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Stand-level model construction for carbon stock of
Cunninghamia lanceolata forest in Jiangxi Province

MAO Xupeng', TIAN Lixin', LU Yu*, YE Daobi’, ZANG Hao*
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Abstract: [Objective] This study aims to construct a stand-level model for estimating the carbon stock of Cunninghamia lanceolata
forests applicable to Jiangxi Province based on the national standard “Tree Biomass Models and Related Parameters to Carbon
Accounting for Major Tree Species” (GB/T 43648-2024), to improve the accuracy and reliability of the estimation. [ Method] Three
theoretical growth equations—Logistic, Modified Weibull, and Gompertz—were used as the base models for this study. Two types
of power function form, referred to as ND,” and N .”, were introduced to reflect the density of the stand, resulting in six models for
estimating carbon stock in variable-density stands. Additionally, the commonly used power-law allometric equation was included
in the model comparison framework. The nonlinear weighted least squares method was employed for parameter fitting, and the
optimal model was established through model evaluation and testing. To further validate the effectiveness of the constructed model,
a systematic comparison was conducted between the estimates from the optimal model and those obtained using traditional methods.
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[Result] 1) The modified Weibull equation, incorporating the power function form ND,’, achieves the highest coefficient of
determination (R°=0.973) and the lowest standard error of estimate (SEE=3.004 t-hm™). Additionally, it demonstrates minimal values
for total relative error (TRE=0.06%), mean systematic error (MSE=-0.07%), mean prediction error (MPE=1.77%), mean percent
standard error (MPSE=8.99%), and Akaike Information Criterion (AIC=920.6). TRE and MSE are maintained within +3%, while MPE
and MPSE meet the general accuracy requirements of less than 3% and 15%, respectively. Furthermore, the model’s residuals show
significant improvements in heteroscedasticity and normality; 2) Compared with the traditional methods, the modified Weibull equation
demonstrates the best performance with an R* of 0.978 and a parameter m of 0.950. The parameter n is not significantly different from 0
(P > 0.1), and the absolute value of TRE is the lowest at 2.89%. Additionally, the systematic bias between the predicted values and the
observed values is not significant (P > 0.1). Among traditional methods, the BEF method shows an R* of 0.974 and a parameter m of
0.934. Like the modified Weibull equation, its parameter 7 is not significantly different from 0 (P > 0.1). However, the TRE is 10.57%,
indicating a significant systematic underestimation of the predicted values (P << 0.001), with an average of 1.427 t-hm™ lower than the
observed values. In contrast, the CBEF1 and CBEF2 methods yield R” of 0.792 and 0.872, respectively. Their parameter m values are
0.575 and 0.681, with parameter n values of 10.921 and 8.715. The TRE for CBEF1 and CBEF2 methods are -13.17% and -12.36%,
respectively, indicating a significant systematic overestimation of the predicted values (P << 0.05). On average, the predicted values
exceed the observed values by 4.227 t-hm™ and 3.673 t-hm™, respectively. [Conclusion] The modified Weibull equation, developed
according to the national standard, is optimal for estimating carbon stock in Cunninghamia lanceolata forests within the study area. Its
estimation results are more accurate and reliable than those of traditional methods, offering greater practical value in application.
Keywords: stand carbon stock; Cunninghamia lanceolata forest; theoretical growth equation; BEF method; CBEF method; Jiangxi Province
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Table 1 Tree biomass models and carbon factors for merged dominant tree species (groups)

A S IR S (4 . . o gAY
PRI ) REMIS T IR B (L) 15 ey OAA
Merged dominant tree . . . . Carbon

