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Abstract: [Objective] This paper aims to construct a nonlinear mixed-effects model for the tree height-
DBH relationship of Pinus koraiensis, compare the prediction accuracy of various sampling methods and
sample sizes, and provide a theoretical basis for understanding the growth patterns of Pinus koraiensis.
[Method] This study used 4 441 sets of data from two sample plots in Jiaohe, Jilin Province, and Liangshui,
Heilongjiang Province of northeastern China. The data were randomly divided into two parts, with 80% used
for modeling and 20% for validation. Fifteen common tree height-DBH models were fitted, and the best-
performing model was selected as the base model. Variables such as basal area, dominant height, and
quadratic mean diameter were added to the base model to construct the optimal generalized model. Random
effects at the plot level were also considered, resulting in the construction of a base mixed-effects model and
a generalized mixed-effects model. The fitting ability and prediction accuracy of two fixed-effects models
and two nonlinear mixed-effects models were evaluated. We validated the model prediction accuracy using
validation data, compared three prediction types: fixed effects model average prediction (FPA), mixed model
overall mean response prediction (MPA), and subject response prediction (MPS). Additionally, we analyzed
the prediction accuracy and relationship between sample size and four sampling schemes for the mixed
model: random sampling, the largest DBH sampling, the smallest DBH sampling, and average tree sampling
(samples with DBH close to the average value). [Result] (1)The optimal base model was the Prodan model
(R*>, RMSE, MAE were 0.841, 3.335 m, 2.492 m, respectively). The generalized model incorporating
quadratic mean , dominant height, and basal area had the highest prediction accuracy (R>, RMSE, MAE were
0.914, 2.449 m, 1.816 m, respectively). Introducing plot-level random effects significantly improved model
accuracy; the base mixed-effects model had R%, RMSE, MAE of 0.961, 1.652 m, 1.231 m, respectively, and
the generalized mixed-effects model had R’>, RMSE, MAE of 0.958, 1.719 m, 1.288 m, respectively.
(2) Model accuracy tested with validation data showed MPA > FPA > MPS, and prediction accuracy of
generalized model was better than base model. (3) Among four sampling schemes, the sampling method of
average trees was the best, and the prediction ability was the best when eight trees were selected; in practical
application, considering the labor cost and economic cost, the method of selecting five average trees to
measure the tree height to estimate the random parameters was also reasonable and feasible.
[Conclusion] Incorporating stand factors and plot effects into the base model significantly improves the
accuracy of tree height-DBH model for Pinus koraiensis. Additionally, the sampling method using average
trees provides higher prediction accuracy. This study explores the relationship between tree height and DBH
of Pinus koraiensis under a nonlinear mixed-effects model. It provides a theoretical foundation and practical
reference for accurately predicting tree height of Pinus koraiensis, the main constructive species in
northeastern China, as well as for subsequent field surveys and management practices.
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WX BRI P 2 A 5, ARS8 g SR B )
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IrEER Z FEHLIX, 4 - RAR AR G R R AT RE R K
AR . NI, AR SO IS 2 R B SR AR P
JIERREALTT XA, AR v 5 AR 03 AR B ) A O M
IIATIERE b, g A B EE AR A, I NS [ AR 43 AR
B, R TRUIIRS 5 fot v (1)) SUREAY
133 FEZ MR AR
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Tab. 1 Statistical analysis of survey factors for sample plots
i f6b%  DBH/em ME/m JAEWIHA/(m>hm™  WoO-FIME/em AR E/ (B hm™  RBAARTI E/m

w/ME 1.20 1.50 4.05 10.14 200 2.00
KM 102.00 43.80 143.96 55.20 3025 43.80

HEAHIE (n =3 589)
¥ 34.77 18.86 40.09 23.02 1017 21.06
i 23.00 8.37 14.15 2.08 379.76 6.52
w/ME 1.40 1.50 13.07 11.9 450 1.50
ISUN:| 90.10 37.10 70.81 32.06 2755 33.10

I8 HHE (n = 852)
YA 31.12 16.62 37.87 2223 1019 17.99
i 19.98 7.60 9.29 3.61 328.45 6.22
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Tab.2 Basic model of candidate tree height-DBH
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Tab. 3 Fitting results of basic models

WesE Py SRR IR
R ¥ NMSE/m  MiRZE EAXNE  HAL

®Y) (MAE)m  (RMA)/%
Stage 0.786  3.873 3.107 19.457 14
Wykoff 0.838  3.354 2.538 16.960 5
Bates 0.829  3.465 2.681 16.258 11
Meyer 1 0.834  3.408 2.605 15.557 9
Meyer 2 0.835  3.355 2518 14.433 7
Schumacher 0.835  3.354 2.538 16.960 6
Larson 0722 4412 3.593 22.408 15
Curtis 0.837  3.344 2.519 15.908 4
Nislund 0.837  3.340 2.497 14.376 3
Bertalanffy ~ 0.819  3.556 2.722 20.344 13
Ratkowsky ~ 0.839  3.338 2.497 14.589 2
Pearl 0.824 3513 2.667 16.169 12
Winsor 0.833  3.424 2.577 15.304 10
Prodan 0.841 3335 2.492 14.419 1
Richards 0.834  3.368 2.518 14.501 8

