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Abstract: [Objective] Liriodendron tulipifera is an excellent timber species. It is of great significance to
study the volume model of L. tulipifera wood and analyze the yield of merchantable timber under different
densities for the efficient cultivation of L. tulipifera plantation. [Method] In this study, the terrestrial laser
scan (TLS) data was obtained in the multi-density L. tulipifera plantation area in Jiangsu Province of eastern
China. The single tree parameters (DBH, tree height H, volume V) were extracted for the various densities

Cmx2m,3mx3m,4mx4m,5mx5m) of the L. tulipifera sample stand. The single entry volume
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model was conducted and the taper equation model was established. The timber yield of each density stand
was calculated by the taper equation. [Result] The quadratic formula with one variable: V = 0.000 3D%+
0.006 5D -0.036 9 was obtained as the single entry volume model for L. tulipifera wood in the study area. The
model’s coefficient of determination (R*) was 0.884. After the test of residual standard deviation (Sgp),
systematic error (7TRg), mean relative error (Mgg), precision estimation (p) and other indicators, there was no
obvious systematic deviation, so the model can be used to estimate the volume of L. tulipifera in the study
area. This study selected the improved Schumacher’s equations as taper equation for different afforestation
densities, the model’s R* was 0.924, root mean square error (RMSE) was 1.454, and Mg was 0.050, p was
0.910, etc. Furtherly, the taper equation was used to make multi-diameter grade wood in the multi-density
afforestation forest sample plots. It was found that the output rate of large-diameter timber was the highest
(39.582%) under 4 m x 4 m density planting forest, the output rate of small-diameter timber was the highest
(81.250%) under 2 m x 2 m density planting forest, and the maximum composite yield was 4 m x 4 m
density planting forest (98.650%). [Conclusion] For L. tulipifera plantation under the multi-density
management, the yield of large-diameter timber in the open forest is the largest, while the small-diameter
wood is the main diameter class in the dense forest. The single tree parameters obtained based on the ground
laser point cloud could be intuitively studied for the forest manager, which has a positive impact on the
improvement of the production and management level of the plantation and the improvement of the work
efficiency of the forestry workers.

Key words: terrestrial laser scan; point cloud; mensuration factor; unary volume table; taper equation; yield
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Fig.2 Schematic diagram of standing wood section in Liriodendron tulipifera
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Tab. 1 List of volume equation models

A3 Formula %5 No.
y=ap+ayx Vi1
y:a0+a|x+a2x2 V2
y=aplnx+aj V3
y = apx™ V4
y = ape"” V5

. SEARM B (m®); x. H&E(em); a;. 2% =0, 1, 2). Notes: y,
standing volume (m?); x, diameter (cm); a,, parameter (i =0, 1, 2).
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Tab. 2 List of taper equation models

A3\ Formula %5 No
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d is the diameter (cm) of the bark at / height of the trunk; D is DBH (cm)
with bark; H is the total tree height (m); /4 is the height (m) above the
ground; ao, a1, az, a3 are undetermined parameters. The same below.

R, SR E REURD BT R R Z (RMSED. 77
HhAE S CATCOOE AR S0 45 b7, tHE AR
R

Zz l(yl yz
Z i— y:)z

RMSEz\/ _121 (i =) (7

AIC = Nln(%) +2 (8)

sy S IAE, iR S 4R, v A 2 T
B, n AREARANE, N NS HA L SSE A&
S AT, Hid R? kK, RMSE. AIC i/, 2 B 557
S AR 1 V) B AT

[F) B AR HF 95 348 FH 98 o b fE 22 (Spp) RGUIR &
(Trp)~ IR 15 22 (M) TR K B () 6 A3 AE
AR GE T IR ISR AR, 1A R W FR:

> i=5)
SEE= NS T ©)

PRTON

TRE = Z x 100% (10)
Lo (yi—di
MSE_ZZ‘”_:]( = )><100% (11)
10.05 Z (vi— ﬁ)z
o=|1- x 100% (12)

yi Vn(n—m)

Ay NS IAE, Yo SIS Y 4E, 3R A 1
18, n NREARNEL m NITFESEA

I R fe K RMSE f /MR RY, [R] B 25 4 18
BRI RE ST AT SR PR AR, BA Spp < 103 Tre < £5%.
Mg < £10% ¥ b SRR 36045 84 1) 3& FH 4, S 7 %
720 9L AN R R A v AR R R R A 3k R A
AL,

2 HER A

2.1 HAKRKEERIER

23 S PR HUOR S B, AR YT 5 4% Ak B
FHUE S R 9 Bk, &40 X300 BRI AR R
T, Gk X B ik, S B R AR I s s 15
B 224 BRIGSIASHL, Hh iR, MR, W A5
3B BCFE L T £ 3 Fis.

DA ST 8 4% R A, R R 2 4 B 5 R i 42 1
RS, Wl 3 Brom: 2 A I #EE D 0.156, &%
N 0.995, KRS H A B FRELLE R 5 N TS0 ME 13 3
IE LT FEM R* KT 0.99, Ui B H sh#2 B S 404
THE 5 SEME 2 AAZTELRPE AR G 1 0 R, R B Ik
YR B B A P e, v T 2 R M ATk
TAE.