. Dominant tree species (groups) recorded in the sample plots Component Biomass model
species (groups) factor
¥k oAk AGB  M,=0.043 629D***"  0.5003
Cunninghamia lanceolata Cunninghamia lanceolata BGB M,=0.008 857DV 0.488 0
R R AGB  M,=0.099 488D**** 05254
Pinus massoniana Pinus massoniana BGB M,=0.008 112 269505 0.508 2
LR LR AGB  M,=0.094210D*"*“ 05070
Pinus hwangshanensis Pinus hwangshanensis BGB M,=0.014 909D>* % 0.500 9
SRR R AGB  M,=0.083890D*""”" 04756
Pinus elliottii Pinus elliottii BGB MB:O.O43 570D2»228 7 0.466 4
AGB M,=0.147 340D** " 0.484 6
GERN LEEN
Cupressus spp. Cupressus spp. BGB My=0.056 168D*'1*7 0.485 1
2 2 AGB M,=0.154 830D>'"" 05154
Hits itz
Cryptomeria fortunei Cryptomeria fortunei BGB M=0.014 055D>"' % 0.509 1
bt BRI Quercus spp. 75 K| Quercus glauca. AGB  M,=0213 600D*"'* 04827
Quercus JWRER Quercus acutissima. /NHF5 X Quercus myrsinifolia- 20730
SPP- Witk Quercus aliena. ANk Quercus fabri BGB My=0.110 595D~ 0.467 8
bt Hept AGB M,=0.096 150D***'  0.489 7
Betula spp. Betula spp. BGB My=0.041 591D***%  0.4779
d . AGB M,=0.047 920D*"*  0.472 8
ar 1)
Populus spp. Populus spp. BGB  M;=0.012317D""* 04644
! V. AGB M,=0.185270D™'">  0.454 6
Tt gl
Ulmus spp. Ulmus spp. BGB M=0.071 868D*'*""  0.4455
K i AGB M,=0.176 850D>*%'* 04712
Schima superba Schima superba BGB M=0.064 079D>'7% 0.466 7
e i AGB M,=0.106 150D*°**  0.469 0
AT AT
Liquidambar formosana Liquidambar formosana BGB M,=0.095 520D *° 0.460 4
o I AGB  M,=0.071 100D**"" 0460 5
Paulownia fortunei Paulownia fortunei BGB M,=0.059 900D>'® " ’
S g 3z 7‘& 3 » 5
b, MR, fA }rhﬂE thmphora spp.~ ’r% Cal.nphora officinarum- AGB M =0.138 000D>*> %
Camphora spp.- 3 i ks Litsea coreana var. sinensis. A Phoebe spp. 0493 1
Sassafi-as spp.- WA Machilus leptophylla. 414# Machilus thunbergii BGB M.=0.059 900D ’
Phoebe spp. BITEIE R Machilus pauhoi. &K Sassafras tzumu B
Hoh A oA AGB  M,=0.135100D™*"
Other Pinus Other Pinus BGB M,—0.034 300022 0.500 0
HAbAZ JKA2 Metasequoia glyptostroboides A% Taxodium distichum var. AGB M,=0.118 200D % 0.500 0
Other firs imbricarium BGB M,=0.034 300D>% ’
T hi# Castanopsis sclerophylla. 17 Lithocarpus glaber
i Castanopsis eyrei. Kh Castanopsis carlesii. ¥4 Castanopsis 333300
fargesii. ML Robinia pseudoacacia. HABHE[F S Other hardwood AGB M,=0.187 500D
AT broad-leaved tree species. ¥ 18 Dalbergia hupeana. F13¢
Other hardwood broad-  Elaeocarpus decipiens. l1'2-3% Gleditsia japonica. 75 NNHK Acer 0.483 4
leaved tree species elegantulum. 3 JTHK Acer palmatum. 2.3 Gleditsia sinensis F
s, Hoven;’a acerba- ﬂ(%?fz’tsea pungens- 7‘6%1_]_16}1 'Symplocos BGB M,=0.059 900D>'“
lucida. 3& Morus alba. TR Choerospondias axillaris. Wi M}
Nyssa sinensis+ &P Cercidiphyllum japonicum
I Alniphyllum fortunei ¥87K Alnus cremastogyne 115§
A FAAK Alnus trabeculosa, %475 Ilex chinensis. J\fAM Alangium AGB M,=0.132 900D****®
~ i a4 (e X P : N h S
Other soft broad-leaved chinense. K Albizia julibrissin. ¥ Melia azedarach. HAth i 0495 6

