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Accurate estimation of forest biomass and carbon is essential for understand-
ing ecosystem functions and supporting climate change mitigation efforts. This
study presents regionally calibrated allometric equations to estimate above-
ground biomass and carbon across different forest regions in Mexico, which is
an important step toward improving national forest inventories and carbon ac-
counting frameworks. We analyzed a dataset of 1919 trees from 13 Regional
Forest Management Units (UMAFORs), collected through a targeted sampling
strategy that encompasses all tree diameter classes. We evaluated two addi-
tive equation systems to predict aboveground biomass and carbon content by
component (stem, branches, and total). Both systems were fitted simultane-
ously using the MODEL procedure and assessed through multiple goodness-of-
fit statistics. The additive equations for tree components and total biomass
and carbon showed acceptable fits. Although their overall performance was
comparable, system 2 (S2) provided slightly higher predictive accuracy. The
resulting region-specific equations offer practical tools for forest managers
and policymakers to enhance sustainable forest management and carbon moni-
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toring in the heterogeneous forest landscapes of Mexico.

Keywords: Additive Biomass Equations, Carbon Content, Equations System,
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Introduction

Sustainably managed forest ecosystems
provide a wide range of social, economic,
and environmental benefits, among which
carbon dioxide (CO,) sequestration is par-
ticularly significant (Espinoza-Zufiga et al.
2023). Through photosynthesis, vegetation
captures atmospheric CO, and converts it
into biomass distributed across multiple
pools, including living aboveground bio-
mass (stems, branches, foliage), below-
ground biomass (roots), dead organic mat-
ter (litter and coarse woody debris), and
soil organic carbon. This continuous carbon
accumulation process contributes to cli-
mate change mitigation (Garcia-Martinez
et al. 2025). In recent years, growing atten-
tion has focused on forests’ contribution
to biogeochemical cycles, particularly car-
bon dynamics and their interactions with
greenhouse gases (Miguel-Martinez et al.
2016).

Quantifying forest biomass is crucial be-
cause it reveals both the carbon sequestra-
tion potential of an area and the carbon
emissions resulting from its combustion
(Mayaka et al. 2017, Cuevas-Cruz & Aquino-
Ramirez 2020). In addition, biomass plays a
pivotal role in ecosystem productivity and
nutrient cycling (Meng et al. 2017) and
serves as a valuable ecological indicator of
forest structure and sustainability (Chave
et al. 2005). It also provides basic informa-
tion for estimating carbon reservoirs and
modeling forest dynamics. Accurate bio-
mass estimation is also a key requirement
for Emissions Trading Systems (ETSs),
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which aim to remove or avoid greenhouse
gas emissions (Conti et al. 2025). Under
conditions of heterogeneous tree growth,
or when new tree species are considered,
developing allometric equations from de-
structive sampling is necessary to obtain
accurate biomass stock estimates (Nair
2012).

Carbon storage capacity in biomass de-
pends on stand characteristics such as
species composition, age, and density of
tree strata (Fonseca-Gonzdlez 2017). Al-
though young trees typically exhibit higher
rates of carbon assimilation, mature stands
store high total carbon stocks, mainly con-
centrated in the stem (IPCC 2000, Sun et al.
2015). Conifers allocate a significant pro-
portion of their biomass to the trunk,
which represents the main contributor to
total tree biomass. For instance, in Abies
religiosa (Kunth) Schitdl. & Cham., approxi-
mately 84.5% of the biomass is allocated to
the stem, which contains about 46% carbon
(Avendafio-Hernandez et al. 2009). Varia-
tions of around 45% reported in other stud-
ies are attributed to differences in site con-
ditions and methodological approaches
(Razo-Zarate 2013, Razo-Zarate et al. 2013,
2015). Similarly, in some Pinus species,
aboveground carbon contents ranging
from 50% to 53 % have been documented,
influenced by stand structural attributes
(e.g., basal area and density) as well as
edaphic and climatic factors (Rios-Camey
etal. 2021).

