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Abstract

Teak plantations are widely promoted as productive forest systems with potential contri-
butions to carbon storage and climate-oriented land management. However, plantation
carbon estimates often rely on generic biomass-to-carbon conversion factors, which may
overlook variation in carbon concentration among tree components. This study refined
carbon estimates in tropical teak plantations in Nayarit, western Mexico, by combining
pantropical allometry with measured carbon fractions. Carbon concentration was deter-
mined in leaves, branches, stem, roots, and total biomass, and carbon stocks were com-
pared using the generic 0.47 factor and measured total biomass carbon fractions. Carbon
concentration differed among biomass components, with leaves and branches remaining
below 47%, while stem, roots, and total biomass exceeded this value. The measured total
biomass carbon fraction averaged 48.24%, producing refined carbon estimates that were
consistently higher than those obtained with the generic factor. Across plantation-age rec-
ords, the refined approach increased carbon estimates by 1.33 Mg C ha™, equivalent to a
mean relative adjustment of 2.67%. When projected as an illustrative scenario, this differ-
ence represented 133, 665, and 1330 Mg C over 100, 500, and 1000 ha, respectively. These
findings show that measured carbon fractions can reduce one source of conversion-re-
lated uncertainty and refine plantation-level carbon estimates. Broader regional applica-
tion would require larger and more representative plantation inventories.

Keywords: teak plantations; carbon accounting; measured carbon fractions; pantropical
allometry; biomass-to-carbon conversion; regional carbon estimates; tropical forestry
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1. Introduction

Teak (Tectona grandis L.£.) is among the most valuable tropical hardwoods in interna-
tional markets, and its plantations have expanded beyond Asia into Africa and Latin
America because of its timber quality, adaptability, and commercial demand [1]; this ex-
pansion has increased the need to evaluate teak plantations not only as productive sys-
tems, but also as managed forest covers that can contribute to carbon storage, climate mit-
igation, and land-use planning in tropical regions.

Planted forests are often promoted as part of climate-oriented land management be-
cause they can accumulate biomass, protect soils, support rural economies, and reduce
pressure on natural forests when they are properly planned and managed [2]. In commer-
cial teak systems, these services depend on site quality, plantation age, tree density, silvi-
cultural practices, and the accuracy of the methods used to estimate biomass and carbon
stocks [3].

Carbon accounting in tropical plantations is still affected by methodological uncer-
tainty, especially when biomass is converted to carbon using fixed values, such as 0.47 or
0.50. These generic factors are useful for broad assessments, but they may overlook real
variation in carbon concentration among tree components, species, and growing condi-
tions [4].

This issue becomes more relevant when plot-level information is scaled to regional
estimates, because small differences in carbon fractions can produce meaningful changes
in reported carbon stocks. For forest plantations linked to mitigation, certification, or en-
vironmental reporting, this uncertainty can affect how their contribution to climate goals
is interpreted [5].

Pantropical allometric equations have improved biomass estimation in tropical for-
ests by allowing standardized calculations based on structural variables such as diameter,
height, and wood density; their use is especially valuable when destructive sampling is
not feasible or when regional carbon assessments require consistent methods across sites
[6].

However, biomass estimation is only one part of the carbon-accounting process. Even
when biomass is estimated with robust allometric equations, the final carbon value still
depends on the conversion factor applied to dry biomass [4].

In Mexico, teak plantations have become part of commercial forestry in tropical re-
gions, including areas where plantation age, management, and site conditions create
strong variation in growth and biomass accumulation. Previous work has documented
productivity, biomass, and carbon storage in teak plantations, but less attention has been
given to how regional carbon estimates change when measured carbon fractions are used
instead of a generic conversion factor [7].

This study addresses that gap by reframing local teak data as a methodological as-
sessment for regional carbon estimation. The focus is not to repeat a conventional growth
analysis, but to test whether measured carbon fractions can refine carbon estimates de-
rived from pantropical allometry in tropical teak plantations. We hypothesized that car-
bon estimates obtained with measured carbon fractions would differ from those calcu-
lated with the generic 0.47 factor, and that these differences would be relevant for regional
carbon accounting. The objective of this study was to refine regional carbon estimates in
tropical teak plantations by combining pantropical allometric biomass estimation with
measured carbon fractions. Specifically, this study aimed to: (a) estimate biomass in teak
plantations using pantropical allometry; (b) compare carbon stocks obtained with the ge-
neric 0.47 factor and measured carbon fractions; and (c) evaluate the implications of these
differences for regional carbon accounting, plantation management, and climate-oriented
environmental reporting.
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2. Materials and Methods
2.1. Study Area and Methodological Framework

The study was conducted in tropical teak (Tectona grandis L.£.) plantations located in
Nayarit, western Mexico. The evaluated plantations were distributed across contrasting
production conditions within the municipalities of Santiago Ixcuintla, Ruiz, Tepic, Tux-
pan, San Blas and Rosamorada where commercial teak has been established as part of
regional forest plantation systems.

The location of the study sites is shown in Figure 1. The map was prepared using offi-
cial vector cartography from the National Institute of Statistics and Geography of Mexico,
including state and municipal boundaries from the national geostatistical framework [8].
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Figure 1. Location of teak (Tectona grandis) plantation sampling sites across six municipalities in

Nayarit, western Mexico.

