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Abstract

Bamboo plantations are increasingly recognized as significant terrestrial carbon sinks, yet
accurate estimation of biomass and carbon stocks requires species-specific, regionally vali-
dated allometric models. Bambusa emeiensis L.C.Chia & H.L.Fung (ci bamboo) is among the
most ecologically and economically important clump-forming bamboo species in south-
western China, but robust multi-regional allometric models are lacking. Using destructive
sampling data from 127 culms across two major production areas—Sichuan Province
(n = 82) and Guizhou Province (n = 45)—we developed additive biomass and carbon
storage model systems enforcing mathematical additivity via nonlinear seemingly unre-
lated regression (NSUR). Allometric equations used diameter at breast height (D), culm
height (H), and compound variables (DH, D?H) as predictors. Regional models achieved
R,? of 0.0879-0.8320 total relative error (TRE): —0.99% to 0.04% for biomass and R,? of
0.0923-0.8282 (TRE: —1.01% to 0.03%) for carbon storage; culm and total aboveground
models attained R,2 > 0.52. Organ-level carbon content (40.79%—44.46%) was signifi-
cantly lower than the intergovernmental panel on climate change (IPCC) default of 50%
(one-sample t-test, p < 0.01 for all organs), with Sichuan values exceeding Guizhou values
(independent-samples t-test, p < 0.01), indicating that use of the default would overestimate
carbon stocks by 12%-22%. Cross-regional validation revealed prediction biases of up
to +19.24% when applying single-region models outside their training area, whereas the
combined model held errors within +11.36% for biomass and +8.49% for carbon storage.
External validation using 32 independent culms from Hunan, Yunnan, and Chongging
confirmed the robustness of the combined model (TRE: —6.30% to 4.27%). A key limi-
tation is that belowground biomass was not measured. The established models provide
scientifically rigorous and practically applicable tools for regional carbon accounting of B.
emeiensis plantations under China’s national greenhouse gas inventory framework and for
informing sustainable bamboo management planning, and demonstrate that species- and
region-specific carbon fractions are essential for accurate carbon stock assessments.

Keywords: Bambusa emeiensis; biomass; carbon storage; allometric model; additivity; NSUR;
clump-forming bamboo; carbon fraction; southwestern China

1. Introduction

Terrestrial forests sequester approximately 2.6 Pg C year ! and represent the dom-
inant land-based carbon sink, playing a critical role in moderating the accumulation of
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atmospheric CO, from fossil fuel combustion and land-use change [1,2]. Within the forest
carbon literature, bamboo has emerged as a particularly important functional type; despite
covering only ~35 million hectares globally, bamboo forests exhibit among the highest rates
of net primary productivity of any woody plant, sustain continuous biomass accumulation
under annual selective harvesting, and are being actively promoted as nature-based climate
solutions in tropical and subtropical Asia [3-5]. In China, which holds approximately
6 million hectares of bamboo forest, accurate national-level carbon accounting of bamboo is
essential for greenhouse gas reporting under the Paris Agreement and for the credibility of
emerging voluntary carbon markets that include bamboo [6,7].

Accurate biomass estimation is the foundation of forest carbon accounting. Allometric
equations that relate easily measured morphological variables—typically diameter at breast
height (D) and total height (H)—to component and total biomass are the standard oper-
ational tool for large-scale assessments [8,9]. However, independently fitted component
equations for leaves, branches, and stems (or culms) frequently produce predictions that do
not sum to the predicted total; this non-additivity leads to logical inconsistencies in stand-
level carbon budgets [10,11]. Fitting additive model systems using simultaneous nonlinear
regression—most commonly nonlinear seemingly unrelated regression (NSUR)—resolves
this problem by enforcing the additivity constraint while accounting for cross-equation
error correlations [12-14].