1 NMSEZR R SHT 3 SUIRAE I3 7 iR iR 22

3 AR B RS G3) N AN FEREAE T, RE RMA.
NMSE 735142 0.914. 11.699%. 2.449 m, 5 HE Rt iR
L, RR3EE T 0.073, RMA 1% T 2.72%. RMSE
FEK T 0.886 m, F R IR 25 R B/R SHA G2 27 2
F(F=10239, P<0.001). £ I, #8 G3 JymiL)”
SURERL, H— RN
H;j =13+
D2
ij

+&ij

(6)
e Dy, AH @ MRETT RIS F A% CemDs by
NE | AFETT IR AARE Y & (m)s BA; NEE i M
75 ) i e BT T AR (m¥/hm®); ag~ az~ az~ ag~ as ag N
B SR

[(a1+azDg;) + (az+ashyi+asBA;)D;j+ag D%].]

R4 WESHRSEFEXESHT

Tab. 4 Correlation analysis between tree height and stand factors

B e ke i W T i PR b )i
R 1.000
e 0.835” 1.000
A6 v T TET R 0.227" 0.269" 1.000
o -0.157 -0.160" 0.200" 1.000
MAARF & 0.722" 0.56" 0.369" -0.126™ 1.000
RG-S4 A% 0.308™ 0.352" 0.583" -0.610 0.398™ 1.000

T T R ARRAE P<0.01 K ERZFMR, T RPN REL P<0.05 KF EREMRK.
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Tab. 5 Optimal models of tree height-DBH relationship for variables in different stands

Rt PR R RMA/% YITriRiR 2 (RMSE)/m

D2
Gl H=13+ 0.904 12.089 2.587

[a1 +axD + (a3 +ashy) D]

D2

G2 H=13+ 0.912 11.721 2.483
[(a1 +a2BA) + (a3 +ashy)D +asD?]

D2

G3 H=13 0.914 11.699 2.449

+
[(a1+ayDg)+(az+ashy+asBA)D+agD?]
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Tab. 6 Verification results of basic mixed effects model

A FEHLZ % ZHAH AIC BIC FHAUSAME SR LR B A (LRT) P

Bl 3 18 835.75 18 860.49 —9413.874
i 4 18 480.04 18 510.97 -9 235.020

2 4 17 225.95 17 256.88 -8 607.975 1611.797 <0.000 1
M3 4 17 421.44 17 452.37 —8705.719
FERR A 25w R 7 M1+ U2 5 17 129.03 17 172.33 -8 557.514
M+ 5 17 250.96 17 294.26 —8 618.482

M2+ i3 5 17 084.44 17 127.74 -8 535.221 145.509 <0.000 1
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Tab. 7 Verification results of generalized mixed effects model
Y KBS % ZHAH AIC BIC X HALRME LRT P
e it 6 16 622.06 16 665.36 -8 304.032
H 7 16 798.88 16 848.37 —8391.442
M2 7 16 494.42 16 543.91 -8239.212
H3 7 16 436.84 16 486.32 -8210.418 187.227 <0.000 1
H4 7 16 460.30 16 509.78 -8 222.149
Hs 7 16 498.53 16 548.01 -8 241.263
He 7 16 481.62 16 531.11 -8232.812
1+ U3 8 16 429.28 16 491.13 —8204.639
11+ g 8 16 444.86 16 506.72 -8 212.431
M3+ He 8 16 372.14 16 433.99 -8 176.068 68.701 <0.000 1
I R R R o+ s 8 16 444.96 16 506.81 -8212.477
Ha+ s 8 16 459.34 16 521.19 —8219.668
o+ 13 8 16 407.12 16 468.98 -8 193.562
13+ iy 8 16 422.01 16 483.8 -8201.007
U3+ UUs 8 16 502.53 16 564.38 —8241.263
M2 + e 8 16 405.44 16 467.30 -8 192.721
4+ e 8 16 381.88 16 443.74 -8 180.940
Hs + e 8 16917.14 16 979.00 -8 448.571
M1t M3+ e 9 16 349.12 16 429.53 -8 161.560 29.015 <0.000 1
o+ g + s 9 16 447.52 16 527.94 -8210.761
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Fig. 2 Three prediction accuracies of the model under different sampling schemes
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