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Abstract

Large-scale tree planting programs that store carbon provided by wood and non-wood
products are being promoted to mitigate climate change. Assessing the biomass pool of
plantations is thus an essential task in forest ecology. This study investigated biomass
allocation and allometric equations for above- and belowground components along an
age-sequence of Pinus tabuliformis plantations (8, 18, 32, and 46 years old) in northern Hebei
Province, China. The biomass of each tree component (root, stem, branch, foliage) was
quantified by destructive harvesting. Allometric equations and biomass conversion and
expansion factors (BCEFs) were subsequently developed for each tree component. The
mean above- and belowground biomass was 5.86, 20.05, 41.26, and 135.28 kg tree ! and 1.73,
3.42,11.39, and 27.30 kg tree ! in the 8-, 18-, 32-, and 46-year-old stands, respectively. The
proportion of stem biomass to total tree biomass increased from 28.7% for the 8-year-old
stand to 55.8% for 46-year-old stand. In contrast, the contributions of foliage and branch
decreased along the chronosequence. The root contribution to total tree biomass also
showed a declining trend with stand age. Allometric models based on diameter at breast
height showed a good fit (p < 0.001) and incorporating stand age as an additional variable
improved the fit of allometric equations (higher R? and lower ACI) for branch, aboveground,
root, and total tree biomass. BCEFs decreased for all tree components as stand age increased.
These findings indicate that changes in tree biomass allocation and allometry across stand
development must be considered to improve estimates of plantation biomass and carbon
stocks at regional and national scales.

Keywords: biomass allocation; allometry; chronosequence; destructive harvesting; conifer
plantation

1. Introduction

Global climate change and rising carbon (C) emissions represent one of the most
critical environmental challenges [1,2]. All pathways to limit global warming require the
substantial removal of atmospheric CO,, underscoring the importance of enhancing C
uptake and storage in terrestrial ecosystems [3,4]. Forests serve as the largest C sink in
land ecosystems, with a net C uptake of 2.6 Mg C ha1 [5,6]. Since 1990, the extent of
natural forests has declined, while planted forest areas have increased by 123 million ha, as
reported in the Global Forest Assessment 2020 [7]. Large-scale afforestation is considered
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as a useful way to mitigate climate change through C sequestration and to deliver other
essential ecosystem services [8,9]. Therefore, the accurate estimation of C storage amount
is so important for carrying out climate change mitigation policies [10,11].

Quantifying plantation biomass helps assess the impacts of plantation management
and land-use change to offset anthropogenic C emissions [12,13]. Using regression equa-
tions enables estimations of total tree biomass as well as the biomass of different compo-
nents (root, stem, branch, and foliage) by using easily measurable variables like diameter
at breast height (DBH) and/or height (H) [14,15]. The ground-based destructive sample of
individual tree biomass is regarded as a good way to calibrate allometric equation [10,13].
Brown [16] demonstrated that DBH alone could explained over 95% of the variation in
aboveground C stocks, even in the regions with high species diversity in tropical forests.

Diverse forms of allometric equations have been developed across various regions, such
as China [17,18], Canada [19], Africa [20], and Kenya [21]. These models have been applied
at multiple spatial scales [22-25]. In a comprehensive effort, Rojas-Garcia et al. [26] compiled
478 allometric equations for estimating the biomass of trees and other plant life forms in Mexi-
can forest and scrubland ecosystems. All these studies have shown that allometric relationships
vary by tree species, site conditions, and stand structure [27-29]. Therefore, developing accurate
and precise allometric equations for biomass estimates remains challenging [28].

Stand age is also a critical factor influencing tree size, morphological development, and
biomass allocation and thereby shapes allometric relationships [19]. It is well established
that biomass allocation among tree components shifts through the chronosequence [30].
For instance, young trees typically invest more biomass in stems for height growth and
in branches and leaves for canopy expansion, which enhance their competitive ability for
more light resources [31]. With succession, biomass accumulation increasingly favors stems
and branches due to heartwood formation, often at the expense of foliage [17,32]. The
allometric models without stand age can lead to significant over- or underestimation of tree
component biomass [33]. Therefore, developing and refining the age-specific allometric
equations for typical tree species is essential for improving estimation accuracy [34]. Various
allometric equations have been used for estimating tree biomass in Chinese pine (Pinus
tabuliformis) plantations in many regions, such as Ningxia [35], Shaanxi [36], and Gansu [37].
However, less attention has been given to the effect of stand age on allometric equations
for Chinese pine plantations in Hebei province, North China.