Forest biomass encompasses the weight
of organic matter above and below ground
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and serves as a proxy for ecosystem pro-
ductivity (Wu & Xu 2023). It is commonly
partitioned into components such as stem,
branches, leaves, bark, and roots (Vargas-
Larreta et al. 2017b, He et al. 2018). Tree
biomass estimation can be performed
through direct or indirect approaches. The
direct method involves destructive sam-
pling, which consists of felling trees and
weighing their components to obtain pre-
cise biomass measurements (Navar-Chai-
dez 2010, Fonseca-Gonzdlez 2017). In con-
trast, indirect methods use allometric
equations developed from linear or nonlin-
ear regression analyses using dendrometric
variables such as diameter at breast height
and total height (Temesgen et al. 2015, Or-
ddfez-Prado et al. 2024), or combinations
of variables like diameter at breast height,
height, crown cover, leaf area, and wood
density (Navar-Chaidez 2010).

Recent studies indicate that species-spe-
cific allometric equations reduce bias in
above-ground biomass estimates com-
pared with generalized models, which of-
ten overlook interspecific and environmen-
tal variability and increase uncertainty (Lis-
boa et al. 2025, Yang et al. 2023). There-
fore, it is recommended to use species-spe-
cific local equations derived from forest in-
ventory data to improve the accuracy of
biomass and carbon estimates (Lamahew-
age et al. 2025).

Although Vargas-Larreta et al. (2017a) de-
veloped national-level allometric equations
for 97 forest species from temperate and
tropical ecosystems, this dataset still needs
to be expanded to include species of high
economic and ecological importance. Pre-
vious studies on Abies religiosa (Goche-Tél-
les et al. 2000, Avendano-Herndndez et al.
2009, Razo-Zarate et al. 2013, 2015) have

contributed valuable information, yet their
limited scope highlights the necessity to
expand the available databases for forestry
and silviculture applications.

The genus Abies is the second most eco-
nomically important in the family Pinaceae
in Mexico, contributing 2.8% to the coun-
try’s annual timber production (SEMAR-
NAT 2016). Its distribution covers only
0.07% to 0.16% of the national territory and
is characterized by fragmented and iso-
lated stands (INEGI 2017). The present
study aims to generate new information on
aboveground biomass, carbon content,
and carbon dioxide equivalent (CO.e) of
Abies religiosa. This effort responds to both
the species’ economic relevance and the
current data gaps across Regional Forest
Management Units (UMAFORs) in Mexico.
Such information is essential to support
sustainable management practices, con-
tribute to climate change mitigation, and
improve the environmental services pro-
vided by Abies forests.

The objective of the study was to develop
additive allometric equation systems to ac-
curately estimate aboveground biomass,
carbon, and CO,e across UMAFORs in Mex-
ico. The proposed hypothesis states that
biomass production, carbon content, and
carbon equivalent do not differ signifi-
cantly among UMAFOR:s.

Materials and methods

Study area

Six states were considered in this study,
covering 13 Regional Forest Management
Units (UMAFORs - Fig. 1), distributed as
follows: Guerrero (UMAFOR no. 1203), Hi-
dalgo (no. 1303), State of Mexico (no. 1503,
1508, 1509, 1510), Michoacan (no. 1604,

1605, 1608), Puebla (no. 2101, 2105) and
Tlaxcala (no. 2901, 2902).

Data collection

A comprehensive sampling of 1919 trees
was conducted across managed and un-
managed areas within each UMAFOR, cov-
ering the full range of existing diameter
classes. In managed areas, we employed a
destructive sampling method that involved
felling, sectioning, and careful measure-
ment of healthy Abies religiosa trees, while
excluding individuals with visible defects
that could skew the data. Conversely, non-
destructive sampling was carried out in un-
managed areas using advanced laser
calipers (Haglof Digitech Professional, Swe-
den) to measure stem diameters at multi-
ple heights (0.30, 1.30, 2.50 m - SiPlaFor
2015).

For each sampled tree, the diameter at
breast height (DBH, cm) was measured at
1.30 m using a diameter tape (Forestry Sup-
pliers, Inc., Jackson, MS, USA), while a
Haga hypsometer was employed to mea-
sure the height (m) of standing trees.