These sites represent contrasting plantation environments in Nayarit, including low-
elevation coastal areas, valley conditions, and higher-elevation sites. The municipality-
level environmental context is described below to clarify the range of climatic, altitudinal,
and soil conditions represented in the study.

Rosamorada is located between 21°56' and 22°22' N and 104°55’and 105°35’' W, with
elevations from 0 to 1300 m. The area has mean annual temperatures of 22-28 °C and
annual precipitation from 1000 to 2500 mm; Cambisols are among the dominant soils in
the municipality [9].

San Blas is located between 21°20" and 21°45’ N and 105°01'and 105°28’ W, with ele-
vations from 0 to 1200 m. Mean annual temperature ranges from 22 to 28 °C, and annual
rainfall varies between 1300 and 2000 mm; Luvisols are commonly reported among the
main soil groups [10].

Tuxpan is located between 21°50" and 22°01' N and 105°11'and 105°31" W, with ele-
vations from 0 to 400 m. The municipality has mean temperatures of 26-28 °C and precip-
itation from 1200 to 2000 mm; Cambisols are reported as prevalent soils [11].

Ruiz is located between 21°52" and 22°10’ N and 104°47' and 105°14' W, with an alti-
tudinal range from 0 to 1700 m. The municipality has warm sub-humid climatic condi-
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tions, mean annual temperatures from 19.6 to 26.9 °C, and annual precipitation from 979.3
to 2170.9 mm. Cambisols are the dominant soil group, which supports its relevance for
evaluating teak plantations across an altitudinal gradient [12].

Santiago Ixcuintla is located between 21°37'and 22°18" N and 104°54'and 105°40' W,
with elevations from 0 to 800 m. The municipality has warm and humid conditions, mean
annual temperatures from 22 to 28 °C, and annual rainfall from 1000 to 2500 mm. Solon-
chaks occur in lowland areas, where salinity can influence land-use suitability, although
high water availability favors biomass production in fast-growing plantations [13].

Tepic is located between 21°23" and 21°52" N and 104°35'and 105°09' W, with eleva-
tions from 100 to 2300 m. The municipality has semi-warm sub-humid conditions, mean
annual temperatures from 20 to 24 °C, and annual precipitation from 176.3 to 1663.9 mm.
Cambisols and other volcanic-derived soils occur in the area, providing contrasting site
conditions for plantation development [14].

2.2. Methodological Framework for Carbon-Accounting Refinement

This study was designed as a methodological assessment of carbon estimation in
tropical teak plantations. The main purpose was not to reanalyze plantation growth,
productivity, or silvicultural performance, but to evaluate how carbon estimates change
when dry biomass is converted using measured carbon fractions instead of a generic con-
version factor.

Existing plantation data were used as structural inputs for biomass estimation and car-
bon conversion. Dasometric variables were therefore treated as calculation inputs, not as
response variables. This decision allowed the analysis to focus on biomass-to-carbon con-
version uncertainty and to avoid repeating previously reported growth-oriented results.

The methodological framework followed six linked steps: (a) organization of planta-
tion structural data; (b) estimation of biomass using pantropical allometry; (c) determina-
tion of measured carbon fractions; (d) conversion of biomass into carbon under generic
and measured-fraction scenarios; (e) comparison of absolute and relative differences be-
tween both carbon estimates; and (f) scenario projection of carbon adjustment across
larger plantation areas (Figure 2). This framework connects laboratory-determined carbon
fractions with plantation-scale carbon accounting. By doing so, the study evaluates
whether the conventional 0.47 factor provides carbon estimates comparable to those ob-
tained from measured teak carbon fractions, and whether the resulting adjustment is rel-
evant for plantation-level carbon accounting.

Plantation Pantropical Instrumental Carbon Carbon- Regional carbon
dataset biomass carbon conversion accounting refinement
estimation determination scenarios comparison
* 6 municipalities AGB =0.0673 x * 300 trees sampled Generic scenario: KC=Cpsives = Cimeri ¢ Improved
i it, Mexi 270976 |
in Nayarit, Mexico (pD*H) s Lsavesbranclics; Coeneic = TBX 047 plantathn carbon
X AC (%) = accounting
o Age, density, BGB=AGB x0.24 stem, and roots @ e
DBH, height, o Carbon analyzed Refined scenario: jarmeanied = 5 pnaricy o ’m?l'm'o"? for
basal area TB = AGB + BGB with TruSpec Micro oS € onreric reg(;or;al etstlmates
elemental analyzer x 100 NG Canates
/ TBX Cheparea oriented reporting

Figure 2. Methodological workflow for refining carbon estimates in teak (Tectona grandis) planta-

tions.
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2.3. Plantation Dataset and Structural Inputs

The analysis was based on a consolidated teak plantation dataset from the six evalu-
ated municipalities. The dataset included stand age, tree density, diameter at breast height
(DBH), total height (H), basal area, and biomass-related information. These variables were
retained as structural inputs for biomass estimation and carbon conversion. The planta-
tions covered contrasting ages and site conditions, which allowed carbon estimates to be
compared across a regional plantation context. However, growth trends, productivity in-
dicators, and silvicultural performance were not evaluated in this manuscript, since the
study focused on the methodological effect of the biomass-to-carbon conversion factor.