The objectives of this study were as follows: (1) determine the partitioning of above-
and below-ground tree component biomass in P. tabuliformis plantations across stand
age; (2) develop allometric biomass equations; and (3) determine biomass conversion and
expansion factors (BCEFs) for above- and below-ground tree components at four stand
ages (8, 18, 32, and 46 years old). We hypothesized that stand age significantly influenced
biomass allocation patterns in P. tabuliformis. Furthermore, incorporating tree height or
stand age as predictors was expected to enhance the accuracy of allometric biomass models,
and BCEFs would exhibit a declining trend with increasing stand age.

2. Materials and Methods
2.1. Site Description

P. tabuliformis is a major afforestation and reforestation species in northern China,
with plantations playing a significant role in providing various goods and ecosystem
services [36,37]. According to the eighth national forest inventory (2009-2013) of China,
Chinese pine plantations cover 1.61 million ha, accounting for approximately 3.4% of the
total plantation area [38]. The present study was carried out at the Lahailing forestry station
(40°44' N, 117°2' E), situated to the west side of Chengde city in northern Hebei Province,
China. The study site contains a chronosequence of P. tabuliformis plantations aged 8, 18, 32,
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and 46 years. The four stand sites are located within a 15 km radius and thus have similar
environmental conditions. The sampling elevation varies between 900 m and 1000 m. The
region has a continental monsoon climate, with average annual temperature of 7.6 °C
and average annual rainfall of 552 mm. The soil belongs to Cinnamon soil in the Chinese
system [38], corresponding to Ustalf in the USDA soil taxonomy [39].

2.2. Sampling Design and Data Collection

Tree biomass measurements were conducted in August and September 2024. For each
stand age, three independent 20 m x 20 m plots (separated at least 100 m) were established.
Within each plot, diameter at breast height (DBH, 1.3 m of the ground level) and tree height
(H, defined as the height from ground level to crown apex of individual tree) were recorded
for all trees. Stand characteristics are summarized in Table 1. Based on the plot survey, five
trees were selected through random sampling and destructively harvested for biomass
measurement. Random sampling ensured that the selected trees accurately represented the
DBH variation observed in the plots [27]. These trees were chosen to cover the entire DBH
gradient between the mini- and the maximum values recorded. In total, 60 sample trees
were selected for the destructive measurement.

Table 1. Stand characteristics for biomass measurement in Chinese pine stands.

Stand Age (Year) 8-Year-Old 18-Year-Old 32-Year-Old 46-Year-Old
Stem density (trees ha_l) 1453 + 64 1160 + 59 960 + 109 788 + 40
DBH (cm) 5.8+0.3 85+0.6 13.2£09 195+1.2
H (m) 23402 3.8+05 85+£0.7 139 £ 1.1
Total basal area (m? ha™!) 8.64 +0.72 15.34 4 2.85 30.24 +5.10 53.04 + 3.56
Stem volume (m3 ha™1) 7.08 £ 1.16 19.69 + 3.67 48.87 + 10.12 112.14 £ 1143

Note: Data for DBH, H, and stem density are represented as the mean =+ standard deviations. DBH (cm) is
diameter at breast height, H (m) is the mean height of the trees.

Sample trees were felled using a chainsaw at the ground level. Total height, diameter
at tree base, and DBH were recorded. The stems were sawed at 1.3 m and then every 2 m
thereafter, until reaching the crown apex. Branches were removed from each stem segment,
and both stem segments and the branches (together with leaves) were weighed [17]. The
total fresh stem mass was calculated as the sum of the fresh weights of all stem segments
for each tree. Based on branch diameter, five leafy branch samples were randomly collected
to estimate the proportion biomass of branches and leaves. The branches and leaves were
separately collected and measured. The leaf-to-branch mass ratio was then used to estimate
the whole fresh biomass of leaves and branches for the entire tree [10,17]. Coarse roots
(diameter > 5 mm) were carefully excavated using a combination of manual digging and
mechanical traction, and then collected for biomass measurement [40].

