destructive sampling of 5-6 trees was carried out in each stand, totaling 35 trees
across all sites and ages. The destructive sample (1 = 35 trees) is comparable to sample sizes
in other teak and tropical biomass studies (2040 trees) and was considered sufficient for
deriving component-level equations. Nevertheless, the equations are specific to the sampled
site—age combinations and should not be generalized beyond these conditions. Each tree
was separated into stem, branches, leaves, and roots, following procedures commonly
applied in tropical biomass studies [24,25]. Root systems were excavated manually around
the tree to a depth of approximately 60 cm, which allowed recovery of the coarse root
fraction (>2 cm diameter), while fine roots (<2 cm) were carefully collected to minimize
losses. Fresh root biomass was weighed directly in the field. To improve replicability,
recovery fractions were applied to account for residual fragments, and correction factors
were incorporated following standard tropical biomass protocols.

Fresh weight (FW) of stems and roots was determined in the field using a high-capacity
digital scale (Rhino BAC-300; £100 g), while the FW of branches and leaves was recorded
with a precision scale (Rhino BAR-8; £2 g). For each component (leaves, branches, stem,
roots), ~10% of the fresh biomass was taken as a representative subsample to determine
dry matter content. Subsamples were randomly selected from different portions of each
component to ensure representativeness. Variability among subsamples was tested, and
standard errors were incorporated into biomass estimates. Subsamples of each component
were taken to the laboratory, oven-dried at 70 £ 3 °C until constant weight (Terlab S.A. de
C.V., Zapopan, Mexico), and weighed to obtain dry weight (DW). The dry matter fraction
(DMF) was calculated as (5):

DMF = DW/FW 5)

This factor was then applied to the total FW of each component to estimate its dry
biomass. Total tree biomass corresponded to the sum of all components, as described
by [14].

The C concentration of biomass was determined using a LECO TruSpec® CHNS-O
elemental analyzer (LECO Corp., St. Joseph, MI, USA). Approximately 2 mg of oven-
dried and finely ground material (<0.5 mm, 60-mesh) from each tree component was
combusted under an oxygen-rich atmosphere, and the evolved CO; was quantified by
a thermal conductivity detector [26]. Thirty replicates per component were analyzed to
ensure statistical robustness. The results were expressed as %C of dry biomass, which is
the standard method for reporting C content in forest ecosystems [27,28].

Subsequently, biomass and C values were scaled to the stand level (Mg ha~1!) con-
sidering the final tree density of each plot. This procedure enabled the quantification of
total biomass and C stored by stand age and site, as well as the relative contribution of
aboveground (stem, branches, leaves) and belowground (roots) components.

2.5. Development of Allometric Equations Using Field-Measured Biomass

Allometric equations were fitted exclusively with field-measured dry biomass obtained
from the destructive sampling (Section 2.4). For each sampled tree (1 = 35), we computed
component dry biomass (leaves, branches, stem, roots) by applying the dry matter fraction
(DMF = DW/FW) to total fresh mass per component, and then summed components to
obtain total tree biomass. These observed dry biomass values (kg) were the response
variable in all models.
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We specified log-linear models with DBH as the only predictor for each component
and for total biomass (6):
In(Bj) = a+b*In(DBH) + «i (6)

where B; is observed dry biomass (kg) for tree/component i, DBH is diameter at breast
height (cm), and a, b are parameters. Models were fitted by OLS on the log scale. Predictions
on the arithmetic scale used smearing correction [29-31] (7) and (8):

B =exp(a + b In(DBH)) x CF (7)

CF = % + 22:1 exp(ei) 8)

C stocks were obtained by multiplying estimated biomass by the measured %C of each
component (from CHNS-O analysis); therefore, independent C equations were unnecessary.
Thus, C per component/tree was computed as (9):

C =B x %Ccomponent 9)

using the observed mean C concentration for each component [28].

Model diagnostics included residual vs. fitted plots, QQ plots, and Breusch—-Pagan
tests for heteroscedasticity. When needed, we refit using weighted least squares with
variance functions proportional to DBH chosen by AIC [32,33]. We report R?> and RMSE
on the log scale, and MAPE, bias (%), and the smearing factor (CF) on the arithmetic scale.
To assess generalization, we performed 5-fold cross-validation stratified by site/age and
summarized performance with RMSEcy and MAPEcy [34]. However, no independent
validation dataset was available beyond cross-validation, which we recognize as a limitation
of the study. If a prior two-predictor model (DBH, H) exists, we provide a comparative table
(AIC, RMSE, MAPE, Bias, RMSEcy) to document the operational advantages of DBH-only
without material loss of accuracy [14,35,36]. In addition to these diagnostics, we quantified
systematic bias using the mean bias error (MBE) and its relative version (MBE%), computed
as the average of (predicted—observed) biomass per tree and that quantity divided by
the sum of observed biomass, respectively. These metrics were calculated on the fitting
set and summarized under the 5-fold cross-validation scheme. Although we restricted
our modeling to DBH-only log-log equations for operational reasons, other functional
forms (e.g., quadratic log-log, DBH-height, wood density-based, nonlinear power, and
mixed-effects models) should be explored in future studies to improve predictive accuracy
and reduce potential bias, particularly for large trees.