DBH and H were used as tree-level predictors for biomass estimation. Tree density
and basal area were used to express biomass and carbon estimates at the plantation scale
and to support comparisons among carbon-accounting scenarios. The dataset was orga-
nized to compare two conversion approaches: the generic 0.47 factor and measured car-
bon fractions obtained through instrumental analysis. This structure allowed the analysis
to evaluate how carbon-fraction selection affects final plantation-scale carbon estimates.

The dataset was therefore organized into two complementary analytical levels (Table
1). The first level corresponded to the carbon-fraction dataset, which included biomass
samples from leaves, branches, stem, and roots collected across the six evaluated munici-
palities. This dataset was used to describe measured carbon concentration by biomass
component and locality. The second level corresponded to the plantation-age dataset used
for biomass and carbon-stock estimation. Each plantation-age record represented a sum-
marized structural observation derived from field measurements of 50 trees. Therefore,
plantation-age records were not treated as individual tree-level replicates, but as mean
structural units for a given plantation condition. Localities were used as geographic
grouping units, while plantation-age records provided the structural input for comparing
generic and refined carbon-estimation scenarios.

Table 1. Data flow and analytical units used in the study.

. Localities Plantation-Age Component- . . Main Use in
Analysis Included Records Trees Level Samples Analytical Unit the Study
- ip- t applica- d -
Study area descrip 6 Not applicable Not applica Not applicable Municipality/locality Stu y area de
tion ble scription
S0 trees per Biomass estima
Structural dataset 6 15 plantation- Not applicable Plantation-age record tion
age record
Carbon concen-
—fracti i -
Carbon IjaCt%On 6 Not applicable 300 Up to 1200 Component sample/tree tration by com
characterization ponent and lo-
cality
Comparison be-
Generic vs. refl.ned 6 15 usable rec- Not applica- Not applicable Plantation-age record tw.een c.:arbon-
carbon comparison ords ble estimation sce-
narios
Statistical com-
Paired sta’.cistical 6 15 paired rec- Not applica- Not applicable Paired plantation-age tv}\jéei:rf(;relr?eer_ic
comparison ords ble record . .
and refined esti-
mates
15 d d
. . Fecords Used Not applica- . Mean Mg C ha differ- Projection of
Scaling scenario 6 to obtain mean Not applicable .
ble ence carbon adjust-

difference
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ment across
larger areas

Plantation-age records are summarized values from 50 measured trees. “Not applicable” indicates

that the observation level was not used in that analysis.

2.4. Biomass Estimation and Measured Carbon Fractions

Aboveground biomass was estimated using the pantropical allometric equation de-
veloped for tropical trees (1):

AGB = 0.0673 x (pDBHZH)"0.976 1)

where AGB is aboveground biomass, p is wood density, DBH is diameter at breast
height, and H is total tree height. This equation was selected because it integrates tree size
and wood density, allowing biomass estimation under tropical conditions when destruc-
tive sampling is not part of the current analytical design [6].

For this study, teak wood density was applied as a fixed species-level value of ¢ =
0.59 g cm2 for all plantation records. This value was based on the average basic density
reported for Tectona grandis wood by [15]. A fixed value was used because measured
wood density by tree, plantation record, or locality was not available in the dataset. There-
fore, wood-density variation among sites was not modeled directly.

Belowground biomass was estimated from aboveground biomass using a root-to-
shoot ratio of 0.24 (2):

BGB = AGB x 0.24 )

where BGB is belowground biomass and AGB is aboveground biomass. This value was
applied to maintain consistency with forest carbon accounting procedures when direct
root biomass measurements are not available [16]. The root-to-shoot ratio of 0.24 was used
as a standard approximation for estimating belowground biomass when direct root meas-
urements are not available. Since belowground biomass was derived from aboveground
biomass, uncertainty associated with DBH, height, wood density, and the allometric equa-
tion was also transferred to total biomass and later to carbon estimates.

Total biomass was calculated as the sum of aboveground and belowground biomass (3):

TB = AGB + BGB 3)

where TB is total biomass. Biomass estimates were expressed at the tree level and then
scaled to the plantation level according to tree density (4):

Bha = TB x N 4)

where Bha is biomass per hectare and N is tree density per hectare.
For the generic carbon scenario, total carbon stock was estimated by multiplying bi-
omass by the conventional carbon fraction of 0.47 (5):

Cger\eric = Bha x 0.47 (5)
For the refined scenario, carbon stock was estimated using measured carbon fractions (6):
Cmeasured = Bha X CFmeasured (6)

where CFmeasured represents the measured carbon fraction obtained from instrumental analysis.
The absolute difference between both carbon estimates was calculated as (7):

AC = Cmeasured — Cgeneric (7)
The relative difference was calculated as (8)

AC (%) = [(Cmeasured - Cgeneric)/Cgeneric] x 100 (8)

https://doi.org/10.3390/earth7040109
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These equations allowed the analysis to quantify whether the use of measured carbon
fractions increased or decreased carbon estimates compared with the generic conversion
factor. Biomass was therefore treated as an intermediate variable, while the main analyti-
cal focus was the difference between carbon-accounting scenarios.