A sub-sample mass of 100 g was taken from each tree component to determine the
fresh-to-dry biomass ratios at 80 °C until constant mass. These ratios were used to convert
the fresh weights into dry biomass of all tree components [17,19]. Aboveground biomass
was calculated as the sum of stem, branch, and foliage biomass, while belowground biomass
was considered equivalent to root biomass.

2.3. Data Analysis

Data of the dry biomass were fitted using stepwise regression with DBH, tree height
(H), and stand age (A) as independent variables to develop power-law equations [19,20].
Following established methodologies, three allometric model forms were constructed for

each tree component [41,42]:
M = aDP (1)
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M = a(D*H) (2)

M = aDPA® 3)

Here, M represents the dry biomass (kg) of various tree components, a is the scaling
constant, b and c are fitted parameters, D is the diameter at breast height (DBH, cm), H is
tree height (m), and A is stand age (years).

At the plot scale, biomass conversion and expansion factors (BCEFs) were calcu-
lated as the ratio between biomass of tree components and stem wood volume, using the
following equation:

W-

BCEF; = (4)

where i denotes the tree component (e.g., root, stem, branch, foliage, aboveground, total tree),
Wi is the dry biomass of the considered component, and V is the tree stem volume (m?).
Stem wood volume for each felled tree was determined using Smalian’s formula [40]:

V =314 x Lx (d>+d2)/8 (5)

where V is the tree stem volume (cm?), L is the segment length (m), d is the diameter (m)
at the lower end of the stem segment, and d,, is the diameter (m) at the upper end.

For the model’s development, we employed non-linear, least-squares regression uti-
lizing the ggtrendline and minpack.Im packages. The variance explained (R?) and Akaike
Information Criteria (AIC) were calculated to identify the most suitable models. All statisti-
cal analyses and model fittings were conducted using R software (version 4.5.2, Hornik and
R Core Team, Vienna, Austria). Figure 1 illustrated the flowchart of methodology adopted
in this study. Moreover, the relationships between various tree components biomass and
DBH were also shown in this study. Figure 1 was created using Microsoft Visio 2016
software (Microsoft Inc., Redmond, WA, USA), while all other figures were generated with
Microsoft Excel 2019 software (Microsoft Inc., Redmond, WA, USA).

Field survey

Individual tree DBH and
H measurement
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Destructive harvest
sample trees
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' '
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| | |
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: :
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Stetn ~ BCEFs = BCEEs
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Figure 1. A flowchart of the overall methodological framework of the study. DBH and H are diameter
at breast height (1.3 m) and height. BCEF is biomass conversion and expansion factor.
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3. Results
3.1. Biomass Partitioning of Tree Components

The average dry biomass of all tree components increased along the chronosequence
(Table 2). Total tree biomass increased from 8.59 kg tree ! in the 8-year-old stand to
152.58 kg tree ™! in the 46-year-old stand. The stem constituted the largest biomass pool
across all stands, and its proportion relative to total tree biomass increased with age
from 28.7% to 55.8% (Figure 2). In contrast, the relative contribution of foliage to total
tree biomass decreased from 21.8% to 11.8%, and that of branch declined from 26.7% to
15.6%. The contribution of root to total tree biomass varied among stands, decreasing
from 22.8% in the 8-year-old stand to 14.6, 21.6, and 16.8% in the 18-, 32-, and 46-year-old
stands, respectively.

Table 2. Tree component biomass across the chronosequence of Chinese pine stands (mean £ S.D.).