2K Other soft broad-leaved tree species. M Ailanthus altissima
HR Camptotheca acuminata. A& W Platycarya strobilacea. BGB M,=0.059 900D>'*
FEHEMK Liriodendron chinense. ¥&H Firmiana simplex

tree species

oM, O B EATHE (kg) 5 My ARG THME (kg) s D AMARRIE (em) .
M, represents the estimated above-ground biomass (kg); My represents the estimated below-ground biomass (kg); D represents the diameter at breast height of trees
(cm).
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Fig. 1 Spatial distribution of Cunninghamia lanceolata
sample plots in the study area
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Table 2 Statistics of stand characteristics in sample plots

- FE A . A oy g Moy B RO B ity e
Tﬁﬂﬁ%i]ﬂ] " Number of S%E;d“ti M :Figi@él/ Stand density/ Stand volume / Stand carbon stock /
ype of plots plots atistics ean cm (Fk-hm?) (m’-hm ) (thm?)
e/ ME 5.8 388 2.88 1.375
AR 34 EON ] 203 6413 253.88 83.130
Modeling plot SR A 9.7 1933 63.18 21.866
bRtz 2.9 1179 55.73 18.078
Hw/MA 5.7 138 0.88 0.402
I R i ol IZONE] 19.9 4825 201.38 72.703
Validation plot FIME 10.7 1 069 52.69 18.935
Frife 2 32 857 55.62 19.207
D LEBREN HND HIN'D,?, % 4% 38 i A Ky L () 2 ol A
AT FRES, THEASS FRitEE P <0.05
2.1 BREKGIERRBESHLE RIEE KF L) 518 A 3.88. Logistic A1 Gompertz 77

K AR B R N R T X 3 AN A
KAREIT 2R E. ERER, KA 1.6,
PA 75 #2 FIE 1E Weibull J5 #2 [2] A 1 &b T 47 H 4R
A, MSE M TRE ¥#aiF 0, [FHix 2 AL
BAEBR BN 1Ax)"; 24 2 8L 1.4 i, Logistic Al
Gompertz J7 £ ff] MSE Ml TRE ¥J7F +£3% LA 4,
Hix 2 Metrk FHroRas, Fhix 2 MR
BAEBURECH 1/fin)'"

¥ 3 AER A K TR o S 5N 2 Bl oRE ok B s

TR 2 P AL 200 F 44t & 40 5 N 63.294
89.973, KTl A 12 I1E Weibull JTFE ) F 4t
THE 4 0.142, /M Tl AHE. Logistic Al Gompertz
T FE BN R BEERP) 2 PR R 207E P < 0.05
K B REE R, IR RELEW N'D,
B AR 2 IE Weibull 1 2 Ff 82 24 )% A AE P < 0.05
KAV BB EEZE R, BRI, %7
IR LR ND, AL R, A R AR
A3 (5 (6) J (9 GYNAELPERIAL
b S Ak sE (R 3) .
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Table 3 Nonlinear models

o AR R
Model Formula Formula
No.
PA C=aN’Ds4" +¢ 3
C=a/[l+ B+ @)
Logistic
C=al[l+ BV 4 e (5
BIE C=afl-""" s (6)
Weibull _
Modified Weibull C=a[l-e"P" 4 e D
C:ae[fﬂcwwsw/“] e (8)
Gompertz )
Cmod 7™ ©

TOCRMAERERE (thm?) 5 N RREEE (Bk-hm™ : D, AT
fifE Cem) 5 A N FER (@) 5 av By Oy on p IR
& NIRRT,
C represents stand carbon storage (t-hm ), N is stand density (trees-hm °),
D, denotes the mean diameter at breast height (cm), 4 stands for mean age
(a), and a, B, y, 9, ¢, p are model parameters; and ¢ is the error term.