2.5. Measured Carbon Fractions

Carbon concentration was determined in biomass samples obtained from teak plan-
tations across the six evaluated municipalities. In each locality, 50 trees were sampled, and
biomass subsamples were collected from leaves, branches, stem, and roots. This sampling
structure represented 300 sampled trees and up to 1200 component-level biomass samples
for carbon determination.

All samples were oven-dried until constant weight and ground to obtain homogene-
ous material for elemental analysis. Carbon concentration was determined using a TruS-
pec Micro elemental analyzer (LECO Corporation, St. Joseph, MI, USA) [17], which esti-
mates carbon content in solid samples through combustion-based elemental analysis.
Measurements were performed separately for leaves, branches, stem, roots, and total bio-
mass samples. The total biomass carbon fraction was therefore obtained directly from el-
emental analysis and was not calculated as a simple arithmetic mean of the component
fractions. This distinction is important because biomass components do not contribute
equally to total biomass and a simple average of component carbon fractions would not
be appropriate for plantation-scale carbon estimation.

Carbon concentration was expressed as percentage of dry biomass for each tree com-
ponent. These values were converted to carbon fractions by dividing the percentage value
by 100 and were later used in the refined carbon-accounting scenario.

The component-level analysis was retained because carbon concentration can vary
among plant tissues. Therefore, using a single fixed factor for all biomass pools may mask
differences among leaves, branches, stem, and roots [5].

Measured carbon fractions were summarized by component, total biomass, and lo-
cality. The directly measured total biomass carbon fraction was used in the refined carbon-
accounting scenario, while component-level values were retained to describe tissue-level
variation in carbon concentration.

2.6. Comparative Carbon-Accounting Analysis

The comparative analysis was designed to quantify how carbon-fraction selection
modifies plantation-scale carbon estimates. The generic and refined scenarios were eval-
uated using the same biomass dataset, which allowed the observed differences to be at-
tributed only to the conversion factor applied after biomass estimation.

Measured carbon fractions were first examined by tree component to identify which
biomass pools showed values below or above the 0.47 reference factor. These component-
level values were then integrated into the refined estimation scenario to assess their effect
on total carbon stock.

The comparison between scenarios was based on absolute and relative differences.
Absolute differences were expressed in Mg C ha™, while relative differences were ex-
pressed as percentages. Positive values indicated that the generic factor underestimated
carbon stocks, whereas negative values indicated overestimation. This analytical structure
allowed the study to move from laboratory-derived carbon fractions to their practical ef-
fect on regional teak plantation carbon accounting. The main interpretation focused on
the magnitude and direction of the adjustment produced by replacing a fixed conversion
factor with measured carbon fractions.

https://doi.org/10.3390/earth7040109
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2.7. Statistical Analysis

Statistical analyses were performed using SAS version 9.4 [18]. Carbon fractions were
first summarized by biomass component and locality using means and standard errors.
The distribution of the data was evaluated through normality tests and graphical inspec-
tion of residuals, while homogeneity of variance was assessed before applying parametric
comparisons [19,20].

Differences in measured carbon fractions among biomass components were evalu-
ated using a mixed-effects approach, with biomass component as a fixed effect and locality
and plantation-age record included as random terms. When component effects were sig-
nificant, mean separation was performed at p < 0.05. Measured carbon fractions were also
compared against the generic 0.47 factor using one-sample tests to identify components
whose carbon concentration differed from the conventional reference value.

Generic and refined carbon estimates were compared as paired values because both
scenarios were calculated from the same biomass dataset. This comparison was inter-
preted as a confirmatory comparison between carbon-estimation scenarios, rather than as
strong independent statistical evidence, since the direction of the difference depends on
the measured total biomass carbon fraction used in the refined scenario.

This statistical approach tested the hypothesis at two levels: first, whether measured
carbon fractions differed from the generic 0.47 factor; and second, whether those differ-
ences affected plantation-scale carbon estimates.

A simple sensitivity check was performed to evaluate how biomass-related assump-
tions could affect carbon estimates. Wood density was varied by #10% around the fixed
teak value used in the main analysis, and the root-to-shoot ratio was evaluated using al-
ternative values of 0.20 and 0.28 around the reference value of 0.24. This check was used
only to describe the expected direction and approximate magnitude of change associated
with these two assumptions; it was not treated as a full uncertainty analysis.

3. Results
3.1. Measured Carbon Fractions in Teak Biomass Components

Measured carbon concentration (Table 2) varied among teak biomass components,
showing a clear separation between non-woody tissues and woody structural tissues.
Leaves showed a mean carbon concentration of 46.36%, with values ranging from 45.5 to
47.7%, while branches averaged 46.24%, with a range of 45.1 to 47.2%. Both components
were generally close to, or slightly below, the conventional 47% reference factor used in
forest carbon estimates.

Table 2. Measured carbon concentration (%) by locality and biomass component in teak (Tectona

grandis) plantations.