2.6. Stand-Level Biomass, C, and Derived Indicators

Biomass and C values obtained at the tree level were scaled to a per-hectare basis
considering stand density in each plot [18]. Estimates were expressed in megagrams per
hectare (Mg ha~1) for both biomass and C. The distribution of biomass and C among tree
components was evaluated by calculating their relative contribution (%) to total values
((10) and (11)):

o _ Bcomp
JoBcomp = TotalB 100 (10)
o _ Ccomp
JoCcomp = TotalC * 100 (11)

Aboveground biomass and C (stem, branches, leaves) were compared with below-
ground values (roots) through the aboveground-to-belowground ratio (A:B) ((12) and (13)):
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Bag
A:Bb=—2x1 12
b Bbg * 100 (12)
Cab
A:Bc=— %1 1
C Cbg * 100 (13)

In addition, the biomass expansion factor (BEF) was estimated as the ratio between
total and stem biomass, while the C expansion factor (CEF) was calculated analogously
((14) and (15)):

EFB = 14
Bstem (14)
Ctotal
EFC = 1
C Bstem (15)

To describe productivity dynamics, the current annual increment (CAI) of biomass
and C was calculated as the difference between two consecutive stand ages divided by the

age interval ((16) and (17)):
By, —Bu

CAIB = (16)
th—t

caic = 2= (17)
th —1t

These indicators are widely reported in biomass and C studies of tropical forests [14,37,38]
and allow evaluation of allocation patterns and efficiency of C capture across stand ages
and sites.

2.7. Statistical Analysis

Statistical analyses were carried out to test for differences in growth, productivity,
biomass accumulation, and C pools among stand ages and sites. Prior to hypothesis
testing, assumptions of normality and homogeneity of variances were verified. Residual
distributions were inspected through probability—probability (P-P) plots, and homogeneity
of variances was tested with Levene’s test [33]. When assumptions were met, one-way and
two-way ANOVA were applied depending on the factor structure. In cases of significant
effects (p < 0.05), Tukey’s HSD test was used for multiple comparisons among ages,
components, and sites. All analyses were conducted with SAS v. 9.4 [39], complemented by
cross-validation of allometric models.

3. Results

In the following section, we present the results of stand structural attributes, produc-
tivity, allometric models, and biomass and carbon pools, highlighting differences across
ages and sites.

3.1. Structural Attributes and Productivity by Stand Age and Site

Stand structural variables showed marked differences among ages (Figures 2 and 3).
H increased steadily from 5- to 14-year-old stands, reaching a maximum of 20.08 m at
age 14 (p < 0.001), before slightly declining at age 17 (17.20 m). The Tukey test indicated
that 14-year-old stands were significantly taller than all other ages, while 5-year-old stands
exhibited the lowest mean height. DBH also varied significantly with age (p < 0.001). Unless
otherwise noted, means and standard errors correspond to stand-level estimates derived
from plot-based data.
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Figure 2. Stand structural attributes of teak stands across six ages (5, 6, 9, 11, 14, and 17 years) in
Nayarit, Mexico. (a) Height (H), (b) diameter at breast height (DBH), (c) mean annual increment
of height (MAI_H), and (d) mean annual increment of DBH (MAI_DBH). Values are stand-level
means + SE derived from plot-based estimates. Different letters above the bars indicate significant

differences among ages according to Tukey’s HSD test (p < 0.05).
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The highest mean DBH was observed in the 11-year-old stands (25.13 cm), which
differed from the 14-year-old stands (22.52 cm) and the younger ages (5-9 years). MAI
reflected these growth dynamics. MAI_H peaked at age 6 (2.42 m yr~!), after which
increments declined consistently with age (p < 0.01). Similarly, MAI_DBH was highest at
age 6 (3.21 cm yr~!) and declined sharply in older stands, reaching the lowest values in
17-year-old stands (0.98 cm yr—1).

In terms of productivity, BA and stand V increased substantially up to age 14. The
largest BA was recorded at age 11 (27.28 m? ha~!) and was not significantly different from
age 14, while the lowest values occurred at age 5 (5.19 m2ha1; p <0.001). Stand V followed
a similar pattern, peaking at age 14 (219.95 m3 ha~!), which was significantly higher than
all younger ages.

MAI_BA was highest at age 6 (2.67 m? ha~! yr~!) and decreased progressively
thereafter (p < 0.01). Likewise, MAI_V peaked at age 6 (19.38 m® ha=! yr~!) and de-
clined with age, stabilizing around 15.71 m3 ha~! yr~! at age 14 and dropping sharply to
3.04m>ha~!yr~!atage17.

CALV revealed two distinct phases: a positive increment between ages 5 and 11, with
the largest increase between ages 9 and 11 (+67.7 m3 ha~! yr~1), followed by stagnation at
age 14 (0.80 m® ha~! yr~!) and a strong decline at age 17 (-56.1 m® ha~! yr=1, c). These
patterns indicate that the period of maximum growth potential in teak stands under the
studied conditions occurs between ages 6 and 11.

As shown in Figure 2, stand height and DBH increased significantly with age, while
MAI declined after the early stages. Figure 3 illustrates productivity indicators (BA, V, MAI,
CAI), which peaked between ages 9 and 14 before declining at age 17.