The total length (m) of each felled tree
was measured with a Uline Accu-Lock
H-1766 tape (WI, USA). Initial measure-
ments were taken from two 0.30 m sec-
tions above the stump, followed by an ad-
ditional measurement at breast height
(1.30 m). Subsequent sections were cut at
uniform intervals of 2.54 m along the stem,
continuing this process until reaching the
tree top. For branch biomass and carbon
quantification, only branches with a diame-
ter greater than 7.5 cm were included,
which corresponds to the minimum mer-
chantable diameter established in the Tem-
perate Forest Planning System (Sistema de
Planeacion Forestal de Bosque Templado)
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guidelines (SiPlaFor 2015). Tab. S1 (Supple-
mentary material) shows the variables
used in the corresponding analyses.

Compilation of information

The stem sections were assumed to have
either a cylindrical or paraboloid shape,
and their volumes were calculated using
the Smalian formula (egn. 1). For the final
section (the tree top), the volume was de-
termined using the cone formula (eqn. 2 -
Santiago-Garcia et al. 2025). The overall vol-
ume of the stem (V, m3) was considered to
be the sum of the volumes of all individual
sections (eqn. 1, egn. 2):

Sg+S:
__x_[So*Si)
v 40000( 2 ) )
SZ
= |20 2
v 40000(3)L @

where S, is the initial diameter of the sec-
tion (cm), S, is the final diameter of the sec-
tion (cm), L is the length (m), and V is the
volume (ms3).

Data analysis and processing

To calculate dry biomass, a basic wood
density value of 360 kg m3 was used
(Goche-Télles et al. 2000). From this bio-
mass, the carbon content was estimated,
assuming a concentration of 45 % in the dry
matter (Razo-Zarate 2013, Razo-Zarate et
al. 2013, 2015). To estimate the amount of
carbon dioxide equivalent (CO,e) emitted
to the atmosphere from biomass burning,
the following formula was applied (eqgn. 3):

44
cOo,,=B-— 3
2e 12 ( )

CO.,e is derived by dividing the molecular
weight of CO, (44.01 g mol™) by the atomic
weight of C (12.011 g mol" — Pacheco-Esca-
lona et al. 2007).

Systems of additive biomass equations
evaluated

The evaluation of additive biomass equa-
tions included linear and nonlinear allomet-
ric models, following the approaches de-
scribed by Huy et al. (2023) and Ordénez-
Prado et al. (2024). This exploratory analy-
sis aimed to identify the most suitable
models and additive equation systems for
modeling aboveground biomass and car-
bon in the UMAFORs included in the study.
Based on model performance criteria, two
additive equation systems, referred to as
S1and S2 (Tab. 1), were pre-selected. These
systems showed the best predictive perfor-
mance for estimating biomass and above-
ground carbon at both the structural com-
ponent level (stem and branches) and the
whole-tree level within each UMAFOR.

Equations fitting method

We applied the dummy variable tech-
nique (Montgomery & Runger 2018, Gao et
al. 2019) to the complete database of each
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UMAFOR to determine whether specific
parameters in the additive equation sys-
tems required adjustment. This approach
improves model flexibility by incorporating
indicator variables that capture additive
effects associated with discrete parame-
ters (Orddfiez-Prado et al. 2024). We as-
sessed the statistical significance of these
parameters at a = 0.05 to determine
whether a given UMAFOR required specific
parameter values. When no significant dif-
ferences were detected, a common param-
eter value was applicable to all UMAFORs
(Montgomery & Runger 2018).

To account for potential correlations
among the component equations, the
Seemingly Unrelated Regression (SUR)
method was applied, which allows for the
simultaneous estimation of aboveground
biomass and carbon components (Parresol
2001).  Additionally,  equation-specific
weighting factors were incorporated to
correct for heteroscedasticity. We fitted
each system of additive equations using
the Weighted Nonlinear Seemingly Unre-
lated Regression (WNSUR) technique,
which minimizes residual error, maximizes
the statistical significance of the parameter
coefficients, and assumes normally distrib-
uted and independent errors (Vonderach
etal.2018).

