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Construction of a biomass and carbon storage optimization model based on
23 types of multimodal data: a case study of Cunninghamia lanceolata
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Abstract: [Objective] The accurate estimation of biomass and carbon storage is essential for assessing
forest carbon sinks. Constructing an optimization model based on environmental factors can provide
technical support for estimating tree biomass and carbon storage at the regional scale. Chinese fir, due to its

typical coupling with the site environment, serves as an exemplary case. Existing models often encounter
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challenges such as limited accuracy due to site-specific variations and inadequate multi-factor coupling
modeling and verification. This study intends to construct a scalable model framework, taking Chinese fir as
a case study to perform modeling verification, thereby providing a reference for developing models for
similar tree species. [Method] In this paper, measured biomass data of Chinese fir across the country were
collected through five categories of 23 multimodal data (topography, climate, soil, location and forest
variables). Parametric models (basic model, passive variable model, and additive biomass parameter model)
and non-parametric models (GA-BP, PSO-BP and BP models) were constructed. The SHAP interpreter was
employed to analyze the contribution and interaction effects of each factor. Dummy variables were
introduced to evaluate the performance of different models in terms of accuracy enhancement and usability.
[Result] The key findings were as follows: (1) The primary factors influencing Chinese fir biomass
included four forest variables: diameter at breast height, tree height, forest age and stand density. Secondary
factors were longitude and the maximum temperature during the growing season. Soil variables exhibit a
relatively minor influence. Physical quantities had the strongest correlation and the highest contribution with
variables such as diameter at breast height, tree height, forest age and stand density. The influence of
longitude and the maximum temperature of the growing season were secondary, while the contribution of
soil variables was relatively low. (2) Overall, except for leaf biomass, the PSO-BP model demonstrated a
higher degree of accuracy improvement in biomass estimation. The SHAP interpreter results indicated that in
non-parametric biomass models, the contribution of forest tree variables was the highest, and the response of
the interaction factor was obvious. (3) The comparison results of verification indicators revealed that the
introduction of dummy variables significantly improved the accuracy of the Chinese fir biomass model.
[Conclusion] Both parametric and non-parametric models established in this study can provide more
accurate biomass simulation for Chinese fir trees. When combined with carbon content parameters, these
models can accurately calculate the biomass and carbon storage of various components of Chinese fir trees
(whole plant, above ground, below ground, trunk, crown, branches, leaves). The model and environmental
variables in this paper have been embedded in an online cloud platform, and can be used online to calculate
biomass.

Key words: multimodal data; machine learning; biomass model; carbon storage model; Cunninghamia

anceolata
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FEABSE S RO E T 3 M 22 I 4 AL R SR B, 2>
HITE T 3E R T B A R A as B AR R R R A A
SRR 3D BB BRI ECRKE (4
& R’ R%,~ RSE 55 RMSE %45, L% 4), PSO-BP
MR 28 AN BE A B3R TR L, 38 RO
DT ARE O R A, HAUE BIAZER IR 5.
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33 AIMEEYMESEIRE S
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TERA S Y 585 K T A ) 2 1 3
Bl A5 28 ot o BB DU G v, 3 MBI R B HE
RS FE (R > 0.90), AR AR % 76 FHARS A5 1) 4006 002
W, W2 . 5— B BAHL, W= aDtHAE R
TE& AV EH 7 PRI A T, RPN R 12
% T 1.26% ~ 5.00%, RSE F#A% T 5.67% ~ 23.93%,
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Tab.2 Score matrix of principal component factors for Cunninghamia lanceolata

SRR X, X, X X, X;
2054 -0.059 0.374* 0.702%* 0.099 0.109
“HiE —0.649* —0.418* 0.540%* 0.030 0.023
EISIR 0.741%* 0.363* 0.040 0.095 -0.103
EPEN -0.338* 0.830* 0.036 -0.049 -0.034
KT R 0.339* 0.360* 0.813* 0.167 -0.021
KT ARE 0.939% 0.283 -0.052 0.020 0.061
KT 0.839* 0.358* 0.338* 0.096 0.038
K iy i P -0.775*% 0.089 0.363* 0.095 0.027
A K AR P W —-0.399* 0.759* -0.178 -0.175 0.080
KT SN -0.509* 0.735% -0.239 -0.137 0.129
R S oMY 0.601* —0.628* -0.272 —0.114 0.162
BIEZE —0.574* —-0.573* 0.522% 0.025 -0.025
EIRAFEEL 0.682* —0.674* 0.008 0.103 -0.128
EEK 0.361% 0.864* 0.195 0.133 -0.088
TorEHA 0.431%* 0.210 -0.072 —0.472% 0.443%*
WK —0.463* 0.136 —-0.713* 0.078 0.094
W) 0.108 -0.059 0.281 —-0.575* -0.173
W —-0.023 0.094 —-0.353* 0.714* 0.197
TR 0.000 0.001 -0.004 -0.005 —0.001
AR 0.000 0.001 0.004 0.001 0.008
oy 0.007 —0.248 0.307* 0.037 0.820%
FHAE{E 5.508 4.656 2.983 1.231 1.051
07 ZETTHRZE /% 28.989 24.504 15.701 6.479 5.533