Locality Leaves Branches Stem Root Total Biomass
Rosamorada 46.50 + 0.41 46.20 +0.43 48.17 £ 0.27 48.85+0.27 48.25 +0.40
San Blas 46.37 £ 0.49 46.23 +0.20 49.00 £ 0.26 49.30 £ 0.25 48.33+0.19
Tuxpan 46.05 + 0.05 46.35 +0.35 48.75 +0.05 49.20+0.10 48.10+0.10
Ruiz 46.37 +0.49 46.23+0.20 49.00+0.26 49.30+0.25 48.33+0.19
Santiago Ixcuintla 46.50 + 0.41 46.20 + 0.43 48.17 +0.27 48.85+0.27 48.25+0.40
Tepic 46.05 + 0.05 46.35 + 0.35 48.75 +0.05 49.20+0.10 48.10+0.10

Values are presented as means + standard error. Locality-level values were checked against the raw
dataset before revision. Repeated values among some locality pairs correspond to identical carbon-

fraction summaries in the consolidated laboratory dataset used for this analysis.
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Stem and root tissues showed higher carbon concentrations than leaves and
branches. Stem carbon averaged 48.58%, ranging from 47.6 to 49.5%, while root carbon
reached the highest mean value, with 49.08% and a range of 48.4 to 49.8%. The total bio-
mass carbon fraction averaged 48.24%, with values between 47.5 and 49.3%.

This pattern indicates that the use of a single generic carbon factor does not represent
all teak biomass components equally. The 0.47 factor was close to the values observed in
leaves and branches, but lower than the measured carbon concentration in stem, root, and
TB (Figure 3). This difference is relevant because woody tissues represent the main bio-
mass pools used to estimate plantation-scale carbon stocks.

50.0 -
49.5 A
49.0
48.5
48.0

47.5 |

Generic factor (47%)
47,0 === mmm e e e e - ~ — — ~ ~ R - - - ~ I - - ~ - - ==~~~ =*

Carbon concentration (%)

46.5

46.0 A

45.5 -
Leaves Branches Stem Root Total biomass

Biomass component

Figure 3. Mean carbon concentration by teak biomass component relative to the generic 47% con-
version factor. Bars represent means * standard error. Different lowercase letters indicate significant
differences among biomass components according to Tukey’s test (p < 0.05). The dashed line repre-

sents the generic carbon conversion factor commonly used in forest carbon estimates.

3.2. Generic and Refined Carbon Estimates by Locality

Refined carbon estimates were consistently higher than those obtained with the ge-
neric 0.47 factor across all evaluated localities. The paired comparison between generic
and refined scenarios was significant (p < 0.001); however, this result was interpreted as a
confirmatory comparison between carbon-estimation scenarios because both estimates
were derived from the same biomass base. At the locality level, the absolute increase
ranged from 0.52 + 0.02 Mg C ha! in Tuxpan to 1.84 + 0.06 Mg C ha! in Rosamorada. Ruiz,
San Blas, Santiago Ixcuintla, and Tepic showed intermediate increases of 1.28 + 0.03, 1.15
+0.05, 1.60 + 0.04, and 1.38 + 0.03 Mg C ha™, respectively. Across the complete plantation-
age dataset, the refined approach increased the mean carbon estimate by 1.33 + 0.02 Mg C
ha™ compared with the generic scenario (Table 3).

https://doi.org/10.3390/earth7040109
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Table 3. Generic and refined carbon estimates by locality using pantropical allometry and measured

total biomass carbon fraction.

Locality 1 Plantation-Age Records Generic C Estimate Refined C Estimate Difference
(Mg C ha™) (Mg C ha™) (Mg C ha™)
Ruiz 3 45.28 + 0.94 46.56 + 0.96 1.28 +0.03
San Blas 4 40.64 +1.83 41.79 +1.88 1.15+0.05
Santiago Ixcuintla4 60.02 +1.58 61.62 +1.62 1.60 +0.04
Tepic 2 59.17 + 1.39 60.55 +1.43 1.38 £0.03
Tuxpan 1 22.22 +0.68 22.73 +0.69 0.52 +£0.02
Rosamorada 1 69.29 +2.12 71.14 +2.18 1.84 +0.06
Overall 15 49.89 +0.83 51.22 +0.85 1.33 £0.02

Values are means + standard error. Differences are refined minus generic estimates. The paired com-

parison was interpreted as a confirmatory comparison between carbon-estimation scenarios.

These results indicate that the generic 0.47 factor produced a consistent underestima-
tion of carbon stocks in the evaluated teak plantation-age records. Although the adjust-
ment was moderate in absolute terms, its direction was consistent across localities after
recalculating biomass with pantropical allometry, wood density, height, and the root-to-
shoot ratio. This pattern supports the use of measured carbon fractions when more precise
plantation-level carbon accounting is required.

From a carbon-accounting perspective, the adjustment was moderate but systematic.
This result is relevant because small differences per hectare can become important when
estimates are scaled to plantation or regional reporting areas.

3.3. Carbon-Fraction Effect on Relative Estimation Change

The relative change in carbon estimates was directly linked to the measured total
biomass carbon fraction used in the refined scenario. Records with total biomass carbon
fractions closer to 47% showed smaller adjustments, whereas records with higher meas-
ured fractions produced larger increases in estimated carbon stock.

This pattern reflects the structure of the calculation rather than an independent sta-
tistical relationship. Since both scenarios used the same biomass dataset, the relative ad-
justment depended on the difference between the measured total biomass carbon fraction
and the conventional 0.47 factor.