22 JESMRENT. RERRNERTHE

22,1 HERMEBIRLSHAL T 51O
3INEHRAKTEI AR FRELS WG, K
FAEZ M IR /N — e T30 4 MR MR AL AT
WE, BEMSEAGTHE P RIR IR 4 . Br
Logistic 1 Gompertz /5 #£ [ Z % y £ P < 0.1 /K°F
ERFEN, HRGFESHENE P < 0.001 K L&

F. PA 712 51&1E Weibull 77121 R B, 70 5
% 0.971 f10.973; SEE # /), 4514 3.098 t-hm >
F13.004 thm™”; TRE 5 MSE ¥J#%#IE +3% LA,
H MSE #iF 0, FW PA 51&1E Weibull J7 2 1)
AR, AR LF: MPE #l MPSE 43
S A /T 3% F15% (1) — MRS FE RS, AIC
AT Logistic f1 Gompertz 772, R PA 51&1E
Weibull 77 F& 400G P ¢ e HAR L 52 24 P 3G

FIELZ K, Logistic f1 Gompertz J7 F£ 1) R* 4>
5l N 0.863 11 0.886, SEE 43 7] i& 6.759 t-hm * Al
6.153 thm*; TRE 5 MSE % 7£ £3% LN, {H
YIET PA L S1E1E Weibull 752, %W Logistic
A Gompertz 77 £ HIHL G A0 BE AR ARG, L& R
T R — ORGP L SRAE A X B 255 MPE 439N 3.98%
A1 3.62%, MPSE 73 5l 15 25.25% 1 23.37%, #*
B Logistic 1 Gompertz 77 F% 40L& 4 B2 B H A
WL — RS FE R, AIC Wl KT PA TR SBIE
Weibull /772, 3P Logistic 1 Gompertz /5 £ &
J P AFT A 1R o

WREALER 2 (2 SR, ZmiEH)E,
PA 77 1% 515 IE Weibull 77 B2 5% 22 7 AN [R] 40 & {8 4t
AN, KRR R =M, B ES
A B2 A SR IEAS X Logistic A1 Gompertz J7
FEAE B, 2 5 0 25 R0 I 25 7 T AR A B s

4 FHHERBEOSRIEITHERITNER

Table 4 Parameter estimates and evaluation metrics of nonlinear models

b ARG ZH it 1HE Parameter estimate PP 4845 Evaluation metrics
Formula SEE/ TRE/ MSE/ MPE/ MPSE /
Model 2
No. “ A Y J P whm? % % % % AC
PA 3) 0.286%*%* 0.954%*** 2. 455%**% (,086*** 0.971 3.098 -0.20 -0.22 1.83 930 936.9
Logistic (5) 50.200%** 6.505%** (0.001 1.682%** 3 (007*** 0.863 6.759 141 -1.72 398 2525 14257
EIE Weibull ek sesksk sk Sesksk _

Modified Weibull (6) 189.900 0.001 2.648 0.086 0973 3.004 0.06 -0.07 1.77 899 920.6
Gompertz 9) 53.100%** 2. 187*** (0.001 1.734%** 3 171%** 0.886 6.153 0.85 -141 3.62 2337 1386.5

Tk P <<0.001; ¢, P <0.1.

222 BEIRIRE

A 28 1 AR TR 7 i ST 36 IR B B AR 56 4 SR
25 Pm. G5 EIR, PA J5 R TG AR R R0 08 2
PEALE I R M 0.981, Z%m 4 0.959 (P < 0.001),
ZHin (0162) 508 FZER (P>01,
TRE (3.40%) & T 3% () — R B Z K. 1B 1E
Weibull 77 R R* 5 0.978, S m 59 0.950 (P <
0.001) , Z¥(n (0413) 508 FEER (P>
0.1> , TRE (2.89%) i /& /N T 3% M1 — FEoks FE 22
3R Logistic fll Gompertz /7 f2 1) R* F1 24 m HIX}
BN, HR 351 0.888 F110.912, S35 m 435N
0.824 (P < 0.001) #110.858 (P < 0.001) , S

n N 4.163 (P << 0.001) F13.448 (P < 0.001) .
TRE 7354 —4.23% F1-3.85%, HAax I T 3%
) — ok 2 B3R . Wilcoxon £ 5 RER 56 45 5 BoR,
4 AR AR I FLAk (5 WME 2 (8] (1) R G 2
BIAREZE (P> 0.05) .
223 R