T *ARTE RN % A R R 80 B, RIS 4L > 0.300 X, ~ Xs/ A iRS A AT TRl

K3 EAEKERERELEMEN 3 MIZNKRERASH

Tab.3 Optimal parameters of three neural network models for whole plant and organ biomass of Cunninghamia lanceolata

oy BP GA-BP PSO-BP
o RS RUEEC BMEREC AR ROBUZEC ROEEERTOCE RIEEMED BOKCHE  RANEEE BOKIR Rohast
+ 4 3 30 10 6 50 5 0.5 —0.5 1 -1
53 6 4 10 1 6 50 5 0.5 -0.5 0.5 —0.5
I 5 4 10 5 7 1 1 0.2 -0.2 2 -2
R 6 4 60 30 5 10 7 1 -1 2 -2
pus 6 6 60 30 3 10 8 1 -1 2 -2

R4 DAEKRRERELEVENWEMEERTNEE

Tab. 4 Prediction accuracy of the neural network model for whole plant and organ biomass of Cunninghamia lanceolata

BP GA-BP PSO-BP
B/ s R R R

R’ Ry RSE RMSE R Ry RSE RMSE R Ry RSE RMSE
T+ 0.953 0.952 13.434 13.232 0.954  0.953 13.034 12.837 0.977 0.976 9.632 9.487
53 0.905 0.902 1.871 1.839 0.905 0.902 1.878 1.846 0.917 09142 1.692 1.664
- 0.832 0.826 1.415 1.389 0.823 0.816 1.399 1.373 0.898 0.895 1.089 1.069
ZiE! 0.876 0.873 4391 4.339 0.916 0.915 3.608 3.472 0.917 0.915 3.435 3.395
p<) 0.977 0.977 12.607 12.417 0.983 0.982 10.850 10.686 0.983 0.983 9.990 9.839
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Fig. 5 Comparison of predicted and actual values from three neural networks for the entire plant and its various organs of Cunninghamia lanceolata

RUAT RS FEXT L . 25 SRR W, dE S B0ps B 70 B AR Tl L S S O DTS A O 1 AN S = = B
M FRIERAEGR 7)o AESHHERI, KW 5y AT, b RRIE& T 0.02% ~ 6.54%, RSE
HIHL A8 B H e R ARAR IR O B 5B 4 B AR AT PR T 0.51% ~ 14.08%, AIC NI4T 0.21% ~2.39%.
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Fig. 6 SHAP diagram illustrating the non-parametric model of optimal biomass ofor the whole plant and organs of Chinese fir
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Tab. 5 Comparison of the accuracy of the base model for whole-plant and organ biomass in Cunninghamia lanceolata

. W=aD" W=a(D*H)" W= aD'H

i R RSE AIC R RSE AIC R RSE AIC
Lok 0.906 23.990 3460.497 0.908 23.820 3455316 0.921 20.440 3424.135
b 0.908 20.460 3340.914 0.912 19.980 3322.941 0.929 19.270 3306.000
R 0.802 5.200 2310.892 0.788 5.379 2336.272 0.812 4.905 2298.606
B 0.903 18.500 3265.070 0.913 17.510 3223.838 0.920 16.480 3206.346
B et 0.751 4.438 2 191.707 0.724 4.676 2231.022 0.789 3.376 2152.011
WAL 0.726 3.156 1935.382 0.691 3.352 1980.724 0.761 2.769 1915.389
CLL 0.612 2.040 1607.119 0.599 2.073 1 619.407 0.633 1.840 1 589.097

Vs Ao O E A RS, Ha b O LR SR, M 38 6 AP 0 ) el R BRI
®6 MAEKREREEVEEMERSYMEITE

Tab. 6 Estimates of the parameters for the model underlying the optimal biomass of