Tree Component

Biomass (kg Tree—1)

8-Year-Old 18-Year-Old 32-Year-Old 46-Year-Old

Foliage 1.65 +0.34 4.80 +1.35 7.88 +1.86 19.12 + 3.07
Branch 2.02 +0.53 5.66 + 1.68 11.79 &+ 5.14 2542 +4.72

Stem 3.18 £ 0.61 9.60 + 1.70 2159 +£7.72 80.74 + 15.26

Total aboveground 5.86 = 1.17 20.05 + 4.34 41.26 +£13.25 135.28 + 20.35
Root 1.73 £ 0.41 342 +1.34 11.39 +2.97 27.30 £+ 3.47

Total tree 8.59 1+ 1.48 23.47 £5.11 52.65 £ 15.75 152.58 £ 22.60

BRoot BStem BBranch DOFoliage

100%

80% -

60% -

40% +

20% A

0%
8 18 32 46
Age (years)

Relative distribution of tree biomass

Figure 2. Distribution of biomass among above- and belowground tree components across the

chronosequence of Chinese pine stands.

The relationship between aboveground biomass and belowground biomass was ana-
lyzed across 60 harvested trees (Figure 3). The slope of 0.21 indicated that for every 1 kg
increased in aboveground biomass, there was an approximate increase of 0.21 kg below-
ground biomass. This consistent proportional relationship observed across various age
classes suggested a stable allocation pattern between aerial and root biomass throughout
tree growth. The high R? value demonstrated that the linear model accounted for 94.7%
of the variance, reflecting a strong positive correlation between above- and belowground
biomass. This finding further supported the reliability of the excavation and root biomass
correction methods employer in the present study.
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Figure 3. Relationship between aboveground and belowground biomass across the chronosequence

of Chinese pine stands.

3.2. Allometric Equations

The biomass of tree components demonstrated strong correlations with DBH in this

study (Figure 4). In Figure 4a, the biomass of foliage, branch, and stem exhibited con-

sistent increasing trends as DBH increased. A similarly robust relationship was evident

in Figure 4b, where biomass accumulation in root, aboveground, and total tree biomass

continued to adhere to DBH-dependent patterns, even for larger tree sizes. This consistency

across various developmental stages highlighted the effectiveness of Equation (1) models

for estimating tree component biomass in both younger and older stands.
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Figure 4. Relationship between (a) the biomass of foliage, branch, and stem with DBH and (b) the

biomass of aboveground, root, and total tree with DBH in Chinese pine stands.
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Allometric equations relating tree component biomass to DBH, with tree height or age
as a second variable, are presented in Table 3. The three model forms explained between
92.1% and 98.6% of variation in biomass of tree components. Foliage biomass was highly
correlated with DBH (R2 = 0.940). For branch, stem, aboveground, root, and total tree
biomass, the inclusion of a second variable (height or age) improved the model fit (higher
R? and lower ACI) compared to Equation (1) models. The AIC is a model selection metric
in which a lower value indicates a better model fit, balancing goodness-of-fit and model
complexity. Age had a negative effect on foliage and branch biomass, indicating that older
trees tended to have less foliage and branch biomass for tress of the same DBH. In contrast,
age showed a positive effect in the stem and root biomass models, suggesting that older
trees of a given DBH allocated more biomass to stems and roots, which aligned with known
ecological patterns like increased wood density and root system development over time.

Table 3. Allometric equations for various tree components across the chronosequence of Chinese
pine stands.

Tree Component Equation a b c R? AIC Significance (p)
(1) 0.0495 1.9995 0.940 239 <0.001
Foliage 2 0.1501 0.5623 0.921 255 <0.001
3) 0.0524 2.1256 —0.1132 0.939 240 <0.001
(1) 0.0583 2.0492 0.931 287 <0.001
Branch (2) 0.1707 0.5843 0.926 291 <0.001
3) 0.0733 2.6707 —0.5423 0.936 284 <0.001
(1) 0.3281 2.3731 0.979 360 <0.001
Stem (2 0.7414 0.5577 0.981 353 <0.001
3) 0.2925 1.9223 0.4484 0.980 354 <0.001
(1) 0.7735 1.6736 0.982 398 <0.001
Aboveground ) 1.3971 0.3869 0.978 409 <0.001
3) 0.7345 1.4338 0.2307 0.985 386 <0.001
(1) 0.1070 3.1720 0.962 261 <0.001
Root (2) 0.2973 0.7700 0.964 258 <0.001
3) 0.0724 2.0435 1.1869 0.966 255 <0.001
(1) 0.8996 1.5732 0.985 409 <0.001
Total tree () 1.5692 0.3634 0.983 419 <0.001
3) 0.8629 1.3772 0.1880 0.986 405 <0.001

a is the equation constant, b and c are equation parameters.