# 4 Box, 181E Weibull 5 12 B A e & 1 R
PL M # /) ) SEE. TRE. MSE. MPE. MPSE.
AIC, TRE Al MSE ##% il £ £3% LN, MPE il
MPSE 435313 /£ /N T 3% F1 15% 1 — Mok R 2R,
PTG 2200 S 5 ZVE RS A3 7 5% ok
o K5 EIR, %7 FE WU AE AU IR £ ML A
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(c2) FELMEIBUR/N RS2 IE
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(A1) Jeekitimh —afedtla
Gompertzﬁﬂ Nonlinear least squares
fitting Gompertz model

Weighted fitted values /(t-hm™)

(d2) &M mAUR D TR &
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squares fitting Gompertz model
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Fig.2 Standardized residual of nonlinear models
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Table 5 Test results of nonlinear models

SR Fa 5 Parameters and evaluation metrics Wilcoxon 5 A% 46 Wilcoxon signed rank test

(e () i 95% E{EIX [ P

Model R m n TRE /% (pseudo) median / 95 percent confidence P value
(thm ?) interval /(t-hm %)
PA 0.981 0.959%** 0.162 3.40 -0.330 [-0.828,0.074] 0.137
Logistic 0.888 0.824%** 4.163%** -4.23 1.058 [-0.247,2.609] 0.106
1&IE Weibull - ~ ~
Modified Weibull 0.978 0.950 0.413 2.89 0.292 [-0.791,0.069] 0.124
Gompertz 0.912 0.858%** 3.448%%* -3.85 0.909 [-0.278,2.293] 0.123

T oxxk P < 0.001.

[ R B (0.978) , Z¥m (0.950) LT 1,
Z4in (0413) 50 L8 EZEZR (P>01) ,
TRE f4ExHE /N (2.89%) , HI7FEHifGE 50
MEZ W LR EN RS mZE (P> 005 . Fit,
AR FT I8 90N R B 45 48 ND,” 142 IE Weibull
T3 REAE F I 5T X AZ A PR Bk A 5 it 50 ) e 0 ASE AR
TR BARTE AN -

C =189.900[1 — 0P

]+go (10)

23 BRMRESEREHENGREERIL S

AR AL (& 1E Weibull 77 2) 5 1& 48 7 ik

FE S ST A 95 A B LU A5 R IR 6 NI 3. 25

SRR, AN TR T 9% ) TRA E R W 28 14 40 A 1)
R 40792 ~ 0978, Z %t m N 0575 ~ 0.950, n
N -0.568 ~ 10.921. FHH1, &IE Weibull J5 £ (1) R
e (0.978) , % m ik (0.950, P <<0.001) ,

Z¥in (0413) 50 LEEER (P>01), TRE
)28 6B e/ (2.89%) , HLil 2 /N T 3% ) — R
FERT ISR, FEEIE Weibull J7 R 1Tt R FE e o
& 48 75 1 ) TUA 25 S A 22 /= T2 1E Weibull J5
T2 10 T Ak &5 5, v CBEF1 7%: Al CBEF2 2 ) T
g BRI E R ZE . FET 15 1E Weibull 7772,
BEF ¥ 1941k (2L AU B 2% PE UL & (¥ R (0.974) AN
ZHm (0.934, P <0.001) 435K 0.4% A1 1.7%,
n (-0.568) 50 ¥ %R (P>0.1) ; CBEFI
R (0.792) Aiz#im (0.575, P <0.001) %y
AN 19.0% F139.5%, % nik 10.921 (P < 0.001);
CBEF2 % /) R* (0.872) F1Z ¥t m (0.681, P <
0.001) 43 HIK 10.8% F128.3%, = ¥ n ik 8.715
(P < 0.001) ; BEF . CBEF1 % fil CBEF2 i%
ff) TRE 43 % N 10.57%. —13.17% 1 -12.36%,
LA HE I = T 3% M — Mok R .