A second source of systematic error in bamboo carbon accounting is over-reliance on
the IPCC default carbon fraction of 0.50 (i.e., 50% of dry biomass is carbon) [15]. Unlike
temperate hardwoods and softwoods for which the 50% default was originally calibrated,
bamboo culms accumulate substantial quantities of non-structural carbohydrates (starch,
sugars) and silica (SiO5) in their cell walls and parenchyma tissue, both of which dilute the
carbon fraction relative to the structural cellulose-lignin matrix [16,17]. Furthermore, the
rapid growth rate and unique culm maturation process of bamboo—in which culms reach
full height within a single growing season and subsequently undergo wall thickening and
lignification over 2—4 years—produce age-dependent variation in chemical composition that
has no direct parallel in dicotyledonous trees [18]. Empirical measurements for numerous
bamboo species consistently report values of 40%—48% [19], implying that default-based
estimates systematically overstate carbon stocks. Regional and organ-level variation in
carbon fractions remains poorly characterized for many economically important bamboo
species, including Bambusa emeiensis L.C.Chia & H.L.Fung (CiZhu).

B. emeiensis is the dominant cultivated clump-forming bamboo species in the Sichuan
Basin and Guizhou Plateau, with an estimated cultivated area exceeding 100,000 hectares
across Sichuan, Guizhou, Yunnan, Hunan, and Chongqing provinces [20]. It ranks among
the top three commercially important sympodial bamboo species in China by plantation
area and annual harvest volume. The species supports major regional industries in pa-
per pulp production, traditional handicraft, and construction materials, and provides
critical ecosystem services including watershed protection, soil erosion control on steep
hillslopes, and riparian buffer functions in the upper Yangtze River basin [21]. Despite
its ecological and economic prominence, published allometric models for B. emeiensis re-
main scarce, are typically restricted to single study sites, and do not enforce the additivity
constraint [22,23]. This gap contrasts markedly with the extensive body of allometric
research on the monopodial species Phyllostachys pubescens (Moso bamboo). To date, no
published study has simultaneously developed additive allometric model systems across
multiple production areas, systematically quantified inter-regional variation in organ-
level carbon fractions, or rigorously evaluated cross-regional model transferability for
B. emeiensis. This threefold gap directly limits the reliability and accuracy of regional
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carbon inventory estimates for one of southwestern China’s most important commercial
bamboo species.

Based on the limited available evidence, we hypothesize that: (i) organ-level carbon
fractions of B. emeiensis are significantly lower than the IPCC Tier 1 default of 50%, reflecting
the high proportion of non-structural carbohydrates and silica characteristic of bamboo
tissue, and that carbon fractions differ significantly between the Sichuan and Guizhou pro-
duction areas owing to contrasting climatic and edaphic conditions; (ii) allometric models
developed for a single production area exhibit significant prediction biases when applied
to the other production area, because allometric relationships are shaped by local envi-
ronmental conditions, population genetics, and management history; and (iii) a combined
multi-region model trained on pooled data from both production areas provides improved
cross-regional transferability and lower prediction errors than either single-region model
applied outside its training domain.

To test these hypotheses, this study pursued four objectives: (1) to develop additive
biomass and carbon storage model systems for B. emeiensis using NSUR, separately for
Sichuan Province, Guizhou Province, and a combined multi-region dataset; (2) to measure
organ-level carbon fractions and test for significant differences between production areas;
(3) to evaluate cross-regional model transferability through mutual cross-validation be-
tween the two production areas; and (4) to conduct independent external validation of the
combined model using data from three additional provinces/municipalities. The resulting
models provide a scientifically rigorous and practically applicable framework for regional
carbon stock assessments of B. emeiensis.

2. Materials and Methods
2.1. Study Species

Bambusa emeiensis L.C.Chia & H.L.Fung (ci zhu; Poaceae, Bambusoideae) is a medium-
sized sympodial (clump-forming) bamboo species endemic to southwestern China. Culms
typically reach 8-15 m in height and 3-8 cm in diameter at breast height (DBH) at maturity.
The species reproduces predominantly through vegetative means via lateral expansion
of pachymorph (short-necked) rhizomes, with new culm shoots emerging annually from
rhizome buds at the clump periphery. Mature clumps may contain 30-100+ culms of
varying ages under natural conditions. Like most bamboo species, B. emeiensis exhibits
a long vegetative phase (estimated flowering cycle > 40 years) followed by sporadic or
gregarious flowering, after which the flowering culms typically senesce; consequently,
artificial propagation via culm cuttings or rhizome division is the primary means of stand
establishment. Individual culms are physiologically functional for 5-8 years before natural
senescence; under managed conditions, culms are typically harvested at 2—4 years of age.
The species is native to subtropical regions of southwestern China (Sichuan, Guizhou,
Yunnan, Chonggqing, and parts of Hunan and Hubei provinces), distributed at elevations of
200-1200 m a.s.1. [20]. B. emeiensis thrives on well-drained hillslopes, riverbanks, and man-
aged plantation sites with yellow earth or purple soil substrates, under humid subtropical
to subtropical monsoon climates mean annual temperature (MAT) 14-18 °C, mean annual
precipitation (MAP) 900-1400 mm.