The relative increase remained positive across all plantation-age records, indicating
that the generic factor underestimated carbon stocks whenever measured total biomass
carbon fractions exceeded 47%. This result supports the use of measured carbon fractions
as a refinement tool for plantation carbon accounting, especially when estimates are in-
tended for regional reporting or mitigation assessments. The relationship is shown in Fig-
ure 4 as a visualization of the carbon-accounting adjustment.

3.4. Carbon-Estimation Bias Associated with the Generic Factor

The generic 0.47 factor produced a consistent underestimation of teak plantation car-
bon stocks when compared with the refined estimates based on measured total biomass
carbon fractions. This bias was positive across all localities, indicating that the conven-
tional factor introduced a directional underestimation rather than a random deviation.

At the locality level, relative underestimation remained within a narrow range, from
2.33% in Tepic to 2.83% in Ruiz and San Blas. Tuxpan showed a similar value of 2.34%,
while Santiago Ixcuintla and Rosamorada showed relative underestimations of 2.67% and
2.66%, respectively. Across the full plantation-age dataset, the mean relative underestima-
tion was 2.67%.
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Figure 4. Relationship between measured total biomass carbon fraction and relative change in car-
bon estimates. Points represent plantation-age records with available measured carbon fractions (n
= 15). The fitted line illustrates the calculation-driven relationship between the measured total bio-
mass carbon fraction and the relative increase obtained after replacing the generic 0.47 factor.

Although the magnitude of the bias was moderate, its direction was uniform across
all evaluated localities. This result is relevant for carbon accounting because small propor-
tional underestimations at the hectare scale may become more meaningful when estimates

are expanded to larger plantation areas or used in regional environmental reporting (Fig-
ure 5).

3.0 A
2.5 A
2.0 A
1.5 A
1.0 A

0.5 A

Relative underestimation by generic factor (%)

0.0 -

Ruiz San Blas Santiago Tepic Tuxpan Rosamorada
Ixcuintla

Locality

Figure 5. Carbon-estimation bias associated with the generic 0.47 factor in teak plantations. Bars
represent the relative underestimation (%) produced by the generic factor compared with estimates

based on measured total biomass carbon fractions.
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3.5. Statistical Support for Carbon-Accounting Refinement

The statistical results summarized in Table 4 support the carbon-accounting refine-
ment proposed in this study. Carbon concentration differed among biomass components,
confirming that teak tissues did not share a single uniform carbon fraction. One-sample
comparisons against the generic 47% factor showed two contrasting patterns. Leaves and
branches were lower than the reference value, while stem, root, and total biomass were
higher. This result confirms that the generic factor does not represent all biomass compo-
nents equally.

The paired comparison between generic and refined carbon estimates was significant;
however, it was interpreted as a confirmatory comparison between calculation scenarios
because both estimates were derived from the same biomass base. Therefore, the statistical
result supports the consistency of the adjustment, while the magnitude and direction of the
change are explained by the measured total biomass carbon fraction (Table 4).

Table 4. Statistical summary of carbon-fraction differences and carbon-estimation comparisons.

Analysis

Comparison

Test Statistic P Interpretation

Value

Carbon fraction
among components

Leaves vs. 47%
Branches vs. 47%
Stem vs. 47%
Root vs. 47%

Total biomass vs. 47%

Leaves, branches, stem,
root, total biomass
Mean C fraction against
47%

Mean C fraction against
47%

Mean C fraction against
47%

Mean C fraction against
47%

Mean C fraction against
47%

Mixed-ef-  F(4, 20) =
fects model 234.39
One-sample
t-test
One-sample
t-test
One-sample
t-test
One-sample
t-test
One-sample
t-test

<0.001

t=-4.14 <0.001

t=-5.60 <0.001

t=12.26 <0.001

t=19.85 <0.001

t=10.42 <0.001

Carbon concentration differed
among biomass components

Lower than the generic factor
Lower than the generic factor
Higher than the generic factor
Higher than the generic factor

Higher than the generic factor

Generic vs. refined es- Carbon estimates across

timates

plantation-age records

Paired f-test t(14)=9.29 <0.001 Refined estimates were higher

Statistical significance was evaluated at p < 0.05. One-sample tests used 47% as the reference value.
Statistics are reported with the corresponding test values and degrees of freedom where applicable.
The paired comparison was interpreted as confirmatory because both carbon-estimation scenarios

were derived from the same biomass base.

The sensitivity check showed that biomass-related assumptions changed the absolute
carbon estimates, but not the direction of the generic/refined difference. Varying wood
density by +10% produced mean refined estimates from 45.80 to 55.70 Mg C ha™!, while
the refined-minus-generic difference remained positive, ranging from 1.19 to 1.45 Mg C
ha-. Changing the root-to-shoot ratio from 0.20 to 0.28 produced mean refined estimates
from 49.12 to 52.39 Mg C ha™!, with positive differences between scenarios ranging from
1.28 to 1.36 Mg C ha™..

3.6. Scenario Projection of Carbon Adjustment Using Measured Carbon Fractions

The projected carbon adjustment increased with plantation area, reaching 133 Mg C
over 100 ha, 665 Mg C over 500 ha, and 1330 Mg C over 1000 ha (Figure 6). These values
were derived from the mean difference between refined and generic estimates, which was

1.33 Mg Cha™.
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Figure 6. Scenario projection of carbon adjustment from using measured carbon fractions across
increasing teak plantation areas. Bars represent an illustrative scaling scenario based on the mean

difference between refined and generic estimates (1.33 Mg C ha™'; n = 15 plantation-age records).