Cunninghamia lanceolata whole plant and its organs

FEE A a+ hriEZE b+ bRz ¢+ brifEZE
E 7S 0.066 % 0.011*** 2.136 % 0.121%** 0.448 £ 0.101%**
HE 0.049 + 0.008*** 2.089 £ 0.121%** 0.539 £ 0.101%**
T 0.019 £ 0.004%** 2.427 £ 0.170%%* —0.083 £ 0.145
B 0.031 £ 0.006*** 2.006 £ 0.128%** 0.725 £ 0.106%**
B et 0.048 + 0.009%** 2478 £0.162%%* —0.511 £ 0.142%%*
K3 0.011 £ 0.003%** 3.073 £ 0.185%** —0.797 £ 0.159%**
R 0.082 + 0.016%** 1.677 £ 0.192%** —-0.179 £ 0.170

e #**RIRTEP

<0.0017KF F&3E.
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Tab. 7 Comparison of the accuracy among the optimal non-parametric model, the optimal basic model,

and the optimal basic model with dummy variables

PSO-BP W= aD'H* W= aD1Xi1+b2Xa+b3X3+baXa+bsXs) e
AL
R RSE R RSE AIC R RSE AIC

Atk 0.977 12.607 0.921 20.440 3424.135 0.929 18.560 3403.296
Hh 0.929 19.270 3.306.000 0.930 17.340 3289.623
R 0.876 4.391 0.812 4,905 2298.606 0.812 4.880 2293.709
W 0.953 13.434 0.920 16.480 3206.346 0.928 15.380 3 144.337
5k 0.789 3.376 2152011 0.810 2.905 2101.016
L5 0.905 1.871 0.761 2.769 1915.389 0.797 2.452 1906.101
Wt 0.832 1.415 0.633 1.840 1 589.097 0.675 1.581 1551.068

VE: WRAYIE . a. b« by by bys bFIcRERHL T A
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Tab. 8 Comparison of the accuracy of the base additivity model and the dummy variable additivity model for the whole plant
and each organ of Cunninghamia lanceolata

RGN AR B f) l Jip AR

SN AR B F) p n AR Y

G/

R R RSE RMSE R R RSE RMSE
£ 0.922 0.910 21.440 20.345 0.925 0.922 20.360 19.333
Hh 0.929 0.924 19.741 19.707 0.931 0.929 18.336 18.032
N 0.812 0.811 5.201 5.187 0.812 0.810 5.109 5.079
R 0.920 0.914 17.589 17.448 0.925 0.914 15.552 15.437
Wik 0.788 0.781 4.200 4.102 0.800 0.799 3.105 3.597
g5 0.760 0.754 3.574 3.079 0.792 0.789 3.084 3.061
ity 0.635 0.621 2.324 2.077 0.671 0.670 2221 1.947
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Tab.9 Parameter estimates of model parameters for optimal biomass parameters of the whole plant and

organs of Cunninghamia lanceolata

GEX7/) " IR &S
; - . p(=0.005 290-X; +0.003 062-X2~0.014 663-X3-0.046 824-X4~0.078 352:Xs) , ;71.973 997
Ex/I0/A) W, =0.414236-D H 0.499 0
Wi
Ho () Wa = (1+0.558 046 . D(O-007 773:X1+0.026 322:X,-0.006 368-X3~0.000 382 X4~0.021 492:Xs) . [7-0.415 152 0.500 3
Wu =
Hi R C /) 1+ 1 19— (0-007 773:X +0.026 322:X» ~0.006 368-X3 ~0.000 382:X; ~0.021 492-X5) . 0415152 0.488 0
0.558 046
Wi
R We= (1 +2.720 799 - D(~0-015 878-X+0.003 744-X,-0.028 663-X3+0.027 874-X,~0.041 035-Xs) . fy-0.415 152) 0.4750
We = W
= c =
R 1+ 1 . D~(=0.015 878:X +0.003 744-X,~0.028 665-X3+0.027 874-X4—0.041 035-Xs) . [70.982 512 0.476 3
2.720799
Wi
Ry We = (1 +2.140 940 - D(©.009 150-X+0.030 377-X, +0.018 053-X;+0.037 053X, +0.018 042-X5) . [-0.381795) 0.4550
Wi = Wi
RO 0.497 5

1
(H 2.140 940

. D—(0.009 150-X, +0.030 377-X,+0.018 053-X3+0.037 053-X4 +0.018 042-Xs) . p7—0.381 795)
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