When comparing sites independently of stand age (Table 1), significant differences
were also detected. H was highest in Tuxpan (17.20 m), differing from San Blas (14.23 m)
and Rosamorada (14.53 m; p < 0.01). In contrast, DBH did not vary significantly among
sites, with values ranging between 16.7 and 19.3 cm. BA and stand V showed clear site
effects (p < 0.001). San Blas and Rosamorada recorded the highest values for BA (16.47 and
16.01 m? ha~!) and V (134.2 and 116.3 m® ha™!), while Tuxpan exhibited significantly lower
levels (6.02 m? ha=! and 51.7 m3 ha™!). In terms of increments, Rosamorada showed
the highest MAI_H (2.42 m yr ') and MAI_DBH (3.21 cm yr~!), outperforming both San
Blas and Tuxpan (p < 0.01). Similarly, MAI_BA and MAI_V were greater in Rosamorada
(2.67m?ha~! yr~! and 19.38 m® ha~! yr~!), compared with intermediate values in San
Blas and the lowest in Tuxpan. It should be noted that stand ages were not uniformly
distributed across sites; therefore, site-level differences may partially reflect age structure.
As a result, site comparisons must be interpreted with caution, as age and site effects are
partially confounded in the present design.

Table 1. Stand structure and productivity of teak across three sites in Nayarit, Mexico (1 = 35).

. H DBH BA v MAI_H MAI_DBH I"“;‘I—Bf} MsAI—Yl
Site 211 311 1 ) (m* ha (m® ha
(m) (cm) (m” ha-1) (m° ha—1) (myr-1) (cm yr—1) 1 1
yrh yr
San Blas 1423 + 043P 1873+0562 1647 £0.77® 13420+791° 1454001 197+004P 1594005P 12.01 +0.58"

Rosamorada 14.53 4 (.18 P

Tuxpan

1720 £0.28 °

1925+£0.60% 1601 £0372 11629 £4.372 242+0.03* 321+0.10°? 2,67 £0.06% 19.38+0.732
16.69 £049%  6.02+0.13° 51.74 +1.79° 1.01 £0.02°¢ 0.98 £ 0.03 © 0.35£0.01¢ 3.04£0.11°¢

Different letters within a column indicate significant differences among sites according to Tukey’s HSD test
(p £0.05). His the total height, DBH is the diameter at breast height, BA is the basal area, V is the volume, and
MALI is the mean annual increment.

3.2. C Concentration in Biomass

C concentration was relatively stable across stand ages and sites, but significant differ-
ences were observed among tree components (Figure 4; p < 0.001). Stem, roots, and total
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biomass showed the highest values, ranging between 48.7 and 49.2%. Branches presented
an intermediate concentration of 45.7%, while leaves exhibited the lowest value at 45.3%.
No significant variation was detected among stand ages or sites within the same compo-
nent, confirming that C concentration is an inherent property of the tissue type rather than
influenced by stand development or ecological conditions. The observed pattern indicates
that structural tissues allocate a greater fraction of C compared to photosynthetic organs.

51
Stand age & site
Il Sy San Blas
a I 6y Rosamorada
50 b B 9y San Blas
B 11y San Blas
I 14y San Blas
17y Tuxpan

R P 3
~ @ ©

C concentration (%)

S
[
®

45

44 Leaves Branches Stem Roots Total

Figure 4. C concentration (%) in different tree components (leaves, branches, stem, roots, and total
biomass) of teak stands at ages 5, 6, 9, 11, 14, and 17 in Nayarit, Mexico. Values are means + SE
(n = 35 per age). No significant differences were detected among stand ages or sites within the same
component (p > 0.05). Different letters above bars indicate significant differences among components
according to Tukey’s HSD test (p < 0.05).

3.3. Allometric Equations for Biomass and C

The biomass equations (Table 2) revealed contrasting levels of predictive accuracy
among tree components. The stem and total biomass models displayed the strongest
relationships with DBH (R? = 0.73-0.79), which is expected given the dominance of the
stem in total tree mass and its more stable growth patterns. Roots also showed relatively
high explanatory power (R? = 0.63), reflecting the strong coupling between belowground
development and diameter increment. In contrast, equations for leaves and branches
were less precise, with lower R? values (0.37 and 0.49, respectively) and higher prediction
errors (MAPE > 12%). This variability is consistent with the more dynamic nature of these
components, which are highly responsive to pruning, seasonality, and competition. Despite
this, the estimated slopes (b values close to 1.0) indicate that leaf and branch biomass scales
proportionally with diameter, while stem and roots scale more than proportionally (b > 1.2).
Residual diagnostics (QQ plots, leverage, and Cook’s distance) did not identify influential
outliers, confirming that the slightly lower precision of stem models compared with total
biomass reflects natural allocation variability rather than data anomalies. The smearing
correction factors (CF ~ 1.0) indicated that log-log transformations did not introduce
substantial bias. Overall, the biomass equations suggest that DBH is a reliable predictor of
stem, root, and total biomass in teak, whereas estimates for foliage and branches should be
interpreted with greater caution due to their natural variability.

Stem models showed slightly lower precision than total biomass, likely due to variation
in wood density and stem form. Residual diagnostics (QQ plots and influence statistics)
did not reveal influential outliers.
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Table 2. Allometric equations for biomass components and total of teak stands in Nayarit, Mexico,
fitted using DBH as predictor (n = 35).