46 3%

A2 S A s AN e O 55

%6 BMRESESTAMIEE R

Table 6 Comparison of estimation results between the optimal model and the conventional models

SOV FE AR Parameters and evaluation metrics

Wilcoxon 755 #4614 Wilcoxon signed rank test

1A 1 (P PRty 95% BAsIXI "

Model Method R m n TRE /% (pseudo) 95 percent confidence P value
median /(thm ) interval /(t-'hm )

AR Optimal model & 1E Weibull  0.978 0.950%* 0.413 2.89 -0.292 [-0.791,0.069] 0.124
BEF 0.974 0.934%%* -0.568 10.57 -1.427 [-2.157,-0.958] < 0.001
ﬂ:%ﬁﬁ{i CBEF1 0.792 0.575%**  10.921%*%*  -13.17 4.227 [1.547,6.063] < 0.05

Conventional models

CBEF2 0.872 0.681%**  87]5%** -12.36 3.673 [1.800,5.149] < 0.005

towrr P < 0,001,

A& {E Estimated value /(t-hm?)

0 20 40 60
VLA Observed value /(t-hm™2)

- BEF ~CBEFl =CBEF2 -~ {&1FWeibull

3 FREIFERNTGEES WNERN LR YT
Fig. 3 Linear regression between estimated values and
observed values among different methods

Wilcoxon £ 5 F A 36 45 H 7, 18 1E Weibull
J7 FE [ AN AE 5 0 2 8] 1) 3R G 22 AN W 35
(P> 0.05) , BEF {%A1 CBEF % Fift (E A7 &
FZH ARG mZE (P <0.05) . Hrf, BEF il
{EAAE RGMEARAY,  LEME T 3K 1.427 thm
CBEF1 % 1 CBEF2 2 [1) ¥l {i {8 $3 7 7£ ™ & &
gtk A, 20 i B OO E S 34 7 4.227 thm * A
3.673 thm >, & 3 IR, 1&IE Weibull J7F2 1 Fifh
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Jiiks

3 e
o

e ] AR R 25 7 7 AR 45 IR X v g e
HAT [ 40— ] LUk (AR 0 ik il AR AR SR 3t 1
FRYE . AT T B AR HE T 1 X S 1

3.1

PR3 7 T B Al i S TS, g R o J O
AR T IS %,
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EEEE, WA, WEEE. ko
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B T 5 R T, oA AR PR R R 8 MO P b
AR, AR R T F R B () S, AT O
SR WK 23 35 AR 23 BT D, N B 2 B B A A
9 ND,” 5 N'D N AE K . X — Bt
TR R 5 ) 6 B 0 3% 32 205 A K /N 3o R 43 e
fE AR SR M R, AR B <
FE - MR A A R B, R ER,
NS K ND,” 11118 IE Weibull J7 2 4 A A 76
PR B A B A S ) S AR B iR 2R KT R, HLZERL A
W] S0 M BT A 2 8 % L AN i ) T T34
T I PA 5. Hh TbRM A Ko R B
S EEREIESIA, BIE Weibull 77 F2fof 280 AN'D,”
(IR S5 R ME s R MR T, e TRk A
fg KL AR . F RIS RER, B8N
I OB B AR, 8 Wb A3 gt s B K R N
AT AR AR, 3% — 2 SRR T Ak S
FE R ITRR 2y, i R A D 2 LA B
R RIS NG O 280 (2.648) K
WbR 43 B 1 I K S % 0] D, K B U, 3R
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