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Abstract: This study aimed to develop biomass allometric equations for estimating carbon storage in young Pinus
densiflora (diameter at breast height (1.2 m) < 6 cm) established in reforested areas of abandoned coal mines.
Research sites were located in Mungyeong and Bonghwa, Gyeongsangbuk-do, Republic of Korea. A total of 43 young
trees were excavated to measure root collar diameter (RCD), diameter at breast height 1.2 m (DBH), and tree height
(H). Each tree was separated into stem, bark, branch, foliage, and root components, and oven-dry biomass was
quantified to construct equations for component and total biomass. Among the independent variables, DBH provided
the strongest explanatory power, while combined predictors (DBH x H, DBH? x H) improved model stability and
predictive accuracy. RCD showed a consistent residual distribution, indicating statistical reliability. All models
exhibited correction factors (CFs) above 1.03, underscoring the need to apply CF to minimize bias associated with
log-transformed regressions. The proposed equations address limitations of conventional models derived from general
plantation datasets by enabling more precise estimation of carbon storage during early restoration stages. This
advancement offers scientific and policy value by providing a methodological basis for quantifying early-stage
restoration carbon stocks that were previously difficult to measure. The models can support carbon accounting and
reporting at national and international levels by improving inventory accuracy and aligning with global climate
frameworks. They can also be used to evaluate the effectiveness of forest restoration efforts. Future studies
incorporating diverse species and additional sites will help broaden the applicability of the equations.

Key words: climate change, carbon dynamics, biomass, degraded land, restoration ecology
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Figure 1. Location of the study site for development of biomass allometric equations of young Pinus densiflora.
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Table 1. Summary of environmental and restoration attributes by stand site.

Site Mungyeong Bonghwa
Type Mining/Quarry area Mining/Quarry area
Restoration period 2000 - 2022 2014 - 2020
Latitude (N) 36°40'50.33" 36°51'58.16"
Longitude (E) 127 °57'53.43" 129°03'11.89"
Mean elevation (m a.s.l.) 392 654
Aspect SwW SW
Slope (%) 5 17
Terrain classification Hillside Hillside/plain
Forest Soil type Brown Dry Forest Soil (B1) Brown Weakly Dry Forest Soil (B2)
Target species Pinus densiflora Pinus densiflora

Notes. Type is based on the forest restoration type criteria of the KFS.
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Table 2. Stand- and sample-level characteristics of the study sites used for developing biomass allometric equations of young Pinus

densiflora.
Site Species Density (stems ha™) RCD (cm) DBH (cm) H (cm)
. . 443 3.97 372.48
Mungyeong Pinus densiflora 3333 (1.00 - 11.05)  (0.60 - 12.00)  (120.00 - 650.00)
1.22 0.58 200.00
Lespedeza cyrtobotrya 333 (0.40 - 1.59)  (0.30 - 1.00)  (180.00 - 220.00)
Alnus incana 100 367 8.60 526.67
(1.08 - 8.78)  (0.70 - 13.3)  (180.00 - 700.00)
. . 7.16 4.62 396.80
Bonghwa Pinus densifiora 167 (1.17 - 1427) (1.17 - 10.97)  (115.00 - 683.33)
. . 15.87 12.74 670.70
Robinia_ pseudoacacia 1700 (8.70 - 26.47) (6.13 - 23.67)  (416.67 - 916.67)
Sample trees Sample tree number (n)
Muneveon )5 5.92 2.81 304.96
gyeong (2.19 - 9.96) (020 - 5.84)  (136.00 - 530.00)
Pinus densiflora 6.07 590 335.44
Bonghwa 18 (1.05 - 11.62) (025 - 549)  (130.00 - 650.00)
5.98 3.06 317.72
Total 43 (1.05 - 11.62)  (0.20 - 5.84)  (130.00 - 650.00)

Notes. RCD = Root Collar Diameter (cm); DBH = Diameter at Breast Height (1.2 m above the ground) (cm); H = Tree height
(cm). Values are expressed as average with the range (min-max). Stand characteristics represent the tree density and
size distribution of major species within sampled plots, and sample tree characteristics indicate the mean and range of
measurements used for biomass allometric equation development.
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Table 3. Biomass allometric equations and regression parameters for seven biomass components, based on a single-independent

variable.
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Regression coefficient

Variable (X) Biomass (Y) . b R? RMSE AIC Rank CF
RCD Stem 8.340 2.438 0.73 53847  53.13 3 1.08
Bark 4.522 2.176 078  131.04  45.15 2 1.06