3.3. Biomass Conversion and Expansion Factors (BCEFs)

BCEFs facilitate the estimation of aboveground and root biomass using traditional
forest inventory data. In this study, BCEFs for foliage, branch, aboveground, root, and total
tree decreased along the chronosequence (Table 4). Aboveground components (excluding
stem) and roots decreased by over 50%, while the total tree BCEF decreased from 1.84 to
0.89, indicating a systemic shift in biomass allocation and growth efficiency. Conversely,
stem BCEFs did not exhibit a monotonic decline. Although they decreased from 0.68 in
8-year-old stands to 0.42 in 32-year-old stands, and a slight increase to 0.47 was observed
in 46-year-old stands, possibly reflecting a late-stage shift in biomass allocation that favors
stem maintenance or structural growth.
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Table 4. Biomass conversion and expansion factor (BCEF) for different tree component across the
chronosequence of Chinese pine stands (mean + S.D.).

Tree Component 8-Year-Old 18-Year-Old 32-Year-Old 46-Year-Old
Foliage 0.36 £ 0.01 0.29 £ 0.01 0.16 £ 0.002 0.14 £ 0.01
Branch 0.44 £0.04 0.35 £ 0.02 0.23 £0.02 0.18 £ 0.002

Stem 0.68 & 0.08 0.60 & 0.05 0.42 £ 0.02 0.47 £ 0.02
Aboveground 1.48 £0.10 1.23 £0.05 0.81 4 0.03 0.73 4+ 0.03
Root 0.37 4 0.04 0.23 4 0.02 0.21 4 0.01 0.16 4 0.02
Total tree 1.84 +£0.14 1.44 + 0.06 1.04 +0.03 0.89 4 0.05

Furthermore, age-based predictive equations were constructed to estimate BCEFs for
various tree components within Chinese pine stands (Table 5). These equations served as
practical tools for estimating biomass in trees with sub-timber dimensions. The modeling
of BCEFs utilized two mathematical forms—exponential and power functions—depending
on the specific component analyzed. The BCEFs of foliage, branch, aboveground, and total
tree were best presented by exponential equations (BCEF; = ae™), all demonstrating strong
negative correlations with age (parameter b < 0). This suggested an initial rapid decline in
BCEFs during early stand development, followed by gradual stabilization at later stages.
In contrast, stem and root BCEFs were more accurately modeled using power functions
(BCEF; = ax), which also displayed declining trends but adhered to a more gradual and
non-linear pattern over time. The models yielded reasonably good fits, with R? values
ranging from 0.475 for stem to 0.728 for total tree biomass. Although explanatory power
varied among different components, all regressions were highly significant (p < 0.001),
underscoring the robustness of these equations for predictive applications.

Table 5. Relationship between biomass conversion and expansion factor (BCEF) and age (A) for
different tree components of Chinese pine stands.

Tree Component  Equation Form a b R? Significance (p)
Foliage Exponential 0.473 —0.031 0.712 <0.001
Branch Exponential 0.554 —0.028 0.648 <0.001

Stem Power 1.163 —0.254 0.475 <0.001
Aboveground Exponential 1.741 —0.021 0.691 <0.001
Root Power 0.890 —0.441 0.585 <0.001
Total tree Exponential 2.136 —0.021 0.728 <0.001

The equations are either in power form (BCEF; = axP) or exponential form (BCEF; = aeP) depending on the better
fit. i represents biomass components; a is the equation constant; b is the equation parameter; x represents the
stand age; and n = 60.