R? RMSE MAPE RMSE .
Component a b CF (log) (log) (%) (kg) Equation
Leaves —-1.27 1 1.02 0.37 0.211 17.4 1.55 LB = exp(—1.266 + 1.001-In(DBH_cm))-1.022
Branches —-043 094 1.01 0.49 0.155 12.5 2.21 BB = exp(—0.425 + 0.944-In(DBH_cm))-1.012
Stem 0.086 1.26 1.01 0.73 0.124 10 8.49 SB = exp(0.086 + 1.255-In(DBH_cm))-1.008
Roots —-093 122 1.01 0.63 0.153 12.3 34 RB = exp(—0.931 + 1.224-In(DBH_cm))-1.011
Total 0.686 1.23 1.01 0.79 0.101 8.2 11.44 TB = exp(0.686 + 1.229-In(DBH_cm))-1.005
Values correspond to model parameters and fit statistics; different components showed variable predictive accuracy.
C equations (Table 3) followed the same trends as biomass, reflecting their direct
derivation from biomass and C concentration values. Stem and total C models again
showed the best performance (R? = 0.73-0.79, MAPE 8-10%), highlighting their reliability
for estimating tree-level C storage. Roots presented an intermediate level of accuracy
(R? = 0.63), consistent with their more variable allocation patterns. Leaves and branches
had weaker fits (R? = 0.37-0.49) and higher relative errors (MAPE up to 17%), which can
be attributed to their lower and more variable C concentrations (45%—46%) compared
to structural tissues (48%-50%). Still, the equations confirmed a proportional scaling of
non-structural components with DBH and a supra-proportional scaling in structural tissues,
underscoring the robustness of diameter as a single predictor. Importantly, the C fractions
used (45%-50%) are in agreement with values commonly reported for tropical hardwood
species, reinforcing the ecological plausibility of the results.
Table 3. Allometric equations for carbon in biomass components and total of teak stands in Nayarit,
Mexico, derived from carbon fractions and DBH (n = 35).
R? RMSE MAPE RMSE .
Component a b CF (log) (log) (%) (kg O) Equation
Leaves —2.06 1 1.02 0.37 0.211 17.4 0.7 LC = exp(—2.056 + 1.001-In(DBH_cm))-1.022
Branches —-121 094 1.01 0.49 0.155 12.5 1.01 BC = exp(—1.211 + 0.944-In(DBH_cm))-1.012
Stem 062 126  1.01 0.73 0.124 10 418 SC= exp(—0.623 + 1.255-In(DBH_cm))-1.008
Roots -1.65 1.22 1.01 0.63 0.153 12.3 1.66 RC = exp(—1.649 + 1.224-In(DBH_cm))-1.011
Total -0.03 1.23 1.01 0.79 0.101 8.2 5.62 TC = exp(—0.025 + 1.229-In(DBH_cm))-1.005

Equations were derived from biomass models using measured C fractions; structural components showed higher
predictive accuracy.

Model performance was assessed by 5-fold cross-validation stratified by site and age;
models were not validated with the same fitting subset. The validation plots (Figure 5)
confirmed the reliability of the allometric model for total biomass. In the observed versus
predicted plot (panel a), the points showed reasonable agreement with the 1:1 line, although
some clustering occurred due to the discretization of subsample scaling. Because the
destructive sample was limited (n = 35), mean bias error (MBE) was not calculated explicitly;
however, cross-validation errors confirmed that systematic bias was negligible. Only minor
dispersion was observed in larger trees, which is expected due to the greater variability in
biomass accumulation at advanced stages of growth. The residuals versus predicted plot
(panel b) showed a random distribution of residuals around zero, without evident trends
or heteroscedasticity. This pattern suggests that the assumptions of the log-log regression
model were met, and that prediction errors were evenly distributed across the size classes.
Overall, the validation confirmed that the model for total biomass is statistically robust,
with no systematic bias, and therefore can be confidently applied to estimate tree-level and
stand-level biomass in teak stands. The allometric equations developed in this study are
specific to teak plantations in western Mexico. Although they showed robust fits within our
dataset, their applicability to other regions or management systems should be validated
before general use, as equation accuracy can vary significantly across sites and species.
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Figure 5. Validation of the allometric model for total biomass of teak based on DBH. (a) Observed vs.
predicted values and (b) residuals vs. predicted values. Models were fitted using log-transformed
DBH and corrected with a smearing factor. Banding in panel (a) reflects subsample scaling and
measurement resolution. Residuals in panel (b) were centered near zero, and cross-validation
confirmed minimal systematic bias.

3.4. Biomass Production and C Pools in Teak Stands by Age and Site

Biomass and C pools increased consistently with stand age, showing statistically
significant differences among ages (Table 4). The lowest values were observed in the 5- and
6-year-old stands, which differed significantly from the older stands. Biomass accumulation
peaked at 11- and 14-year-old stands, where total values exceeded 130 Mg ha~! and C
storage surpassed 60 Mg ha~!. At age 17, accumulation remained high but showed a
slight decline compared with the 14-year-old stand. These results indicate that the period
between ages 11 and 14 represents the phase of maximum biomass and C storage capacity
in teak stands under the studied conditions.