2.2. Study Sites

Field sampling was conducted across two major B. emeiensis production areas in south-
western China (Table 1; Figure 1). In Sichuan Province, 15 counties and municipalities
were selected spanning latitudes 28.3-30.1° N and longitudes 102.5-105.0° E, covering
a range of elevations (~300-1200 m a.s.l.) in the Sichuan Basin and surrounding moun-
tains. The region has a humid subtropical climate (MAT: 16-18 °C, MAP: 1000-1200 mm),
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with dominant soil types including yellow earth and purple soil. In Guizhou Province,
9 counties and districts on the Guizhou Plateau were sampled (latitudes 25.4-28.5° N,
longitudes 105.8-109.0° E; elevation 400-1000 m a.s.1.), with a subtropical monsoon climate
(MAT: 15-17 °C, MAP: 1100-1400 mm) and dominant soil types of yellow earth and yellow-
brown earth. Both regions receive 70%-80% of annual precipitation during the warm
season (May-September), with a relatively dry period from November to February. Both
regions support large-scale B. emeiensis cultivation managed primarily for paper pulp
and traditional crafts, with culms predominantly 1-5 years old under selective annual
harvesting regimes.

Table 1. Natural conditions of sampling sites.

Production Area Longitude Latitude Climate Type  MAT (°C) MAP (mm) Elevation (m)
Sichuan 102.5-105.0° E  28.3-30.1° N Humid 16-18 10001200 300-1200
subtropical
Guizhou 1058-109.0° E 2542850 N  Subtropical 15-17 1100-1400 4001000

monsoon

MAT: mean annual temperature; MAP: mean annual precipitation.

N

A

BN W W 1000 km
Figure 1. Map of sampling locations. Black dots indicate sampling sites.

2.3. Sample Collection

Within each sampling county, representative B. emeiensis clumps were identified in
stands typical of local management conditions. Sampling was conducted across a stratified
range of culm diameter classes to ensure adequate coverage of the population structure,
though strict random sampling within each class was not always feasible owing to access
constraints. Culm age was noted where clump records were available, but was not explicitly
controlled as a stratification variable; the limited and non-random nature of the available
age records prevented construction of a reliable culm age-basal diameter relationship.
Sample culms were required to be visually healthy, with no signs of pest damage, disease,
or mechanical injury. A total of 127 culms were destructively sampled for model devel-
opment: 82 in Sichuan and 45 in Guizhou. An additional 32 culms from Hunan Province
(n =12), Yunnan Province (n = 13), and Chongqing Municipality (1 = 7) were sampled for
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independent external model validation using identical field protocols. Descriptive statistics
of the sample culms are presented in Tables 2 and 3 (Section 3). Summary statistics of the
32 external validation culms are provided in Table S1.

Table 2. Basic characteristics of sample culms (mean + SD).

. Culm Height (m) Range .
Production Area n DBH (cm) Range (Mean =+ SD) (Mean -- SD) Counties Sampled
Sichuan 82 3.04-7.72 (5.85 £ 1.09) 5.80-18.10 (13.15 £ 2.54) 15
Guizhou 45 2.58-8.14 (4.96 = 1.45) 3.85-20.10 (10.81 £ 3.53) 9
All 127 2.58-8.14 (5.53 £+ 1.30) 3.85-20.10 (12.32 £ 3.13) 24

DBH: diameter at breast height; SD: standard deviation. Values in parentheses represent mean + SD.

Table 3. Descriptive statistics of aboveground biomass and carbon content by production area.