4. Discussion
4.1. Effect of Stand Age on Biomass Allocation

The effect of stand age on biomass allocation reflects tree growth and the balanced allo-
cation of resources to sustain their respective physiological activities and functions [17,43].
The observed aboveground partitioning pattern, characterized by an increasing stem frac-
tion and decreasing leaf and branch fractions with stand age (Figure 2), was consistent with
the results of previous studies conducted across a range of forest types [44,45]. These shifts
result from both structural constraints and physiological adjustments over the course of
stand development [19]. In early stages, rapid foliage and branch expansion are critical for
maximizing light interception and ensuring tree survival [12]. As trees mature, a greater
proportion of growth is allocated to stems, a pattern common in wood plants [45,46], primar-
ily to enhance mechanical stability [19,43]. Variation in biomass allocation might also arise
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from differences in stand age, density, and site quality, as foliage and branch production
were highly sensitive to light, water, nutrient availability, and soil conditions [17,47,48].

In the present study, stems constituted the largest fraction of total tree biomass, align-
ing with previous reports [21,49]. Conversely, Dimobe et al. [50] observed that the branch
biomass accounted for the highest proportion of Terminalia laxiflora in Burkina Faso. Such
discrepancies likely reflect species- and context-specific resource allocation strategies: trees
in plantation often invest more in height growth to compete for light [47,49], whereas the
individuals studied by Dimobe et al. [50] may have prioritized canopy expansion through
branch development, possibly as an adaptation to open-growth conditions or differing
disturbance regimes.

The direct measurement of root biomass is labor-intensive and time-consuming [48]. A
linear relationship between belowground and aboveground biomass has been reported in
multiple forest ecosystems, including white pine forests [19] and Chinese fir plantations [17].
These relationships highlight the stability of biomass partitioning strategies across various
developmental stages, which is crucial for biomass estimation, C storage modeling, and
root system research. In this study, the belowground to aboveground ratios of P. tabuliformis
ranged from 0.17 to 0.35, falling within the typical range for other coniferous species
(0.16-0.47) [45,48,51]. The mean ratio (0.23) aligns with values for temperate coniferous
forests [19,45], but is higher than those reported for P. massoniana in subtropical southern
China (0.15-0.17) [48,52]. The observed differences may be attributed to site-specific climatic
and hydrogeologic conditions [33], such as reduced precipitation or limited soil nutrient
availability, which promote relatively greater root investment in arid or nutrient-deficient
environments. Therefore, accurately accounting for interspecific and site-driven variation
in belowground biomass allocation is essential to avoid significant errors in root biomass
and carbon storage estimates [17].

4.2. Comparison of Allometric Equations

Previous studies have employed various predictors (e.g., DBH, height, age, crown
area, wood density, etc.) to estimate tree component biomass [18,53,54]. Among these, DBH
remains the most widely adopted due to its ease of measurement and strong correlation
with biomass across many species and forest types. Other variables, such as crown area,
though ecologically meaningful, are often impractical to quantify accurately in dense
plantation settings, limiting their broad applicability [53]. In this study, Equation (1) models
demonstrated strong explanatory power for all tree components (R? > 0.931) (Table 3).
Considering model simplicity, these allometric equations are highly suitable for biomass
estimation [41,42,55].

However, the use of DBH as a single predictor has its limitations, particularly con-
cerning stem biomass estimation. In even-aged stands, variations in social status—such as
those between dominant and suppressed trees—can result in significant discrepancies in
stem form and wood density, which DBH alone may not adequately capture [17,19]. As
highlighted by Wagner and Ter-Mikaelian [56] and Cienciala et al. [57], incorporating tree
height as a complementary variable improved the accuracy of stem biomass predictions.
Consistent with these findings, our study demonstrated that the combined variable D*H
generally improved the model fit for stem biomass compared to Equation (1) (Table 3). This
improvement likely arose from D2H to better capture variations in the DBH-H relationship
and tree architecture while avoiding multicollinearity between DBH and H as separate
predictors [26,28,58].