This projection was not treated as an inferential regional estimate, but as an illustra-
tive scaling scenario based on the mean observed difference between the two carbon-esti-
mation scenarios. Its purpose was to show how a moderate hectare-level adjustment can
become relevant when carbon estimates are expanded to larger plantation areas.

From a carbon-accounting perspective, measured carbon fractions can refine teak
plantation estimates without changing the underlying biomass dataset. However, their
use for regional reporting should be supported by larger and more representative planta-
tion inventories. Therefore, the present results should be interpreted as plantation-level
evidence with potential application to broader accounting frameworks when additional
inventory data are available.

4. Discussion
4.1. Measured Carbon Fractions and Tissue-Level Variability

The carbon fractions measured in teak biomass showed that a single conversion fac-
tor does not represent all tree components with the same precision. Ref. [21] reported that
refined wood carbon fractions can improve forest carbon estimates because carbon con-
centration varies among taxa, tissues, and reporting scales. In our case, leaves and
branches remained below the generic 47% value, while stem, root, and TB exceeded it,
showing that the direction of the bias depends on the biomass pool being converted.

The higher carbon concentration observed in stem and root tissues is consistent with
component-level studies in tropical plantations. Ref. [22] found carbon values ranging
from 41.08% to 49.97% among components in Retrophyllum rospigliosii plantations, while
ref. [23] reported stem carbon fractions close to 0.48 in clonal Gmelina arborea. These values
are close to the stem fraction found in our teak dataset and support separating woody
tissues from foliage when carbon estimates are intended for plantation-scale accounting.

The lower values observed in leaves and branches also have practical meaning. Ref.
[24] used CHNS-O analysis and reported component-level differences in carbon concen-
tration among stem, root, leaves, and branches in tree-based systems. This supports our
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finding that fixed conversion factors are less precise when the objective is refined carbon
accounting rather than rapid biomass approximation.

The relevance of this variation increases when biomass estimates are scaled beyond
individual plots. Ref. [25] showed that carbon fractions vary by taxonomic group, biome,
tissue condition, and decay stage, which reinforces that carbon conversion is not a neutral
step in forest carbon estimation. Our results follow that logic: the measured TB fraction
was higher than 47%, which explains why the refined estimates consistently exceeded the
generic scenario.

4.2. Effect of the Generic 0.47 Factor on Teak Carbon Estimates

The generic 0.47 factor remains useful for rapid carbon estimates, especially when
measured carbon fractions are not available. However, our results showed that this factor
produced a consistent underestimation of carbon stocks in the evaluated teak plantation-
age records. This agrees with ref. [26], who noted that generic biomass-to-carbon conver-
sion values may not be sufficiently accurate when carbon estimates are used for mitigation
or offset assessments. In this study, the adjustment was moderate, but systematic, increas-
ing refined estimates by an average of 1.33 Mg C ha, equivalent to approximately 2.67%
relative to the generic scenario.

Default carbon fractions are still widely used in plantation carbon assessments be-
cause they provide a practical option when laboratory measurements are unavailable. For
example, ref. [27] used a default tropical forest carbon fraction close to 0.47, while ref. [28]
indicated that measured carbon-fraction patterns can support carbon-accounting applica-
tions when sampling and validation are adequate. Our results support this view by show-
ing that the directly measured total biomass carbon fraction changed the final estimate
without altering the underlying biomass dataset.

The size of this adjustment should be interpreted carefully. It is smaller than other
potential uncertainty sources in forest carbon estimation, such as allometric model choice,
plot design, wood density, tree measurement error, and belowground biomass estimation
[29]. Therefore, the result should not be read as a change in plantation productivity, but
as a correction in the conversion of estimated biomass into carbon stock.

From an applied perspective, measured carbon fractions reduce one avoidable source
of conversion uncertainty. This does not mean that the adjustment is larger than other
uncertainty sources, but it improves the transparency of the biomass-to-carbon conversion
step when estimates are scaled to larger plantation areas. However, broader regional use
would require larger and more representative plantation inventories. The main contribu-
tion of this study is therefore methodological: measured teak carbon fractions can refine
plantation-level estimates and provide a stronger basis for future carbon-accounting ap-
plications.

4.3. Scenario Implications for Plantation Carbon Accounting

The applied value of our results lies in showing that carbon estimates can change
even when the biomass dataset remains unchanged. Ref. [30] reported that forest planta-
tions store a measurable share of global biomass carbon, but also noted that spatially ex-
plicit plantation information remains a limitation for mitigation assessments. Our study
addresses a narrower methodological point: after biomass is estimated, the carbon frac-
tion used for conversion can shift the final stock value.

This finding is relevant because plantation carbon assessments increasingly combine
field data, inventory records, and spatial products. Ref. [31] showed that plantation car-
bon estimation is moving toward broader spatial applications using remote sensing and
inventory-based information. In this context, measured carbon fractions can improve local
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calibration before estimates are scaled, but they should not be treated as regional evidence
without larger and more representative plantation inventories.