Branch 7.283 2.520 0.64  619.03 7217 2 1.13

Foliage 6.898 2335 0.64 39458  51.57 2 1.08

Aboveground 28.375 2.395 0.71  1569.58  39.01 2 1.05
Belowground(root) 4.623 2.438 0.67 33839 8537 3 121

Total 32.786 2418 0.71 1881.69  30.19 2 1.04

DBH Stem 97.517 1.793 092 28285 4797 1 1.17
Bark 49.076 1.448 083 112,67  53.51 1 1.11

Branch 115.222 1.664 0.80 45777  83.28 1 1.35

Foliage 96.037 1.434 0.70  359.98 8534 1 1.26

Aboveground 373.055 1.611 0.87 107672  59.17 1 1.19
Belowground(root) 63.941 1.682 0.83 24150  73.58 1 1.17

Total 441.491 1.620 0.87 1257.12 5827 1 1.18

H Stem 0.000003 3.306 0.76 50532 5845 2 1.09
Bark 0.000008 2.973 061 17260  57.97 3 1.09

Branch 0.000008 3.156 0.65 61417 9779 2 1.35

Foliage 0.000086 2.668 0.61  409.82  94.55 3 1.23

Aboveground 0.000043 3.059 072  1562.62  75.03 2 1.16
Belowground(root) 0.000003 3213 071 31335  93.08 2 1.31

Total 0.000046 3.079 0.72 185623  74.48 2 1.16

Notes. Biomass allometric equations are expressed as Y= aX [’, where Y is the biomass component (stem, bark, branch, foliage,

aboveground, belowground, and total biomass; g, dry weight) and X is the independent variable (RCD, DBH, or H,

all in cm). Regression coefficients (a, b), the coefficient of determination (R?), root mean square error (RMSE), Akaike
information criterion (AIC), ranking based on R% RMSE, and AIC, and correction factor (CF) are presented. RCD =

Root Collar Diameter; DBH = Diameter at Breast Height (1.2 m above the ground); H = Tree height (cm)
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Table 4. Biomass allometric equations and regression parameters for seven biomass components, based on a combination of

two-independent variables.

Regression coefficient

Variables (X) Biomass (Y) . b R? RMSE AIC Rank CF
RCDxH Stem 0.008 1.495 0.89 348.85 16.25 2 1.03
Bark 0.009 1.333 0.85 107.81 18.81 2 1.03

Branch 0.012 1.440 0.78 486.39 72.66 4 1.16

Foliage 0.022 1.308 0.72 344.43 65.34 1 1.10

Aboveground 0.005 1.471 0.82 251.15 70.24 1 1.05
Belowground(root) 0.048 1.410 0.85 1152.87  34.46 4 1.19

Total 0.052 1.425 0.85 1365.76  28.75 2 1.05

DBHxH Stem 0.252 1.152 0.91 300.92 46.68 3 1.10
Bark 0.349 0.947 0.82 117.57 53.87 2 1.08

Branch 0.371 1.098 0.79 473.07 86.60 3 1.32

Foliage 0.780 0.926 0.68 370.78 88.62 4 1.23

Aboveground 0.160 1.136 0.83 241.69 76.23 1 1.15
Belowground(root) 1.587 1.050 0.85 1120.19  62.57 2 1.20

Total 1.808 1.057 0.86 1304.47  61.34 2 1.14

RCD*<H Stem 0.106 0.934 0.85 399.90 27.22 4 1.04
Bark 0.091 0.835 0.85 109.04 26.07 1 1.04

Branch 0.125 0.918 0.75 516.14 71.83 1 1.14

Foliage 0.169 0.841 0.71 352.59 59.67 4 1.08

Aboveground 0.063 0.926 0.78 275.17 75.13 2 1.04
Belowground(root) 0.485 0.894 0.82 1249.23  32.19 3 1.19

Total 0.538 0.902 0.82 1483.40  24.92 2 1.04

DBH’xH Stem 2.538 0.704 0.92 284.30 47.18 2 1.11
Bark 2.480 0.572 0.83 114.35 54.64 4 1.09

Branch 3.608 0.663 0.80 460.75 86.15 1 1.32

Foliage 5.153 0.563 0.69 365.35 88.47 2 1.23

Aboveground 1.750 0.681 0.84 236.62 75.71 2 1.15
Belowground(root) 13.614 0.636 0.86 1085.18  61.94 4 1.18

