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Developing a longitudinal wood density model for Pinus koraiensis stems
based on generalized additive models
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Northeast Forestry University, Harbin 150040, Heilongjiang, China)

Abstract: [Objective] Plantation-grown Pinus koraiensis is an important timber and ecological tree species
in the forest regions of Northeast China. The longitudinal variation in its stem wood density is crucial for
wood quality sorting, and for estimating biomass and carbon stocks. However, it is difficult for traditional

models to accurately capture its longitudinal variation characteristics. This study aims to analyze the
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longitudinal variation pattern of Pinus koraiensis wood density and develop a high-accuracy predictive
model to provide a basis for the precise assessment of wood properties and biomass. [Method] Based on
402 wood density samples collected from 30 Pinus koraiensis trees in Mengjiagang forest farm, this study
first selected the optimal basic model from nine candidate wood density models. On this basis, traditional
and easily accessible stand variables (number of trees per hectare, basal area per hectare, average stand
height, and average stand diameter at breast height) were introduced to construct a generalized linear model,
and the continuous autoregressive error structure CAR(1) was adopted to reduce the autocorrelation of
model residuals. Meanwhile, a wood density model was constructed based on the theory of generalized
additive models (GAM), and the fitting effects of the six smoothing functions of GAM were compared.
Finally, the predictive performance of different modeling approaches was compared using ten-fold cross-
validation method. [Result] (1) The wood density of Pinus koraiensis exhibits a distinct nonlinear pattern
along the stem longitudinal gradient, showing an overall trend of initially decreasing and then increasing
with relative height. (2) Among the base models, our self-developed Model 9 achieved the best fitting
performance. The generalized linear model developed based on Model 9 by introducing trees per hectare
further improved the model fitting performance. Compared with Model 9, the adjusted coefficient of
determination (Ri dj) increased by 2.4%, MAE decreased by 0.7%. (3) The application of a continuous
autoregressive error structure of order 1, CAR (1), effectively reduced residual autocorrelation in both the
basic and generalized linear models. After correction, while the mean absolute error (MAE) values of the
two models decreased by 2.4% and 2.5%, respectively, compared with those before correction. (4) The
GAM constructed using cubic regression splines (CR) with variables including DBH, mean annual
increment of DBH, crown width, relative height, and number of trees per hectare exhibited the best
predictive capability. The ten-fold cross-validation results further confirmed that the GAM has superior
robustness and generalization ability. Compared with the generalized linear model, its Ridj increased by
13.25% and the MAE decreased by 9.54%. [Conclusion] This study systematically constructed a
longitudinal wood density model for the stems of Pinus koraiensis, and revealed its longitudinal variation
pattern of "first decreasing and then increasing”". The GAM is superior to the basic model and the
generalized linear model in fitting performance, prediction accuracy, and stability, and can accurately
estimate the wood density at any stem height of Pinus koraiensis. This model provides a reliable tool for
segmented wood quality assessment, precise biomass and carbon stock estimation, and sustainable
management of plantation-grown Pinus koraiensis in the region.

Key words: Pinus koraiensis; wood density; generalized additive models (GAM); longitudinal variation;

continuous autoregressive error structure of order 1 (CAR(1))
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Tab. 1 Statistics of Pinus koraiensis sample trees

AR F f/ME SPEME R KAE it
i fa 22.00 31.00 39.00 3.50
4% /cm 12.50 20.00 27.30 4.10
W /m 9.30 12.18 16.10 1.48
st ifE/m 2.65 4.50 7.40 1.33
jetK/m 3.60 6.17 9.90 1.64
B fi/m 2.70 6.01 10.70 1.88
AMEE/(grem™) 0.29 0.38 0.51 0.05
T AR B FEREAE 402, HoAh B FREAHS H30.
=2 ErERpX
Tab.2 Basic model forms

Y Hrp ik P/
Model 1 pij = ap+ayx™ +ayx} Florez22)
Model 2 pij =ao+ar (Hrij— i) +az (Hrzij —2)+a3 (Hy;~h) Kimberley22¥
Model 3 pij =ao+aTuri +axG;+azHyj+ay Wi Repola™
Model 4 pij = ao+a1 Dy, + ax Tyt + a3 Hyij +a4Hr2,-j +as Hf,j +aeDpni/Turi Planck 5
Model 5 pij = a0 +a1Agei + axDpi + asHyij +asHyy + asHy Deng st
Model 6 pij = ao+ a1 Dpp; + ap Hyij DengZ:%)
Model 7 pij =ao+a Hyj+ azHrz,-_,- VaughanZ>!
Model 8 pij = ao+(Hyj—re) X (aHyij+axH Planck 54
Model 9 pij = aO+111DBH1‘+a2Gi+a3CWi+a4Hrij+05Hr2,~j AR
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Fig. 1 Variation in stem wood density of Pinus koraiensis along