The scenario projection illustrates this point. A moderate adjustment per hectare can
become relevant when applied to larger managed areas, but the projection should be in-
terpreted only as an illustrative scaling exercise. Other uncertainty sources, including data
quality, model choice, wood density, and estimation procedures, may have equal or
greater influence on final carbon estimates [30]. Therefore, the biomass-to-carbon conver-
sion step should be viewed as one specific source of uncertainty among several.

For tropical plantations, the implication is not that teak stores more carbon because
of the refined method, but that the same biomass can be translated into a more defensible
carbon estimate. Ref. [32] showed that planted forests differ from natural forests in the
drivers and limits of carbon accumulation, reinforcing the need to avoid overly broad as-
sumptions across forest systems. This is also relevant for climate-oriented reporting,
where transparent accounting rules and clear assumptions are needed at broader scales
[33]. In this study, measured teak carbon fractions refined plantation-level estimates and
may support regional accounting only when combined with broader inventory data.

4.4. Methodological Scope and Future Applications

The scope of this study was methodological rather than silvicultural. The analysis did
not seek to reinterpret plantation growth, but to isolate one source of uncertainty in carbon
accounting: the biomass-to-carbon conversion step. This focus is consistent with studies
showing that forest carbon estimates depend not only on field data, but also on the assump-
tions used to transform tree measurements into biomass and carbon values [34].

Using the same biomass dataset for both scenarios allowed the effect of carbon-frac-
tion selection to be evaluated without confounding it with stand structure or site produc-
tivity. This design is useful because carbon-accounting uncertainty can arise from allome-
tric model choice, sampling design, biomass allocation, and reporting procedures [35].

The sensitivity check also showed that wood density and the root-to-shoot ratio can
modify the absolute magnitude of carbon estimates, although the direction of the ge-
neric/refined difference remained controlled by the carbon fraction used in each scenario.

This approach is compatible with efforts to improve transparency in forest carbon
monitoring. The Global Forest Observations Initiative emphasizes clear methods and con-
sistent activity and emission data, while the European Forest Institute links reliable forest
carbon MRV with transparent estimation procedures and international reporting needs
[36]. Within that context, measured carbon fractions can serve as a local parameter for
improving plantation-level estimates before any broader scaling is attempted.

Future applications could extend this framework to other tropical plantation species,
mixed production systems, or inventories where biomass estimates are available but car-
bon fractions remain generic. REDD+ reporting analyses show that biomass-model and
measurement uncertainties are important but not always fully reported, supporting the
need for targeted refinements that make carbon estimates more defensible [37]. For teak
plantations, the main contribution is therefore practical: measured carbon fractions can
reduce one avoidable source of conversion uncertainty, while broader application re-
quires larger and more representative inventory data [38].

4.5. Toward More Standardized Carbon Measurement in Teak Plantations

Teak plantations are part of a global tropical hardwood system, with information
reported across countries in Asia, Africa, and Latin America. The Global Teak Resources
and Market Assessment 2022 compiled country-level teak information using a standard-
ized expert-based questionnaire, showing that teak is increasingly evaluated through
comparable international datasets rather than only isolated local inventories [39].
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This broader context makes transparent carbon-accounting procedures important.
MRYV systems require consistent methods, clear assumptions, and reliable carbon-stock
information so that estimates can be compared across projects and reporting scales [40].
Within this framework, measured carbon fractions can improve one specific step that is
often treated as fixed: the conversion of biomass into carbon. The present study does not
propose a universal teak carbon standard but shows that a locally measured parameter
can refine plantation-level estimates and reduce one avoidable source of conversion un-
certainty.

A stronger pathway for teak carbon accounting would combine standardized field
measurements, transparent allometric selection, and measured or regionally validated
carbon fractions. This would allow teak-producing regions to compare carbon estimates
more fairly while still recognizing differences in site conditions, management history, and
plantation age. For broader application, however, measured carbon fractions should be
supported by larger and more representative inventories. In this sense, the results provide
a methodological refinement for teak plantation carbon accounting, not evidence of global
or regional carbon-stock change [41].

5. Conclusions

This study showed that carbon estimates in tropical teak plantations are sensitive to
the biomass-to-carbon conversion factor used after biomass estimation. Measured carbon
fractions varied among biomass components, with leaves and branches below the generic
47% value, and stem, roots, and total biomass above it. This component-level variation
confirms that a single fixed factor does not represent all teak biomass pools with the same
precision.

The use of measured total biomass carbon fractions produced consistently higher
carbon estimates than the generic 0.47 factor. Across plantation-age records, the refined
approach increased carbon estimates by 1.33 Mg C ha™, equivalent to a mean relative ad-
justment of 2.67%. Although this adjustment was moderate at the hectare scale, its direc-
tion was consistent across localities, indicating that the generic factor introduced a sys-
tematic underestimation in the evaluated plantation dataset.

The main contribution of this work is methodological and applied. By keeping the
same biomass dataset and changing only the carbon conversion parameter, the study iso-
lated one specific source of uncertainty in plantation carbon accounting. This approach
provides a simple and transparent way to refine plantation-level estimates without rein-
terpreting plantation growth or productivity. For broader regional application, measured
carbon fractions should be combined with larger and more representative plantation in-
ventories, standardized field measurements, transparent allometric selection, and locally
or regionally validated carbon fractions.
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