Area Organ Biomass (kg) Biomass Range C Storage (kg) C Content (%)
Mean + SD (kg) Mean + SD Mean + SD
Sichuan (n = 82) Leaf 0.511 £ 0.317 0.109-2.109 0.214 £ 0.133 4192 +£2.28
Branch 0.602 £ 0.303 0.161-1.337 0.260 £ 0.131 43.22 +£2.03
Culm 3.324 + 1.258 0.703-6.362 1.478 £ 0.559 4446 £2.11
Total 4.437 £1.620 1.517-8.011 1.948 £+ 0.704 -
Guizhou (n = 45) Leaf 0.779 £ 0.587 0.161-2.468 0.318 + 0.239 40.79 £1.79
Branch 0.788 £ 0.619 0.105-3.132 0.328 £+ 0.258 41.55 +2.45
Culm 2493 +£1.282 0.458—4.622 1.070 £ 0.549 42.76 + 1.64
Total 4.061 £2.194 0.785-8.286 1.716 £ 0.927 -
C storage = dry biomass x carbon fraction. All organ carbon fractions significantly <50% (one-sample t-test,
p <0.001).

For each sample culm, diameter at breast height (DBH, D; at 1.3 m above ground)
and total culm height (H) were recorded. The culm was sectioned into 1-2 m segments
from base to apex, and fresh mass of each segment was recorded in the field. Branch and
leaf material was sampled from three vertical strata (lower, middle, and upper crown
thirds), with fresh mass of each stratum recorded. Representative subsamples were sealed
in labeled plastic bags and transported to the laboratory.

2.4. Biomass and Carbon Content Determination

Laboratory samples were oven-dried (Model DHG-9240A, Jinghong, Shanghai, China)
at 105 °C until constant mass (minimum 48 h), and dry mass was recorded using an analyt-
ical balance (BSA224S, Sartorius, Gottingen, Germany). The dry-to-fresh mass ratio from
each organ subsample was applied to the corresponding field-recorded total fresh mass to
estimate total organ dry biomass. Leaf (W), branch (W},), and culm (W) dry biomass were
summed to yield total aboveground biomass (W¢) per culm. Dried subsamples were ground
and passed through a 0.25 mm sieve (Retsch, Haan, Germany); carbon content of each
organ was determined in triplicate using the potassium dichromate (K,Cr,Oy, Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China) external heating oxidation method [24],
and the mean value of the three replicates was used for all subsequent calculations. The
coefficient of variation among replicates was <3% for all samples, confirming analytical
reproducibility. Carbon storage per organ (kg) was computed as the product of dry biomass
and measured carbon fraction; total aboveground carbon storage (C;) was the sum of
organ-level values.

2.5. Additive Allometric Model Development

The power-law allometric form (W = a x X®) was selected for all component equations
on three grounds: (i) metabolic scaling theory predicts that biomass scales as a power
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function of linear dimensions in woody plants, and the geometric relationship between
culm volume (proportional to D?H) and culm mass naturally produces a power-law rela-
tionship [8]; (ii) the power-law form is the most widely used and validated allometric model
for both bamboo and tree species [10,13], facilitating direct comparison with published
models; and (iii) the two-parameter model provides a robust and parsimonious relation-
ship that avoids overfitting with moderate sample sizes (n = 45-127). Three candidate
predictors were compared: D (cm), DH (cm-m), and D?H (cm?-m). The best predictor
for each organ was selected based on adjusted R? (R,2) and Akaike information crite-
rion (AIC) from preliminary independent fits (Table 52). To enforce additivity—requiring
W) + Wy, + W = Wi for any given culm—we applied nonlinear seemingly unrelated re-
gression (NSUR) via the MODEL procedure in SAS 9.4 (SAS Institute Inc., Cary, NC, USA).
NSUR simultaneously estimates parameters for all component equations while accounting
for cross-equation residual correlations [10,11]. Separate model systems were developed
for Sichuan, Guizhou, and the pooled combined dataset. Figures were generated using R
version 4.2.1 (R Foundation for Statistical Computing, Vienna, Austria).