We fitted each system simultaneously us-
ing the MODEL procedure in SAS/ETS v. 9.3
(SAS Inc. 2013). After assessing parameter
significance using the dummy variable ap-
proach, we retained only statistically sig-
nificant parameters (p < 0.05) in the final
models. We corrected heteroscedasticity
using weighting factors derived from the
error variance structure. Among the tested
alternatives, the weighting factor 1/(D*H)
(where D is DBH and H is tree height) pro-
vided the most effective correction for
residual heteroscedasticity (Huy et al. 2022,
2023). We performed the Shapiro-Wilk nor-
mality test to verify whether the residuals
met the normality assumption.

Evaluation and validation of equations
We evaluated the goodness of fit of the
additive systems using the adjusted coeffi-
cient of determination (R*-adj) and the root
mean squared error (RMSE), according to
Huy et al. (2023) and Ordéfiez-Prado et al.
(2024). To compare the predictive perfor-
mance of the S1 and S2 systems, we ap-
plied the “k-fold” cross-validation method
(Kohavi 1995), which allows for robust
model comparison and selection of the
best-performing system (Huy et al. 2023).
For cross-validation, we calculated error
metrics such as Bias (%), root mean square
error (RMSE, %), and mean absolute per-
centage error (MAPE, %). We calculated
these statistics ten times and averaged the
results. We also examined diagnostic plots
of predicted vs. observed values and
weighted residuals vs. fitted values to eval-
uate the equation’s behavior. We consid-
ered the equations with the lowest cross-
validation error values the most suitable

Tab. 1 - Equation systems used for bio-
mass and carbon estimation. (Bst/Cst):
stem biomass/carbon; (Bbr/Cbr): branch
biomass/carbon;  (AGB/AGC):  total
aboveground  biomass/carbon;  (D):
diameter at breast height (cm) at 1.30
m; (H): total height (m); (a1, a2, b1, b2,
c1): estimated parameters.

Model Equations Model
system q #
Bst/Cst = 4
exp(al) - (D? - H)'
S1 Bbr/Cbr = 5
exp(a2) - (D? - H)®
AGB/AGC = Bst + Bbr 6
Bst/Cst = 7
exp(a1) . (Db1 . Hc1)
S2  Bbr/Cbr = 8
exp(a2) - (D? - H)»
AGB/AGC = Bst + Bbr 9

(Huy et al. 2022 — eqn. 4, eqn. 5, eqn. 6):

I (4)

(6)

K
MAPE(%):%ZQ

where k is the number of iterations (k=10),
n is the number of trees sampled for valida-
tion, y; and §; are biomass or carbon per
component and total observed and pre-
dicted for the i-th tree sampled at iteration
k, respectively. The final parameter esti-
mates for the selected equation systems
were obtained by fitting the entire dataset
using the MODEL procedure in SAS/ETS v.
9.3 (SAS Inc. 2013).

Results

The estimation of aboveground biomass
and carbon revealed a clear structural dif-
ferentiation in the contribution of individ-
ual tree components. The stem (Bst) was
identified as the primary reservoir (97%),
representing the largest share of total
aboveground biomass (AGB). In contrast,
branches (Bbr) accounted for a smaller
fraction (3%) that was still significant in the
overall accumulated carbon stock (AGC).

Significant contrasts were observed
among the evaluated UMAFORs(Tab. 3), in
terms of extreme differences (minimum
and maximum values) of biomass compo-
nents (Bst, Bbr, and AGB) and their carbon
analogs (Cst, Cbr, and AGC). This marked
inter-UMAFOR variability directly reflects
the inherent heterogeneity in the composi-
tion and structure of the stands evaluated
(see Tab. S1in Supplementary material).
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Tab. 2 - Goodness-of-fit and cross-validation (cv) statistics using the “k-fold” method of the additivity equations to estimate above-
ground biomass and carbon (kg) by components and total tree. (Bst/Cst): stem biomass/carbon; (Bbr/Cbr): branch biomass/carbon;
(AGB/AGC): total aboveground biomass/carbon; (D): diameter at breast height (cm) at 1.30 m; (H): total height (m); (a1, a2, b1, b2,

c1): estimated parameters.