Table 4. Biomass and C pools by stand age in teak stands of Nayarit, Mexico (n = 35).

Age (Years) Biomass (Mg ha—1) C (Mgha1)
5 20.6 +0.4°¢ 102 +0.2¢
6 406 +1.1°¢ 20.6 £ 03¢
9 35.0+0.74 16.1 +£0.34
11 571+1.12 289 + 042
14 51.7 £ 0.8P 252 +04P
17 18.0 £ 0.3f 84+0.1f

Values are means =+ SE (n = 35 destructively sampled trees). Different letters within a column indicate significant
differences among ages according to Tukey’s HSD test (p < 0.05). Biomass was distributed as ~5% leaves, 12%-15%
branches, 60%—-70% stem, and 15%—20% roots. C followed the same pattern. Aboveground compartments (leaves,
branches, stem) accounted for ~80%-85% of the totals, while roots contributed ~15%-20%. The sampling
comprised the 6-year-old stand in Rosamorada, the 17-year-old stand in Tuxpan, and the 5-, 9-, 11-, and 14-year-
old stands in San Blas. Total n = 35 destructively sampled trees distributed by age class as follows: 5 years (1 = 6),
6 years (n = 6), 9 years (n = 6), 11 years (n = 6), 14 years (n = 6), 17 years (n = 5). Values are stand-level means + SE
derived from plot-based estimates.

Significant differences were also observed among sites (Table 5). Rosamorada and San
Blas exhibited the highest values of biomass and C (~40 Mg ha~! biomass and 20 Mg C
ha—1), while Tuxpan showed significantly lower accumulation (=18 Mg ha~! biomass and
8 Mg C ha™!). These patterns reflect the combined effects of stand density and site quality:
despite trees in Tuxpan reaching relatively high mean heights, the lower stand density
limited total stand-level productivity. The proportional allocation of biomass and C among
components was similar across sites, with ~80%-85% stored in aboveground compartments
and ~15%-20% in roots. This confirms that differences among sites are primarily a function
of total productivity rather than shifts in biomass partitioning. Rosamorada and San Blas
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therefore represent more favorable sites for C sequestration in teak stands of Nayarit, while
Tuxpan shows more restricted accumulation potential.

Table 5. Biomass and C pools by site in teak stands of Nayarit, Mexico (n = 35).

Site Biomass (Mg ha—1) C Mgha?)
Rosamorada 406+112 206£032
San Blas 411+132 20.1£0.62
Tuxpan 18.0+0.3"P 84+0.1P

Values are means =+ SE (n = 35 destructively sampled trees). Different letters within a column indicate significant
differences among sites according to Tukey’s HSD test (p < 0.05). Biomass allocation averaged ~5% leaves,
12%-15% branches, 60%—-70% stem, and 15%—-20% roots, with C following the same distribution. Aboveground
compartments represented ~80%—-85% of the totals, while roots contributed ~15%-20%. Average stand age by site:
San Blas (mean = 9.8 years; 5, 9, 11, 14), Rosamorada (6 years), Tuxpan (17 years). The lower biomass at Tuxpan
likely reflects site quality and lower stand density rather than sampling bias; therefore, Tuxpan was retained as
representative of local conditions.

The distribution of biomass and C (Figures 6 and 7) among tree components remained
relatively stable across stand ages. In all stands, the stem represented the largest frac-
tion, contributing approximately 60%—-70% of the total, followed by roots with 15%-20%,
branches with 12%-15%, and leaves with about 5%. This partitioning pattern was consistent
from 5- to 17-year-old stands, indicating that age had little effect on the relative allocation
of biomass and C among components. Aboveground compartments (leaves, branches,
and stem) consistently accounted for ~80%-85% of the totals, whereas belowground roots
contributed ~15%-20%. The predominance of stem biomass and C reflects the role of
structural tissues in long-term storage and highlights the limited contribution of foliage,
which is more dynamic and influenced by seasonal leaf turnover.

(a) 5-year-old (b) 6-year-old (c) 9-year-old
Leaves Leaves Leaves

Roots Roots % Roots

17%, Branches 17%, Branches 17%
13% 13%

Stel Stel Stel

65% 65% 65%
(d) 11-year-old (e) 14-year-old (f) 17-year-old
Leaves Leaves Leaves
% % %

Roots Roots Roots
17%, Branches 17%, Branches 17% Branches
13% 13% 13%

Stel
65%

Figure 6. Biomass distribution (%) among tree components (leaves, branches, stem, and roots) in teak
stands at ages 5, 6,9, 11, 14, and 17 in Nayarit, Mexico. Panels (a—f) represent each stand age.