2.6. Model Evaluation

Model fit was evaluated using two statistics. The adjusted coefficient of determination
(R,?) accounts for the number of parameters and sample size. The total relative error
(TRE, %) measures systematic bias:

TRE = [Si(§i—vyi) /i yi] x 100%

We adopted | TRE| < 25% as the acceptability threshold [13]. Cross-regional model
transferability was assessed by applying each production-area model to the other re-
gion’s dataset. External validation applied the combined model to the independent Hu-
nan/Yunnan/Chongqing datasets. Differences in organ carbon content between production
areas were tested using independent-samples t-tests («x = 0.05); carbon content was addi-
tionally compared against the IPCC default of 50% using one-sample ¢-tests. The overall
research design is presented in Figure 2.

.

Step 1 Step 1: Field Sampling

Sichuan Province (15 counties, n = 82 culms)
Guizhou Province (9 counties, n = 45 culms)
External validation: Hunan (n=12), Yunnan (n=13), Chongqing (n=7)

¥

Step 2 .
Step 2: Laboratory Analysis
Oven-drying (105°C) - Organ-level dry biomass (leaf, branch, culm)
Carbon content: K2Cr.0; oxidation method (triplicate, CV < 3%)

L 1 J

v

Siepis Step 3: Additive Model Development (NSUR, SAS 9.4)
Predictor comparison: D vs. DH vs. D?H (Table S2)
Three model systems: Sichuan | Guizhou | Combined
Biomass models (Wl + Wb + Wc = Wt) & Carbon storage models (Cl + Cb + Cc = Ct)

r N
Step 4 Model Evaluation
Within-region fit Cross-regional External validation
Rea, TRE (%) validation Hunan, Yunnan,
|TRE| < 25% SC-GZ Chonggqing
L i J

p
Step 5 .
Step 5: Carbon Fraction Analysis
Inter-regional comparison: Sichuan vs. Guizhou (t-test, a = 0.05)
Comparison with IPCC default (50%): one-sample t-test

1 J

v

Outputs

Outputs
Additive allometric equations | Region-specific carbon fractions
Cross-regional transferability assessment| Management recommendations

Figure 2. Study design flowchart.

https:/ /doi.org/10.3390/£17050559


https://doi.org/10.3390/f17050559

Forests 2026, 17, 559 7 of 13

3. Results
3.1. Descriptive Statistics of Sample Culms

The 127 modeling culms covered a wide range of sizes (Table 2). Sichuan culms
(n = 82) had a mean DBH of 5.85 + 1.09 cm (range 3.04-7.72) and mean height of
13.15 &+ 2.54 m (range 5.80-18.10), while Guizhou culms (n = 45) had a mean DBH of
4.96 + 1.45 cm (range 2.58-8.14) and mean height of 10.81 £ 3.53 m (range 3.85-20.10).
Biomass and carbon content statistics are shown in Table 3.

3.2. Additive Biomass Models

All biomass models met the | TRE | < 25% criterion (TRE: —0.99% to 0.04%; Table 4).
Culm biomass models showed the strongest fit: R,? = 0.5867 (Sichuan) and R,? = 0.8320
(Guizhou). Total aboveground models performed well (Sichuan R,? = 0.5452, Guizhou
R,? = 0.6674). In contrast, leaf and branch models had lower R,? values (0.0879-0.3077),
consistent with the higher biological variability of these components. The compound
variable D?H was the best predictor for culm biomass in both regions(Table S2); D or
DH were optimal for leaf and branch biomass. The combined model achieved R,? of
0.0913-0.7066 across organs (total: R,% = 0.5724; Table 4). Observed-vs-predicted scatter
plots (Figure 3) confirm the strong 1:1 alignment for culm and total aboveground biomass.

Observed vs. Predicted Biomass: Additive Models for Bambusa emeiensis

(a) Sichuan — Culm biomass (b) Guizhou — Culm biomass (c) Combined — Culm biomass
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Figure 3. Observed vs. predicted scatter plots for (a) Sichuan culm biomass, (b) Guizhou culm
biomass, (¢) combined culm biomass, (d) Sichuan total aboveground biomass, (e) Guizhou to-
tal aboveground biomass, and (f) combined total aboveground biomass. The dashed line is the
1:1 reference line.
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Table 4. Additive aboveground biomass models and evaluation indices for B. emeiensis in each
production area.