Variable System Component Weighting RTE;‘" R%-adj 3;2)5 RA?,Z;:“ M(’}/:;E
Bst = exp(al) - (D* - H)" 46.491 0.996 -6.915 4.687 11.832

S1 Bbr = exp(a2) - (D? - H)* 1/ (D*- H) 4.314 0.969 3.955 5.495 18.267

é AGB = Bst + Bbr 44.034 0.996 -6.129 3.970 10.699
S Bst = exp(al) - (D" - H") 19.379 0.999 -3.999 1.755 5.678
$2  Bbr=exp(a2) - (D? - H)» 1/ (D H) 4.263 0.970 2.935 5.558 18.138

AGB = Bst + Bb 20.588 0.999 -3.439 1.526 5.550

Cst = exp(al) - (D? - H)" 20.921 0.996 -8.464 5.081 12.889

S1 Cbr = exp(a2) - (D* - H)* 1/ (D*-H) 1.941 0.969 3.955 5.495 18.267

_§ AGC = Cst + Cbr 19.815 0.996 -7.595 4.265 11.630
8 Cst = exp(al) - (D" - H) 9.158 0.999 -4.092 1.794 5.794
$2 Cbr=exp(a2) - (D* - H)* 1/ (D*- H) 1.923 0.970 0.599 11.445  20.421

AGC = Cst + Cbr 9.588 0.999 -3.583 1.554 5.668

Goodness-of-fit and selection of the
best system

The results showed that system S2
achieved higher accuracy in estimating the
evaluated variables compared with system
S1, which exhibited higher RMSE and
RMSE% values. Although both systems
yielded high R*-adj values, S2 was slightly
superior, indicating a more efficient expla-
nation of data variability. Moreover, S2 had
lower Bias% and MAPE% values, indicating a

reduced tendency to under- or overesti-
mate predictions. Consequently, S2 yielded
more consistent predictions and a closer
alignment with observed values, offering
higher predictive reliability for both bio-
mass components and total aboveground
carbon (Tab. 2).

The specific and statistically significant
parameters (p<0.05) obtained for each
UMAFOR through the fitting of the addi-
tive equations using the WNSUR procedure

and the dummy variable technique for the
system S2 are presented in Tab. S2 (Supple-
mentary material). System S2 stands out as
the most reliable and robust option, as evi-
denced by its low standard error values. All
estimated parameters were statistically sig-
nificant (p<0.05), which confirms the mod-
el suitability for estimating aboveground
biomass and carbon at both the compo-
nent level (stem and branches) and the to-
tal trees level, as well as for assessing total
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biomass and carbon across UMAFORs in
each state.

Developed systems of equations

The residuals for biomass estimation in
both systems were below 0.50 kg, indicat-
ing that the equations (S1 and S2) effec-
tively captured biomass variation in the an-
alyzed components. System 2 showed a su-
perior ability to capture the relationship
between predicted and observed values,
leading to more accurate predictions. The
enhanced performance of S2 may be due
to better model parameterization, the in-
clusion of more informative predictor vari-
ables, and a higher capacity to represent
the intrinsic complexity of biomass distri-
bution. The enhanced predictive perfor-
mance of S2 is evident from the closer
alignment of its regression line to the 1:1
identity line in the total biomass plots (Fig.
21Lf, Fig. 31L.b).

Dispersion increased slightly for the
branch component (Fig. 2.1l.c) in the S2 sys-
tem, although it remained the best-per-
forming system overall. Estimating branch
biomass is inherently challenging, so higher
errors were anticipated, even with the best
equation. Although the S2 system may ex-
hibit greater errors in branch biomass esti-
mation, it outperformed in accurately esti-
mating total tree aboveground biomass
(Fig. 2). Similarly, the graphs depicting car-
bon estimation confirmed S2 as the most
accurate model (Fig. 3ll.c), as reflected by
the stronger overlap between the ob-

Aboveground biomass and carbon estimations for Abies religiosa in Mexico

served and predicted value lines across the
datasets of both models (Fig. 3).