[T, AN 4 B[R] 5 BE bR 70 B Ak 52 T 1% 1
KE, EREENREYHEE. S%E 2mx2m
M M43 15 9 16.2 cm, TKZE Sm x5 m
ROy B I A2 948 9 21.92 em, T H 24k i 4% 5 30
HH B R B 5 ) 388 I ek N (R A . AR I
R o AR v T S i A 2, (E 2 B AR YR

®3 RENEDEATREFEE5R

Tab. 3 General situation of mensuration factors of Liriodendron tulipifera forest with point cloud

M R P& FH A F-#DBH SERIR IR
Sample plot density Plant number Average ground diameter/cm Average DBH/cm Average tree height/m Average volume/m’
2mx2m 79 23.200 16.200 17.860 0.184
3mx3m 79 27.820 20.570 17.220 0.213
4mx4m 48 29.000 20.890 16.520 0.184
Smx5m 18 30.870 21.920 16.570 0.213
BT 224 27.723 19.895 17.043 0.198

Total/mean
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Tab. 4 Fitting results of univariate volume models
B4 5 Model No. A3 Formula R? SEE TRE/% Msg/%
Vi V=0.0164D-0.1223 0.873 0.009 0.004 —184.440
V2 ¥'=0.000 3p2 +0.006 5D — 0.036 9 0.884 0.008 0.003 -1.279
V3 ¥'=0.026 6InD — 0.581 2 0.798 0.112 0.001 ~20.018
V4 V'=10.000 619457 0.902 0.017 —0.066 39.572
V5 V'=0.019 5¢01096D 0.823 0.056 0.271 ~56.163

VE: R? W RE Spe. FIRAIREZE; Tre. RAIRE; Mop. “FYIHINT R ZE . Notes: R?, determination coefficient; Sgg, residual standard deviation; g,

systematical error; Mg, average relative error.
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Tab. 5 Model parameters of taper equations with different afforestation densities

2% Density ! Model ay a @ a3 R RMSE AIC
T1 0.625 0.945 0.940 —3479.60
T2 0.141 0.887 1.694 0.950 0.901 —3501.80
dmx2m T3 3.237 2.130 1.247 1.761 0.949 0.904 ~3499.70
T4 16.887 1.193 0.793 1.829 -3115.20
T5 1.250 0.945 0.940 -3 479.60
Tl 0.824 0.907 1.674 —4348.70
T2 0.063 0.930 1.903 0.911 1.636 —4362.30
3mx3m T3 10.648 2.262 1.584 2.665 0.914 1.603 —4375.30
T4 21.401 1.557 0.815 2.357 -4 101.80
T5 1.648 0.907 1.674 —4 348.70
T1 1.006 0.872 2.746 -2 098.50
T2 0.042 0.866 2.053 0.886 2.662 -2 110.00
4mx4m T3 9.253 1.706 1.775 2.220 0.899 2.580 -2 121.10
T4 20.367 1.766 0.865 2.792 —2087.10
T5 2.011 0.872 2.746 —2093.40
T1 0.961 0.952 1.416 —817.72
T2 0.010 0.993 1.981 0.952 1.414 —817.01
5mx5m T3 0.094 1.482 1.914 0.456 0.964 1.226 —840.86
T4 22.732 1.860 0.859 2.429 —724.96
T5 1.923 0.930 1.594 1 641.07
T1 0.866 0.952 1.504 1 641.07
T2 0.025 0.965 1.822 0.931 1.504 1642.55
B4R Total T3 2.758 1.861 1.618 1.783 0.954 1.454 1 505.00
T4 20.409 1.522 0.825 2.214 3192.55
T5 1.643 0.922 6.887 7747.51
xo6 ARENEEHEAEEENERMREER
Tab. 6 Applicability test results of taper equation models with different afforestation densities
% ¥ Density L Model Sek Tre/% Mg/% o

T1 0.117 —4.001 —4.20 0.862

T2 0.061 —3.772 -3.90 0.862

2mx2m T3 0.052 -3.438 -1.10 0.863

T4 0.154 1.112 -3.20 0.873

T5 0.117 —4.000 —4.20 0.862

T1 0.051 1.250 -3.20 0.846

T2 0.058 0.626 —-0.80 0.847

3mx3m T3 0.057 0.087 —-0.02 0.849

T4 0.207 7.415 -9.50 0.831

T5 0.051 1.250 —-0.01 0.846

Tl 0.057 14.805 21.50 0.681

T2 0.058 16.523 21.40 0.689

4mx4m T3 0.047 6.600 10.70 0.701

T4 0.055 12.481 12.30 0.697

T5 0.056 14.327 16.30 0.699

T1 0.014 5.544 7.90 0.972

T2 0.015 5.511 7.80 0.996

Smx5m T3 0.014 1.561 7.90 0.996

T4 0.118 11.530 12.70 0.994

T5 0.017 8.240 10.90 0.995
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Tab. 7 Yield of artificial Liriodendron tulipifera plantations with different densities

%5 ¥ Density

i H Item

Smx5m 4mx4m 3mx3m 2mx2m

%L Plant number 18 48 79 79
ZE M Volume/cm® 5.002 13.236 20.948 14.955
“F-4) Average 21.918 20.959 17.046 16.413
4% DBH/cm % K Max. 33.300 30.300 33.370 26.050
&/ Min. 10.370 8.100 9.480 5.820
P Average 16.569 16.456 17.046 16.063
P& Tree height/m 2 K Max. 18.810 20.470 19.520 16.840
/)N Min. 13.680 10.220 11.030 7.540
K4% Big 1.245 1.266 2.003 0.143
&A1 F2 Merchantable wood volume/cm? F11% Middle 1.552 5.239 6.752 2.331
/NF Small 1.914 6.552 11.878 12.151
K4% Big 24.885 9.568 9.563 0.957
HE R Yield/% 4% Middle 31.020 39.582 32.232 15.588
/M7 Small 38.269 49.500 56.704 81.250
41t Total 94.174 98.650 98.499 97.796
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