relative height
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Tab. 3 Fitting results of basic models

i R MAE RMSE RRMSE AIC
Model 1 0.024 0 0.035 3 0.0437 0.1143 ~1367.439
Model 2 0.0574 0.0347 0.043 0 0.1123 ~1379.393
Model 3 0.1378 0.033 1 0.041 1 0.107 3 ~1414.266
Model 4 0.265 6 0.030 8 0.037 8 0.098 7 -1 476.763
Model 5 0.3404 0.029 2 0.0359 0.093 7 ~1520.926
Model 6 0.187 1 0.0325 0.040 0 0.104 4 ~1439.893
Model 7 0.063 2 0.034 6 0.042 8 0.1119 ~1383.898
Model 8 0.104 4 0.033 5 0.0418 0.109 2 ~1397.986
Model 9 0.368 7 0.028 5 0.035 0 0.0915 ~1539.584

x4 FEAMSZEEAGEBUSER

Tab. 4 Fitting results of models with different stand variable combinations

oA RY; MAE RMSE RRMSE AIC
e Rt 0.368 7 0.028 5 0.0350 0.0915 —1539.584
FERERLR + N 0.377 6 0.028 3 0.034 8 0.090 9 —1543.321
FERETY + B, 0.368 9 0.028 4 0.0350 0.091 5 -1 540.751
SERBER + H, 0.370 3 0.028 5 0.0350 0.091 4 ~1538.608
FERIEAL + Dy, 0.376 0 0.028 3 0.034 8 0.0910 -1 542303

T N SRR WIS H, 0 T30 By WA D, M- Ha4z .
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Fig.2 Residual autocorrelation plots of models
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Tab. 5 Fitting results of different wood density models and their corrected versions

] R MAE RMSE RRMSE AIC
BEl T 0.368 7 0.028 5 0.0350 0.091 5 -1539.584
I AR 0.3776 0.028 3 0.034 8 0.090 9 —1543.321
FERERICARCD 0.391 0 0.027 8 0.034 4 0.089 7 -1 553.108
IR MR TICARCD 0.3929 0.027 6 0.0343 0.089 5 —1553.354
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Tab. 6 Fitting results of generalized additive models
PR BRI R MAE RMSE RRMSE AIC
P-F£2%(PS) 0.501 4 0.0237 0.0303 0.079 1 -1613.754
B-F£4(BS) 0.499 2 0.023 9 0.030 4 0.079 4 -1613.161
Duchonff45(DS) — — — — —
= RENEFEZ(CR) 0.503 2 0.023 7 0.030 3 0.079 1 -1616.126
R ENAFE (TP 0.499 7 0.024 1 0.030 5 0.079 6 -1 615.666
T i R R 2 (GP) 0.501 7 0.023 8 0.030 3 0.079 2 -1615.037
RN AU SR
R IR ST
Tab. 7 Parameter estimates of the generalized additive model
ZH I A4
FESC PR
R il PR iR 2 t P S I df F P
S(Dgp) 8.898 7.796 <0.001
S(G) 5.458 8.833 <0.001
N S(Cyw) 1.000 10.726 <0.01
= Yvall Wi B . B
g%ﬁ(%f) a, 0.382 77 0.001 56 245.1 <0.001
- SCHy) 1.000 26.159 <0.001
SCHZ ) 2.564 18.861 <0.001
S(N) 6.775 4.188 <0.001
T8 I NEMHAERIIN AR BII & 45 R 3t tE
Tab. 8 Comparison of fitting results of generalized linear and additive models
! R MAE RMSE RRMSE AIC
J7 X AR 0.3929 0.027 6 0.0343 0.089 5 —1553.354
I AR R 0.503 2 0.023 7 0.030 3 0.079 1 -1616.126
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Fig. 3 Partial residual plots for variables in the generalized additive model
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Tab. 9 Cross-validation results of the models

o R

adi MAE RMSE RRMSE
e kit 0.361 8 0.028 8 0.0355 0.092 7
ISR AT 0.366 8 0.028 3 0.0350 0.091 8
IO AR R 0.4154 0.025 6 0.032 8 0.085 8
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