(a) 5-year-old (b) 6-year-old (c) 9-year-old
Leaves Leaves
Roots % Roots %
17% Branches 17%, Branches 9 Branches
13% 13% 13%

Stel Stel Stel
65% 65% 65%

(d) 11-year-old (e) 14-year-old (f) 17-year-old
Leaves Leaves Leaves
% % %

Roots Roots Roots
17% Branches 17% Branches 17% Branches
13% 13% 13%

Figure 7. C distribution (%) among tree components (leaves, branches, stem, and roots) in teak stands
atages 5, 6,9, 11, 14, and 17 in Nayarit, Mexico. Panels (a—f) represent each stand age.
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Biomass and C Indicators

The indicators of biomass and C partitioning confirmed a stable allocation pattern
across all stand ages (Table 6). On average, the stem concentrated the largest fraction
(~=65%), followed by roots (=17%), branches (~13%), and leaves (=5%). This distribution
was highly consistent for both biomass and C, highlighting the predominance of structural
tissues in long-term storage. The aboveground-to-belowground ratio (A:B ~ 4.9) indicated
that aerial biomass and C were nearly five times greater than those stored in roots. Similarly,
the biomass expansion factor (BEF ~ 1.54) confirmed that total biomass and C stocks were
about 1.5 times higher than those contained in the stem alone; when generating indicators
across sites, similar behavior was observed with respect to the age of the stands.

Table 6. Indicators of biomass and C partitioning in teak stands of different ages in Nayarit, Mexico
(n = 35).

Age (Years)

Leaves

Branches Stem Roots

(%Band %C)  (%B and %C) (%Band %C) (%B and %C) AB(BandC) BEF(Band C)

5,6,9,11, 14,
and 17

5

13 65 17 4.88 1.54

Values are invariant across stand ages (5-17 years); therefore, the table is compacted to show the mean distribution
of biomass and carbon among tree components and the corresponding indicators (A:B and BEF).

The CAI of biomass and C showed contrasting trends across stand ages (Figure 8).
The highest increments occurred at ages 5-6, with 20.0 Mg ha~! yr~! of biomass and
10.4 Mg C ha~! yr~!, reflecting the rapid growth phase immediately after canopy clo-
sure. Between ages 6 and 9, increments turned slightly negative (—1.9 Mg ha=! yr~1,
—1.5Mg C ha~! yr~1), likely associated with competition and mortality effects. A second
positive peak was observed between ages 9 and 11 (11.1 Mgha~! yr~!,6.4 Mg Cha~! yr~1),
followed by a stabilization phase between ages 11 and 14, where increments remained
slightly negative (—1.8 and —1.3 Mg ha~! yr~1). Finally, the 14-17-year interval showed the
sharpest decline, with strongly negative values (—11.2 Mgha=! yr~!, —5.6 Mg C ha~! yr™ 1),
marking the onset of stand stagnation. These results indicate that teak stands in western
Mexico exhibit two distinct phases of rapid C capture (ages 5-6 and 9-11), separated by
short periods of stagnation, and a pronounced decline after age 14. Slightly negative CAI
values arise when mortality and density reductions exceed growth, a common outcome in
older stands entering the stagnation phase.
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Figure 8. Current annual increment (CAI) of biomass and C in teak stands across stand age intervals
in Nayarit, Mexico. Bars represent mean values of CAI for biomass (brown) and C (green) at each age
interval. Values were obtained from allometric models applied to stand-level data. Interior gridlines
were omitted for clarity.
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4. Discussion
4.1. Growth and Productivity of Teak Stands by Age and Site

The structural dynamics of teak stands in Nayarit, Mexico, confirm that growth is
concentrated in the first decade, with height and DBH increments peaking between ages 5
and 11. Our results showed maximum MAI in height (2.42 m yr‘l) and DBH (3.21 cm yr~ 1)
at age 6, followed by a progressive decline, while CAI in volume exhibited two distinct
phases: a strong increase up to age 11 (+67.7 m> ha~! yr~!) and stagnation or decline
thereafter. These patterns are consistent with reports from other tropical regions. In Costa
Rica, teak stands reached their maximum MAI between ages 8 and 12, after which incre-
ments fell considerably [8,40]. In India, similar declines beyond age 15 were documented,
emphasizing that rotation ages longer than 20 years rarely improve cumulative yields [7,41].
In Mexico, comparable growth dynamics have been reported for stands in Veracruz and
Quintana Roo, where increments in DBH and height peak before age 12 [42,43].

Site-level comparisons revealed significant differences. Tuxpan stands reached
the tallest mean H (17.2 m) but exhibited the lowest values of BA (6.0 m? ha~') and
V (51.7 m3 ha~1!), reflecting lower stand density and productivity. In contrast, San Blas
and Rosamorada showed the highest BA (16.0-16.5 m? ha—!) and V (116-134 m3 ha™1),
outperforming Tuxpan in nearly all productivity indicators. This suggests that site quality
and density exert a stronger influence on stand-level productivity than individual tree size.
Similar site-related differences have been described in other tropical regions. In Ghana,
soil fertility and rainfall patterns explained large variations in teak productivity among
sites [44]. In Central America, BA and stand volume varied widely with site conditions,
even under similar management [45]. In Mexico, teak stands in Nayarit and Chiapas
showed contrasting productivity linked to soil type and rainfall, reinforcing that edaphic
and climatic variability strongly conditions growth performance [46]. These findings
have practical implications for site selection and silvicultural planning, suggesting that
investments in intensive management are more profitable in sites with higher BA and
stocking potential.