Area Organ Equation R,? TRE (%)
Sichuan Leaf W) = 0.0502(D?H)"37%7 0.0879 0.04
Branch Wy, = 0.0657D12507 0.1931 0.02
Culm W, = 0.1032(D?H)0-5665 0.5867 —0.25
Total Wi =W + W, + We 0.5452 -0.17
Guizhou Leaf W) = 0.0802D14113 0.3077 —0.83
Branch Wy, = 0.0416(DH)?7366 0.2532 —-0.36
Culm W, = 0.1098(D?H)"-5562 0.8320 —0.99
Total Wi =W+ Wy, + W, 0.6674 —0.89
Combined Leaf W, = 0.1154D0-9707 0.0913 —0.09
Branch Wy, = 0.1159D1-0238 0.1248 —0.10
Culm W, = 0.1061(D?H)0->621 0.7066 —0.47
Total Wi =W; + Wy, + We 0.5724 —0.32
W: biomass (kg); D: DBH (cm); H: height (m); D?H: cm?-m. Best predictor selected per Table S2.
3.3. Additive Carbon Storage Models
Carbon storage models mirrored the pattern of biomass models (Table 5; Figure 4).
R,? ranged from 0.0923 to 0.8282, with TRE from —1.01% to 0.03%. Culm carbon storage
models achieved R,? = 0.5528 (Sichuan) and R,? = 0.8282 (Guizhou); the combined culm
model had R,? = 0.6880.
Table 5. Additive carbon storage models for B. emeiensis.
Area Organ Equation R,? TRE (%)
Sichuan Leaf C; = 0.0205(D?H)0-3838 0.0923 0.03
Branch Cp, = 0.0298D12226 0.1869 —0.00
Culm C. = 0.0549(D*H)"-%374 0.5528 —-0.28
Total Ci=C+C, +C 0.5228 —0.19
Guizhou Leaf C; = 0.0314D14334 0.3137 —0.77
Branch Cp, = 0.0246(D?H)V-4673 0.2285 —0.90
Culm C. = 0.0488(D?H)"-54%4 0.8282 —1.01
Total Ci=C+CG, +C 0.6666 —0.90
Combined Leaf C; = 0.0449D10053 0.1002 —0.09
Branch Cp, = 0.0466D105%3 0.1290 —0.13
Culm C. = 0.0500(D*H)"-5%%° 0.6880 —0.52
Total C=C+CG, +C 0.5788 —0.36
C: carbon storage (kg); D: DBH (cm); H: height (m).
Observed vs. Predicted Total Aboveground Carbon Storage: Additive for
(a) Sichuan region model (b) Guizhou region model (c) Combined model
(n=282) (n = 45) (n=127)
N
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Figure 4. Observed vs. predicted carbon storage for (a) Sichuan region model, (b) Guizhou region
model, and (c) combined model. The dashed line is the 1:1 reference line.
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3.4. Organ-Level Carbon Content

Carbon content differed significantly between production areas and among organs
(Table 6). Sichuan culms had significantly higher carbon content than Guizhou culms in
all three organs (leaf: f = 2.878, p = 0.005; branch: t = 4.108, p < 0.001; culm: t = 4.685,
p < 0.001). Across all regions, carbon content followed the order: culm (43.86 =+ 2.11%)
> branch (42.63 £ 2.32%) > leaf (41.52 &£ 2.18%). All organ-level carbon fractions were
significantly below the IPCC Tier 1 default of 50% (one-sample t-test: leaf t = —43.85,
p < 0.001; branch t = —35.74, p < 0.001; culm t = —32.74, p < 0.001). Applying the IPCC
default would overestimate B. emeiensis carbon stocks by 12%-22%.

Table 6. Carbon content of B. emeiensis organs by production area (mean & SD).