Estimations at UMAFOR level

The assessment of total aboveground
biomass in each UMAFOR revealed signifi-
cant variability in carbon storage capacity,
primarily influenced by differences in tree
diameter and stand density within each
forest region. The UMAFORs with the high-
est mean biomass per tree were Pueb-
la-2105 (4252 kg), State of Mexico-1503
(3970 kg), Michoacan-1608 (3783 kg), and
Puebla-2101 (3928 kg), with some individual
trees storing over 1900 kg of carbon in the
most extreme cases. These UMAFORs are
characterized by maximum DBH exceeding
80 ¢cm and a mean DBH of 40 cm or more,
which contributes to substantial biomass
accumulation per individual (Tab. S1 in Sup-
plementary material).

Conversely, the UMAFORs in Guerrero
(1203 with 2460 kg) and Tlaxcala (2901 with
1823 kg and 2902 with 1908 kg) exhibited
the lowest values for both biomass and
DBH, reflecting a lower carbon sequestra-
tion capacity at the individual tree level.
Nevertheless, some of these UMAFORs,
such as 2901 (820 kg) with 202 individuals,
still have a considerable number of trees,
which may enhance their total carbon con-
tribution despite the lower biomass per
tree (Tab. S1). This suggests that, although
tree number is a determinant factor of to-
tal carbon storage at the management unit
level, it plays a comparatively minor role in

explaining carbon accumulation per indi-
vidual tree.

Overall, UMAFORs with larger DBH, such
as State of Mexico-1508 (1519 kg), Pueb-
la-2101 (1768 kg), and Michoacan-1608
(1703 kg), and a high number of individuals
demonstrated a greater potential for car-
bon sequestration at the landscape level.
While the direct positive relationship be-
tween DBH and biomass was evident, tree
density also played an essential role in esti-
mating total carbon storage within a single
UMAFOR (Tab. 3; see also Tab. S1in Supple-
mentary material).

Total aboveground biomass varied con-
siderably among forest regions, reflecting
differences in carbon storage capacity and
potential CO,e emissions to the atmos-
phere. This variability is particularly rele-
vant when assessing each UMAFOR’s con-
tribution to carbon storage and release. In
terms of CO,e content, the UMAFOR of
Puebla (2105), which has a maximum
biomass value of 4252 kg per tree, could
emit up to 7803 Mg CO.e per individual in
cases of biomass loss or combustion. Other
UMAFORs, such as Puebla-2101, State of
Mexico-1503, State of Mexico-1508, and Mi-
choacan-1608, have trees with high above-
ground biomass ranging from 3374 to 3970
Mg, corresponding to potential emissions
of 6.20 to 7.30 Mg CO,e per tree under loss
scenarios. In contrast, UMAFORs of Tlax-
cala (2901 and 2902), with lower maximum
biomass values (1822 and 1908 kg), would
release approximately 3.3 to 3.5 Mg CO.,e

Fig. 3 - Residual analysis
and comparison of pre-
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Tab. 3 - Projected CO,e (Mg ha™) by density levels.

UMAFOR Stand density (trees ha™)
State
no. 100 250 400
Guerrero 1203 451.41 1128.53 1805.64
Hidalgo 1303 400.34 1000.85 1601.36
State of Mexico 1503 728.40 1821.00 2913.60
1508 618.91 1547.28 2475.64
1509 512.49 1281.23 2049.96
1510 519.79 1299.48 2079.16
Michoacan 1604 548.73 1371.83 2194.92
1605 470.76 1176.90 1883.04
1608 693.82 1734.55 2775.28
Puebla 2101 720.13 1800.33 2880.52
2105 780.34 1950.85 3121.36
Tlaxcala 2901 334.04 835.10 1336.16
2902 350.05 875.12 1400.20

per tree (Tab. S1).

When these values are scaled to the num-
ber of trees per hectare under different
stand densities (low: 100 trees ha"; medi-
um: 250 trees ha“; high: 400 trees ha"), the
potential CO,e emissions per unit area be-
come even more evident. For example, the
UMAFOR Puebla-2105, under medium den-
sity, could emit up to 1950.85 Mg CO,e ha*
(Tab. 3). Other UMAFORSs, such as State of
Mexico-1503 and Puebla-2101, also exceed
1800 Mg ha'. Even in low-density areas,
these regions maintained a high emission
potential, exceeding 700 Mg CO,e ha™. In
comparison, the UMAFORs Tlaxcala-2901
and Tlaxcala-2902, with lower above-
ground biomass per tree, projected emis-
sions below 875 Mg CO,e ha' under me-
dium-density conditions (Tab. 3).