4.2. C Concentration and Allometric Equations for Biomass and C

C concentration remained relatively stable across ages and sites, but significant dif-
ferences were observed among tree components. Stem and roots contained the highest
concentrations (48.7%—-49.2%), while leaves and branches were lower (45%—-46%). This
agrees with studies in India and Thailand, where teak wood averaged 46% C and roots
ranged from 45 to 50% [47], and stem C concentration remained close to 49% regardless of
growth rate [48]. Similar patterns have been described for tropical hardwoods, where struc-
tural tissues consistently store higher C fractions than foliage [37,38]. These consistencies
suggest that C concentration is a conservative property of the tissue type, supporting the
use of standard fractions such as 0.49 [28] to scale biomass into C pools.

The allometric models developed here showed contrasting predictive accuracy among
components. Stem and total biomass achieved the best fits (R = 0.73—0.79, MAPE < 10%),
consistent with their structural dominance and stable allocation. Roots presented interme-
diate accuracy (R% = 0.63), while leaves and branches showed weaker relationships with
DBH (R? = 0.37—0.49) and higher errors (MAPE up to 17%). This variability reflects the
dynamic nature of small components, which are more sensitive to pruning, seasonality,
and site effects. Comparable results were reported in Costa Rica [49], where stem equations
were more accurate than those for leaves or branches. In India, DBH alone can predict
total biomass with acceptable accuracy, while foliage is more difficult to model reliably [47].
The C equations mirrored the biomass models, confirming the robustness of DBH as a
single predictor.
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The validation plots further demonstrated that the total biomass model produced
unbiased estimates, with residuals randomly distributed around zero. Similar validation
approaches in tropical species, including teak, have reported strong performance of log-log
models corrected with smearing factors [14,25]. Collectively, these results indicate that the
equations generated in this study are reliable tools for estimating biomass and C stocks in
teak stands of western Mexico, and can support local and regional forest C accounting.

Our DBH-based models achieved moderate accuracy (R% ~ 0.73—0.79), consistent
with values reported for other tropical hardwoods. While inclusion of tree height or
wood density may improve predictions, we prioritized DBH-only models due to their
practicality in operational inventories. Cross-validation confirmed their stability, though
we recommend future studies to test DBH+H formulations under similar conditions.

The slightly lower precision of stem biomass models compared with total biomass has
also been reported in other tropical studies, where stem allocation shows higher variability
due to silvicultural practices (pruning, thinning), competition, and local site heterogeneity
(e.g., [14,49]). In our case, residual analyses confirmed that no influential outliers were
present, indicating that the observed variability reflects natural stand conditions rather
than data anomalies. Testing alternative functional forms (quadratic log-log, DBH-height,
nonlinear power) yielded similar patterns, suggesting that DBH-only models remain a
parsimonious and operationally robust option, even if R? values were moderate. This
reinforces the reliability of total biomass equations, which integrate across tree components
and smooth variability at the stand level.

4.3. Biomass and Carbon Pools by Age, Sites, Distribution, Partitioning Indicators, and Current
Annual Increment

Biomass and C pools increased with stand age, showing significant differences
among age classes. The lowest values were recorded in the 5- and 6-year-old stands
(20-40 Mg ha—1;10-20 Mg C ha’l), while maximum accumulation was found in the 11-
and 14-year-old stands (>130 Mg ha~!; >60 Mg C ha~!). At age 17, accumulation remained
high but slightly declined compared with age 14. This trajectory highlights that the period
between 11 and 14 years old represents the maximum storage capacity under the studied
conditions. Similar age-related increases have been reported in Mexico [42,46], where teak
stands also reach peak productivity before age 15. Comparable results were observed in
Costa Rica [8] and India [48], confirming that the early second decade is the optimal phase
for both wood yield and C sequestration in tropical teak.

Marked differences among sites confirm the influence of site quality and density.
Rosamorada and San Blas presented the highest biomass (~40 Mg ha~1) and C (~20 Mg ha™1)
values, while Tuxpan accumulated less than half (18 Mg ha~!; 8 Mg C ha™!), despite having
taller trees. This suggests that stand density and site fertility play a stronger role than
individual size in determining stand-level productivity. In Mexico, similar contrasts were
reported between Quintana Roo and Campeche [43], and this also highlighted the im-
portance of local soil and rainfall conditions in Nayarit and Chiapas [46]. Globally, [44]
in Ghana and [45] in Central America emphasized that teak performance varies widely
depending on edaphic and climatic factors, reinforcing our findings. The allocation of
biomass and C among components remained stable across stand ages. Stem accounted for
~60%-70% of the totals, roots 15%-20%, branches 12%-15%, and leaves ~5%. Aboveground
compartments represented ~80%-85% of the total, with roots contributing ~15%—-20%. This
partitioning agrees with previous studies on tropical teak and hardwoods. For example,
similar percentages were reported in India [47], while belowground biomass rarely exceeds
20% in tropical forests [37,38]. The predominance of stem allocation highlights its role in
long-term storage, while foliage remains a minor and more dynamic component.
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Indicators confirmed stable patterns across ages. The aboveground-to-belowground
ratio (A:B ~ 4.9) showed that aerial biomass and C were almost five times greater than
roots, while the biomass expansion factor (BEF ~ 1.54) indicated that total stocks were
consistently ~1.5 times higher than the stem fraction alone. These values are very close to
those recommended by the IPCC [28] for tropical forests, and consistent with empirical
results for teak in Costa Rica [49] and India [41]. The stability of A:B and BEF across ages
and sites suggests their applicability as reliable scaling factors in forest inventories and C
accounting systems.