The influence of stand age on allometric relationships has gained increasing recogni-
tion in recent studies [29,34]. Nevertheless, the manner in which regression coefficients
shift with age remains contentious and appears to vary depending on tree component and
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species [47,59]. In this study, Equation (3)—which included age as an additional variable—
yielded higher coefficients of determination than either Equation (1) or Equation (2) models
for branch, aboveground, root, and total tree biomass (Table 3). This outcome could be
attributed to the differential responsiveness of tree components to ontogeny and environ-
mental conditions. Structural components, such as branches and roots, underwent gradual
morphological and proportional changes over time, while more dynamic components
like foliage were significantly influenced by short-term environmental fluctuations [17,60].
By capturing these temporal dynamics, age-inclusive models provided a more nuanced
representation of biomass allocation throughout stand development.

This study established a set of generalized allometric equations for Chinese pine
plantations that are applicable across a range of stand ages. The inclusion of height or age
as supplementary variables had been shown to enhance model performance for specific
biomass components (Table 3). These allometric patterns not only advanced our mecha-
nistic understanding of developmental ecology in coniferous species but also provided a
robust empirical foundation for refining C accounting and forest management strategies in
response to environmental change. Further improvements in allometric modeling could be
achieved by integrating additional factors such as stand density, competition indices, and
individual tree canopy architecture [29]. Such refinements would strengthen the ecological
realism and predictive accuracy of biomass estimation tools, thereby supporting their
application in both scientific and management contexts.

4.3. BCEFs

According to the IPCC guidelines, BCEFs are essential for estimating total tree biomass
from stem wood volume [40,41,61]. This study demonstrated that the proportional biomass
of individual tree components varied with stand age, consequently influencing their respec-
tive BCEFs. The observed decline in BCEFs with increasing stand age aligned with patterns
reported in other coniferous forest ecosystems [41,62]. The IPCC proposed a mean BCEF
value of 1.8 (ranging from 0.6 to 2.4) for pines. However, this study documented a decrease
from 1.84 at 8-year-old stand to 0.89 at 46-year-old stand (Table 4). A direct comparison
was not feasible since IPCC values were based on the merchantable volume while this
study utilized whole stem volume. Similarly, Peichl and Arain [19] reported a decline in
BCEFs from 1.30 to 0.56 in white pine forests based on tree-level in situ measurements.
Such methodological variations typically introduced relative standard errors of 4-13% at
the regional scale [63], underscoring the importance of harmonizing volumetric definitions
when comparing BCEFs across different studies.

This study also presented age-dependent equations for estimating BCEFs in Chinese
pine plantations (Table 5). While these models served as valuable tools for local biomass
estimation, their derivation from a limited sample size (1 = 60) across only four age classes
necessitated caution regarding extrapolation. To enhance the robustness and generaliz-
ability of these equations, future research should incorporate larger and more diverse
datasets that encompass broader geographic and silvicultural conditions. Such efforts are
critical for scaling tree-level estimates to regional and national C stock assessments. A
key contribution of this study lies in its comprehensive tree-level in situ measurements
of both above- and belowground biomass components—a dimension often underrepre-
sented in large-scale studies of coniferous forests [40,41,61]. By integrating root biomass
data and age-structured sampling, this research provided an ecologically grounded and
methodologically transparent basis for refining BCEFs.
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5. Conclusions

The present study demonstrated the influence of stand age on biomass partitioning
and tree allometry in a chronosequence (8-, 18-, 32-, and 46-year-old) of Chinese pine
plantations in northern China. With succession, the proportional allocation of biomass
to stems increased, while the fractions allocated to foliage and branches decreased. The
contribution of root biomass to the total tree biomass also exhibited a declining though
variable trend across the studied ages. In terms of allometric relationships, single-variable
models produced robust predictions of foliage biomass. For stem biomass, the combined
form of D?H provided a better fit. In contrast, incorporating stand age as a complemen-
tary predictor improved the fitness of allometric equations for branches, aboveground
biomass, roots, and total tree biomass. Furthermore, stand age influenced the relationship
between tree component biomass and stem volume, leading to age-dependent BCEFs for
the various components. These findings underscore the importance of accounting for
stand developmental stage in biomass estimation. Future models could potentially be
further refined by considering additional factors such as stand structure and individual
tree canopy architecture.
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