Production Area Leaf (%) Mean & SD Branch (%) Mean + SD Culm (%) Mean + SD
Sichuan 4192 £228a 4322 £2.03 a 4446 £211a
Guizhou 40.79 £1.79b 41.55+245b 4276 £1.64b

Combined 41.52 £2.18 42.63 £ 2.32 43.86 £ 2.11
Different letters: significant differences (t-test, p < 0.05). All values significantly <50% (one-sample t-test,
p <0.001).
3.5. Cross-Regional Model Generalizability
Cross-regional validation demonstrated substantial prediction biases when single-
region models were applied outside their training domain (Table 7). Applying the Sichuan
total biomass model to Guizhou samples yielded TRE = 19.24% (overestimation); the
Guizhou model applied to Sichuan samples gave TRE = —16.86% (underestimation). For
carbon storage, Sichuan-to-Guizhou TRE = 13.67% and Guizhou-to-Sichuan TRE = —13.57%.
The combined model markedly reduced these biases: biomass TRE ranged from —5.31% to
11.36%; carbon storage TRE ranged from —3.76% to 8.49%—all within the £25% criterion
and approximately threefold smaller in absolute magnitude than the out-of-region single-
area models.
Table 7. Cross-regional generalizability test results (TRE, %).
Model Type Training Data Sichuan TRE (%) Guizhou TRE (%) Absolute Range (%)
Biomass Sichuan —0.17 19.24 0.17-19.24
Guizhou —16.86 —0.89 0.89-16.86
Combined —5.31 11.36 5.31-11.36
Carbon storage Sichuan —0.19 13.67 0.19-13.67
Guizhou —13.57 —0.90 0.90-13.57
Combined —3.76 8.49 3.76-8.49

Positive TRE: systematic overestimation; negative TRE: systematic underestimation.

3.6. External Validation of the Combined Model

External validation using 32 independent culms from three provinces/municipalities
confirmed the broad applicability of the combined model (Table 8). For total aboveground
biomass, TRE was —6.30% (Hunan), 4.27% (Yunnan), and —0.02% (Chonggqing). For culm
biomass, TRE ranged from —1.37% (Chongqing) to 2.92% (Hunan). All values were well
within the +25% acceptance criterion, validating the combined model for application
across the distribution range. Summary statistics for the validation culms are provided
in Table S1.
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Table 8. External validation of the combined model (TRE, %).
Model n Hunan TRE (%) Yunnan TRE (%) Chongqing TRE (%)
Combined total biomass 12/13/7 —6.30 4.27 —0.02
Combined culm biomass 12/13/7 2.92 2.62 —1.37

n: Hunan/Yunnan/Chongqing respectively.

4. Discussion
4.1. Additivity and the NSUR Framework

The additivity constraint is now considered a methodological standard in forest
biomass allometry [10,11,14]. Our application of NSUR enforces this constraint rigorously.
This approach has been successfully applied to Chinese fir [25], loblolly pine [14], eu-
calypts [26,27], and mixed conifer-broadleaf forests [28], and our study extends it to B.
emeiensis —filling a methodological gap in bamboo allometry for southwestern China. The
preliminary comparison of predictor performance (Table S2) confirmed that D>H consis-
tently outperformed D and DH for culm biomass across all datasets, while the optimal
predictor for leaf and branch components varied by region.

4.2. Model Performance: Culm vs. Canopy Components

The contrasting performance between culm and leaf /branch models (R,?: 0.52-0.83 vs.
0.09-0.31) is a consistent feature of bamboo and tree biomass allometry [13,25,29]. The strong
culm model performance reflects the close relationship between culm volume (proportional
to D?H) and culm mass [8]. The higher R,? of Guizhou culm models (0.8320) compared
with Sichuan (0.5867) likely reflects the wider diameter and height range in the Guizhou
dataset. The poor fit of leaf and branch models in clump-forming bamboo is primarily
driven by high intra-clump variability in canopy architecture. Unlike erect monopodial
bamboos (Phyllostachys spp.), B. emeiensis grows in dense clumps where intra-clump light
competition, culm age structure, and clump density strongly influence individual culm
foliar allocation [30,31]. B. emeiensis also undergoes periodic leaf exchange [32], introducing
sampling-time variation not captured by static morphological predictors. Incorporating
culm age, clump density, or phenological stage as covariates, or adopting mixed-effects
models, could substantially improve performance [33].