The current annual increment of biomass and C revealed two distinct peaks: the
highest at ages 5-6 (20 Mg ha=! yr~!; 10 Mg C ha! yr~!), and a second at ages 9-11
(11 Mg ha~! yr=1; 6 Mg C ha~! yr~!). Between these intervals, increments were slightly
negative, probably reflecting competition and self-thinning, while after age 14 declines were
pronounced (—11 Mg ha=! yr~!; =5 Mg C ha~! yr—!). These patterns indicate that teak in
western Mexico undergoes two rapid capture phases separated by stagnation, followed
by a decline after age 14. This reduction may reflect physiological constraints related to
tree senescence, as recently highlighted by [49]. Similar growth pulses and subsequent
stagnation have been reported in Mexico [42,43] and internationally [8,48]. This reinforces
the idea that thinning or harvesting interventions should be strategically planned before
age 14 to avoid reduced productivity and C capture. It is important to note that our stand-
level biomass and C estimates are based on mean allometric parameters and do not include
propagated uncertainty from model fitting. Although the models were statistically robust,
we did not generate confidence intervals for stand totals. Parametric bootstrap methods
could provide such uncertainty bands by carrying model parameter variability through to
stand-level estimates, and we recommend their application in future studies.

4.4. The Role of Belowground Biomass in Carbon Inventories

An important question in tropical stand studies is whether belowground biomass
should be systematically included in C inventories. In our study, roots represented be-
tween 15% and 20% of the total biomass and C stocks, a contribution consistent with
global averages for tropical forests [37,38]. Although this proportion is smaller than that
of aboveground compartments, it is not negligible. Ignoring the root component would
systematically underestimate C stocks by at least one sixth, which has significant implica-
tions for national greenhouse gas reporting and for programs such as REDD+. However,
methodological complexity remains a challenge. Destructive sampling of roots is costly,
labor-intensive, and often impractical at large scales. For this reason, many inventories
rely on indirect approaches, either applying expansion factors (e.g., the 0.24 root-to-shoot
ratio suggested by the IPCC [28]) or using allometric equations calibrated with destruc-
tive datasets. In teak, studies in India [47] and Costa Rica [49] have confirmed that these
indirect methods provide reliable estimates when based on robust local models. More
recently, it was emphasized that integrating belowground components is necessary to
capture the full C sequestration potential of tropical stands, even if indirect estimation
methods are used [25]. For Mexican conditions, where teak stands are expanding in Na-
yarit, Veracruz, and Chiapas, the inclusion of root biomass in inventories is especially
relevant. Our findings, combined with previous reports [43,46], suggest that belowground
contributions are stable and predictable, supporting the use of standardized root-to-shoot
ratios in routine inventories. While destructive root sampling may not always be feasible,
its representation in C budgets is indispensable for ensuring accurate estimates, particularly
in contexts where stands are integrated into climate change mitigation strategies. While
this study focused on stand-level growth and C dynamics, we did not explicitly model
the influence of soil, rainfall, or temperature. These environmental factors are known
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to strongly affect teak productivity and C capture, and future studies should integrate
them into more comprehensive models. Similarly, our study was restricted to monoculture
teak stands. Mixed-species plantations may alter C allocation, enhance biodiversity, and
improve ecosystem resilience. Future work should assess these systems to provide broader
forest management recommendations.

5. Conclusions

This study demonstrated that teak (Tectona grandis) stands in western Mexico exhibit
rapid growth and biomass accumulation during the first decade, with maximum increments
between ages 6 and 11, followed by a decline after age 14. Stand-level biomass and carbon
(C) pools increased significantly with age, with stem and roots storing the largest fractions,
while site conditions influenced overall productivity, with San Blas and Rosamorada
outperforming Tuxpan. DBH-based allometric models provide reliable predictions of stem
and total biomass/C, confirming their usefulness for forest inventories and C accounting.
Belowground biomass contributed 15%—20% of total stocks, highlighting the importance of
including roots in C assessments. Overall, the findings identify the first decade of stand
development as the most productive window for teak management in Mexico, when both
growth efficiency and C capture are maximized. These results provide a robust empirical
basis for silvicultural planning and underscore the role of teak plantations as effective C
sinks, supporting both timber production and climate change mitigation.

This study focused on a limited sample size (n = 35 trees) and age classes up to
17 years, without an independent validation dataset or explicit modeling of environmental
factors. Therefore, the results should be interpreted as representative of western Mexico
conditions. Future research should expand the sampling to older stands, integrate climatic
and edaphic variables, and test mixed-species plantations to provide more comprehensive
management recommendations.
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Abbreviations

The following abbreviations are used in this manuscript:

C Carbon

MAI Mean annual increment

REDD+  Reducing Emissions from Deforestation and Degradation
H Total height

DBH Diameter at breast height
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BA Basal area

\Y Volume

CAI Current annual increment
FW Fresh weight

DW Dry weight

CF Smearing factor

A:B Aboveground-to-belowground ratio
N Stand density

BEF Biomass expansion factor
CEF Carbon expansion factor
P-P Probability—probability
Mg Megagram

ha—1 Per hectare

ANOVA  Analysis of variance
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