Total 15.756 0.640 0.87 126236 60.78 1 1.14

Notes. Biomass allometric equations are expressed as Y= aX' b where Y is the biomass component (stem, bark, branch, foliage,
aboveground, belowground, and total biomass; g, dry weight) and X is the independent variable (RCDxH, DBHxH,
RCD’xH, DBH?xH). Regression coefficients (a, b), the coefficient of determination (R?), root mean square error (RMSE),
Akaike information criterion (AIC), ranking based on R%, RMSE, and AIC, and correction factor (CF) are presented.
RCD = Root Collar Diameter; DBH = Diameter at Breast Height (1.2 m above the ground); H = Tree height (cm)



1. - =
410 LR s A4 A)4T (2025)
Residuals vs Fitted Residuals vs Fitted Residuals vs Fitted
. ® % ®ee . <« —° e .
- . .
. . . S | .
" e *%e0p
. B
B S el K hiwavy o Suninniion 0 o » 2 se o8
© - LSRR ® T B S gommmmmmeas e -
3 * . s ° 3 3 . N
2 . s ¢ . 2 ~ et o B . * N
k3 o * o .
€ < - 4 . LR 4 € - - R
. . . o B T . B s 3
. . . . * o~
o 4 - 4 . ¢ % ¥
* .
. . .
T T T T T T T T T T T B T T T T
4 5 6 7 8 9 5 6 7 8 9 5 6 [4 8 9 10
Fitted values Fitted values Fitted values
Normal Q-Q Normal Q-Q Normal Q-Q
. @ .
¥ ©
@ o o
2 ° 2o
£ o+ ™ o g
5 5 5
3 S -
] 3 % <}
o o 9 2
[ 4 =4
§ ° E 3
» » 7 »
o~ -
. o .
T T T T T T T T T T 4 T T T T T
2 1 0 1 2 -2 1 [ 1 2 2 1 0 1 2
Theoretical Quantiles Theoretical Quantiles Theoretical Quantiles
Residuals vs Fitted Residuals vs Fitted Residuals vs Fitted Residuals vs Fitted
N . - e
o~ o ' * .
® 95 . . © -
.
= .
_— ~ - % s * 2 o~ o
o 2] . o
g . g Seel 3
8 * oe 2 3 B L St e . o .
o A g . ’e ‘| 8 o, e o° g . s B, ®
[P P POR T, S . 4 DRI A 4 s St
. e ¢ e . % s @ e £ LYY
- & . o o - . » % e . . .~
* 5 7 *eet T * e
: 4
s Fa e .0 = M
T T T T T T T T T T T T T T T T T T T T T T
4 5 6 7 8 9 5 6 10 8 9 4 5 6 T 8 9 5 6 % 8 9
Fitted values Fitted values Fitted values Fitted values
Normal Q-Q Normal Q-Q Normal Q-Q Normal Q-Q
i <« .
2 e © -
o
@ @ = @
8 o 8 8
= = z ™
< ® z
3 . S 3
g -1 <o 3 - 3 < 4 i
o ® o
5 o o
£ £ - £ o
w ”w w
i / =
D Po E*® & -
T T T T T T T T T T T T T T T
2 1 0 1 2 -2 -1 0 1 2 2 -1 0 1 2

Theoretical Quantiles Theoretical Quantiles

RCD x H DBH x H

Theoretical Quantiles Theoretical Quantiles

RCD? x H DBH? x H

Figure 2. Residual diagnostic plots for total biomass (TGB) biomass, showing the relationship between residuals and fitted values

and the Q-Q plot of GLS models.
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Table 5. Summary statistics of wood basic density (WD), biomass expansion factor (BEF), and dry weight to fresh weight ratio

by tree component.

Parameter Unit Mean + SD Min Max
WD g/em’ 0.27 + 0.05 0.18 0.39
BEF - 223 + 0.44 1.47 3.50
Rgtem - 0.45 + 0.07 0.33 0.61
Roark - 0.51 + 0.08 0.37 0.63
Roranch - 0.52 + 0.04 0.41 0.63
Rioliage - 0.48 + 0.05 0.37 0.65
Rioot - 0.48 + 0.07 0.35 0.66

Notes. WD: wood basic density (dry weight divided by volume); BEF: biomass expansion factor (total aboveground biomass
divided by stem biomass). Ri: dry weight to fresh weight ratio were determined for each tree component (stem, bark,
branch, foliage, root) based on dry weight (85°C, constant mass) and fresh weight measurements. All values represent
mean + standard deviation (SD) with corresponding minimum and maximum values derived from sampled P.densiflora

individuals in research sites.
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Figure 3. Comparison of biomass proportion (%) by component (stem, branch, foliage, and root) between this study and previous

studies (Song et al., 2025; Xue et al.,, 2016). Error bars represent standard deviation (SD).
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