Discussion

The fitting strategy based on the
Weighted Nonlinear Seemingly Unrelated
Regression (WNSUR) method, which com-
bines heteroscedasticity correction with
the dummy variable technique, demon-
strated remarkable statistical robustness in
generating additive equation systems at
the level of Regional Forest Management
Units (UMAFOR) in Mexico. The reliability
and predictive capability of the models
were validated through a rigorous k-fold
cross-validation procedure, which confirm-
ed their stability and low prediction error
variance. Integrating heteroscedasticity
correction within the WNSUR provided ro-
bust standard errors and consistent, as-
ymptotically normal estimators (Parresol
2001, Huy et al. 2022).

This methodology has been successfully
applied in several contexts (Orddfiez-Prado
et al. 2023, 2024, Baietto et al. 2024), show-
ing high accuracy, reliability, and flexibility
in constructing equations consistent with
the additivity principle. This principle, fun-
damental in biomass and carbon modeling,
ensures that the sum of estimates for indi-
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vidual tree components (stem, branches,
bark, and foliage) is consistent with total
biomass (Dong et al. 2015). Recent studies
in tropical and temperate forests indicate
that this approach improves predictive per-
formance compared with less complex or
non-additive models (Huy et al. 2023).

The S2 system showed slightly higher pre-
cision and consistency in estimating bio-
mass and aboveground carbon than the S1
system, as shown by lower RMSE, RMSEZ%,
Bias%, and MAPE¥% values. These metrics
suggest reduced error dispersion and mini-
mal systematic bias in S2. Moreover, the
applied fitting strategy effectively stabi-
lized residual variance, preventing in-
creases in errors associated with tree size
(Parresol 2001, Dutca et al. 2022). Although
both systems achieved a high adjusted co-
efficient of determination (R>adj > 0.99),
S2 more effectively accounted for variabil-
ity in total aboveground biomass and car-
bon data at a highly precise scale, corrobo-
rating the findings by Hernandez-Moreno
et al. (2020) in Michoacan, Mexico.

The slight variability observed in the
branch component estimates does not un-
dermine the overall efficacy of the S2 sys-
tem (Fig. 2.ll.c, Fig. 3.1l.c), as branch bio-
mass is inherently more variable due to en-
vironmental and biological factors (Guz-
man-Santiago et al. 2024). This behavior is
expected, given the structural irregularity
of branches, which increases the complex-
ity of biomass estimation. Nevertheless,
the S2 system achieved substantially higher
accuracy in predicting total aboveground
biomass. This assertion is further sup-
ported by the k-fold cross-validation re-
sults, which confirmed the model’s predic-
tive generalization to independent data-
sets, a critical metric of model robustness
(Lépez-Serrano et al. 2015, Rodriguez-Ortiz
etal. 2019).

Incorporating total tree height alongside
DBH significantly enhanced the accuracy of
biomass estimates. This finding highlights

the role of height in tree allometry, as trees
with similar diameters but different taper
forms exhibit different allometric relation-
ships (Temesgen et al. 2015). Moreover,
height is a key indicator of inter-tree com-
petition and site quality, providing addi-
tional information that improves the pre-
dictive performance of biomass equations
(Ruiz-Aquino et al. 2014).