4.3. Carbon Content: Regional Variation and Policy Implications

The organ-level carbon content of B. emeiensis (40.79%—44.46%) consistently falls below
the IPCC Tier 1 default of 50%. These measurements are broadly consistent with pub-
lished values for Phyllostachys pubescens (42.0%—46.5%) [30,34], Dendrocalamus giganteus
(41.8%—44.3%) [17], and Bambusa bambos (39.5%—43.2%) [35]. We strongly recommend
adoption of species-specific measured carbon fractions for carbon accounting of B. emeien-
sis in national inventories. The significant regional difference between Sichuan (higher)
and Guizhou (lower) likely reflects environmental drivers: warmer conditions may favor
greater investment in structural carbon compounds [36,37].

4.4. Cross-Regional Transferability and the Combined Model

The substantial cross-regional prediction errors (biomass TRE: +19.24% or —16.86%)
underscore a fundamental challenge in bamboo carbon accounting [17,20]. Our combined
model reduces cross-regional TRE to £12% (biomass) and £9% (carbon storage), providing
a practical solution confirmed by external validation across three additional provinces
(TRE: —6.30% to 4.27%). The external validation is particularly significant because Hunan,
Yunnan, and Chonggqing were not included in model training, supporting the recom-
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mendation [8] that multi-region training datasets produce more transferable models for
regional-scale applications.

4.5. Limitations and Research Priorities

This study has four primary limitations. First, belowground biomass was not
measured: root and rhizome biomass typically represents 20%—40% of aboveground
biomass [17]. For whole-ecosystem carbon accounting, we recommend applying published
root-to-shoot (R:S) ratios [17]: reported R:S of 0.20-0.35 for Bambusa and Dendrocalamus
species [3]; synthesized a mean R:S of 0.26 £ 0.08 for tropical/subtropical bamboo. Using
R:S = 0.28 with our combined model would add approximately 22% to total ecosystem
carbon stocks. Direct excavation studies remain an urgent priority. Culm age was recorded
opportunistically but was not systematically controlled; the limited and non-random na-
ture of available age records prevented construction of a reliable culm age-basal diameter
relationship. Future studies should adopt age-stratified sampling designs to enable age-
dependent allometric models [30]. The Guizhou training dataset (1 = 45) is smaller than
Sichuan (n = 82); expanded sampling would strengthen the models. Strict random selec-
tion within diameter classes was not always feasible; future studies should adopt fully
randomized designs.

5. Conclusions

This study represents the first application of the NSUR additive allometric framework
to a clump-forming bamboo species across multiple production areas, filling a critical
methodological gap in bamboo carbon allometry for southwestern China. Our results
provide three novel contributions.

(1) Organ-level carbon fractions of B. emeiensis (40.79%—44.46%) were confirmed to be
significantly below the IPCC Tier 1 default of 50% (p < 0.001), with substantial inter-
regional variation (Sichuan > Guizhou, p < 0.01). Application of the default would
overestimate carbon stocks by 12%-22%. We recommend immediate adoption of the
region-specific carbon fractions for Tier 2/3 inventories.

(2) Single-region allometric models cannot be reliably transferred across the B. emeiensis
distribution range, with cross-regional prediction biases reaching +19.24% for total
biomass. This underscores the need for geographically stratified allometric model
libraries for bamboo species.

(3) The combined multi-region model effectively reduced cross-regional biases to £11.36%
(biomass) and +8.49% (carbon storage), and demonstrated robust external validation
(TRE: —6.30% to 4.27%). The combined model is recommended as the operational tool
for regional-scale carbon stock assessment of B. emeiensis.

Future research priorities include: (1) direct measurement of belowground biomass
through systematic excavation; (2) age-stratified sampling for age-dependent models;
(3) incorporation of clump-level covariates through mixed-effects modeling; (4) expanded
geographic coverage to Yunnan, Guangxi, and Fujian; and (5) integration with remote-
sensing-based bamboo mapping for landscape-scale estimation. All models address above-
ground biomass only; belowground components remain a priority for future research.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/£17050559 /51, Table S1: Summary statistics of the 32 external
validation culms.; Table S2: Comparison of predictor variables: R2, and AIC from preliminary
independent fits.
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