Additivity in biomass and carbon equa-
tions is essential for ensuring internal con-
sistency between individual tree compo-
nents and their total estimates (Dong et al.
2015). Vargas-Larreta et al. (2017b) and Flo-
res-Medina et al. (2018) highlighted the im-
portance of this property, as it prevents in-
consistencies between the sum of compo-
nent estimates and the corresponding to-
tal values. However, the application of ad-
ditive modeling approaches in Mexico re-
mains limited. Notable contributions in-
clude Monroy-Rivera & Navar-Chdidez
(2004), who developed additive biomass
equations for Hevea brasiliensis (Willd. ex
A.Juss.) Mill.Arg. plantations in Veracruz,
and Navar et al. (2004), who estimated
biomass for Pinus durangensis Martinez, P.
cooperi C.E. Blanco, and P. engelmannii
Carr. in Durango, Mexico. In addition, Flo-
res-Medina et al. (2018) reported satisfac-
tory results for four naturally regenerating
species, while Vargas-Larreta et al. (2017b)
achieved high model performance for 17
forest species in temperate regions of
northwestern Mexico. More recently, Cue-
vas-Cruz & Aquino-Ramirez (2020) demon-
strated that DBH and total height ex-
plained over 92% of the biomass variability
across components and 98% for total bio-
mass.

Our findings are consistent with previous
results reported in the literature. For exam-
ple, Avendano-Hernandez et al. (2009) re-
ported that Abies religiosa in Tlaxcala allo-
cates approximately 84.5% of its biomass to
the stem and 6.9% to the branches, with a
carbon content of 46.48%. These results
are consistent with the high coefficients of
determination (R = 99%) reported by Razo-
Zarate et al. (2013) for biomass and carbon
estimations in post-fire stands of Hidalgo.
A balanced stem-to-branch biomass ratio
was observed within the UMAFORs Tlax-
cala-2901, Tlaxcala-2902, and Hidalgo-1303,
where comparable R> values (0.99 and
0.97, respectively) were achieved despite
the use of different estimating equations.

In UMAFOR 1303, significant contribu-
tions to biomass, carbon, and CO,e were
recorded, totaling approximately 493.6 Mg
of biomass, 246.9 Mg of carbon, and 906.8
Mg of CO,e for the sampled 226 trees (Tab.
S1 in Supplementary material). These re-
sults are comparable to the carbon seques-
tration values reported by Razo-Zdrate et
al. (2013) in fire-affected areas, where
166.68 Mg C ha" (611.2 Mg CO,e ha™) were
estimated in disturbed stands and 62.68
Mg C ha' (229.7 Mg CO,e ha") in conserved
sites.

These discrepancies may reflect differ-
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ences in growth conditions, tree age, and
sampling methods. According to Navar-
Chaidez & Dominguez-Calleros (2013) and
Cuevas-Cruz et al. (2022), age- and climate-
driven growth rates affect basic wood den-
sity, which helps explain these variations.
Studies on Abies religiosa in Hidalgo, Mex-
ico, by Chavez et al. (2025) further indicate
that carbon fixation through photosynthe-
sis is higher in younger stands than in ma-
ture ones. Moreover, UMAFORs of the
State of Mexico demonstrated outstanding
carbon sequestration capacities, with CO,e
values ranging from 1318 to 1938 Mg (Tab.
S1in Supplementary material). In contrast,
other areas, such as Texcoco, Mexico,
showed significantly lower carbon concen-
tration, with an average carbon density of
376 Mg ha' across five evaluated sites,
where aboveground biomass is the primary
reservoir and accounts for 59% of total car-
bon stocks (Bolafios-Gonzélez et al. 2017).
Although the forested areas of Texcoco
show moderate carbon sequestration po-
tential, mature Abies religiosa forests have
a notable advantage because of their
higher carbon concentration in above-
ground biomass.

Conclusions

The allometric equations developed in
this study provide a robust framework for
estimating aboveground biomass, carbon,
and carbon dioxide equivalent at the
UMAFOR level in Mexico. The slightly supe-
rior performance of system S2 highlights
its statistical robustness and suitability for
national-scale applications involving Abies
religiosa. The results emphasize the signifi-
cant influence of stand structural at-
tributes, such as tree DBH and density, on
carbon storage potential. The additive
property of the proposed equations en-
sures consistency between individual com-
ponent estimates and total tree biomass,
facilitating their practical application by
forestry professionals. Consequently, these
allometric equations represent valuable
tools for forest monitoring, sustainable
management, and accurate quantification
of carbon stocks. Furthermore, they sup-
port climate change mitigation strategies
aimed at conserving and managing Abies
religiosa forests across Mexico.
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