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Developing Stem Volume Table of Pinus thunbergii Parl.
in Southern Region Based on Comparison of Major Taper Equations

Hyun—Soo Kim, Su-Young Jung’, Kwang-Soo Lee
Division of Warm Temperate and Subtropical Forest Research Center, National Institute of Forest Science, Jeju 63582,
Korea

Abstract

This study was carried out for the purpose of selecting the most appropriate taper equation for the actual stands of Pinus
thunbergiiin the southern coastal region of Korea and then developing a stem volume table to provide basic data for rational
management. To develop a volume table of Pinus thunbergiiin this region of Korea, 59 sample trees with various diameter
distributions were selected and stem analysis was performed. As a result of stem analysis, two trees with abnormal diameter
and height growth as the age increased were rejected, and 57 trees were analyzed. To develop the taper equation, seven major
variable exponential equations were used, including Kozak 1988, 1994, 2001, 2002, Bi 2000, Muhairwe 1999, and Sharma and
Parton 2009. As a result of parameter estimation and statistical verification, the Kozak 1988 model showed the highest
goodness of fit with Fit I (Fit Index), RMSE 1.5620, Bias 0.0031, and MAD 1.0784. The diameter of each 10cm stem ridge
for the selected model was estimated, and a stem volume table was produced using the mensuration of division (end area
formula) using the Smalian equation. As a result of two-sample T-test for volume table of this study and current yield
table, the volume for this study was found to be significantly larger at all observation points (p € 0.001). Even for the same
tree species, it is judged that differentiated volume tables are needed for each growth environment characteristic.
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SFHKim, 2022).
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Az 22 4 ok A J4, G 42
(Kozak et al., 1969; Ormerod et al., 1973; Reed
and Byrne, 1985; Sharma and Oderwald, 2001)-=
7rsh =514 wig A o 2 A E|o] glom 4=7ho] -
T E7 2EEA g do] itk & ¥A, 28 4
7t 4 (Max and Burthart, 1976; Demaerschalk
and Kozak, 1977; Cao et al., 1980; Border and
Bailey, 2000)-2 4:7t] A& T2 B2-& Ueif= o
2 t}aralo] WA (inflection point)S Fol AZ L
o, 45, T2 D YA 2o|EA R FLRET Al B4,

Table 1. Status of Pinus thunbergii stands using stem analysis

ol

7P @ (variable-exponent)®] 744 (Kozak,
1988, Newnham, 1992: Bi, 2000; Sharma and
Zhang, 2004)2 &84 0L 2|42 Hs}t
E 30l 7 = FHT 5 9lon, ol o]
oz nE g9 f7te) HE3 4= it ol A
AretoltHterrestrial laser scanning)s ©|-&5ko] 4=
7] FHE AL5HA FEot= A7 St 18
%°|tHHeinzel and Huber, 2017; Saarinen et al.,
2017; Luoma et al., 2019).

H&(Pinus thunbergii Parl.)2 HIR7tet 59

Species Number of trees (:f\egaerss) Average diameter at breast height(cm) Average height(m)
43 22.50 14.55
P. thunbergii —_— _—
thunbersii 7 13—73 6.60—43.62 54—241
Table 2. General forms of taper equations
Model(yrs) Equations
dA— a. D“aP b,22 + byn (z;+ 0.001)+ b,z + b,e™ + by( D/ H)
i %1 3“4
Kozak (1988) where: X; = {1-0 — (hl/H) 1/2] / [1-0 —pl/z] , P = proportional height of the “inflection point”
0.1-0.3, depending on the species
- by + byel ¥ 0,20 + b2 + baarcsin(Q)+ bg[ 1/ (D/H+ 2) |+ b H
d-:dDddeX~l 2%; 3%; 4% 5 i 6 i 7
Kozak (1994) g 1 3%

where: X; =as above, @; = [1-0* (h;/Hjl/z}

~ a
di=a DX,

Kozak (2001)

by + by[1/e77] + b, D5+ b, XY

where: X; = [1.0— (i,/EB)V*]/[1.0— p"*], p = 0.01

Cl;;: dlDazHagX;-b

V2 b, [1/eP ]+ by X0 b, [1/ D)+ b, H O X,

Kozak (2002) ' ' '
where: X; = [1.0—(/H)?]/[1.0—p"?], @ = [1.0—(h/H)V?] p=13/H
lnd:: InB(B, + Bysin(z,w/2) + Bscos(2,37/2) + Bysin(z;7/2)/ z; +
Bi (2000) BsD+ Bozp/ D+ B2/ H)
where: B = lnsin(%z[)/lnsin(%b), b= 17;
Muhairwe (1999) ,;: alD“Z<1 _ /2)17121' +by2f + (by/2;) + b2} + b D+ b(D/ 2;)
Sharma and Parton (2009) ﬁ: 8. ( H=, ) H )ﬁz+ﬁszz+/3423
D "' H—1.37"1.37

"Note: d; is predicted outside bark diameter at /; height from ground(cm), Dis a diameter at breast height(cm), %; is an upper height(m),

H is a total height(m), z; =

i

H

, and @;, b; are parameters to be estimated
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Table 3. Model performance evaluation criteria (fitting and testing procedures)

Criterion Symbol Formula Optimum value
i=1 (d d )
Coefficient of determination R? - 1
i=1 (d d)
Root mean square error RMSE 0
Mean absolute deviation MAD 0
i=1 n
n d—d
Bias Bias : ! 0
n

"Note: d; is predicted diameter for the 2th tree, d; is measured diameter for the i th tree, and 7 is the number of observations

Table 4. Estimated parameter of taper equations for experimental models

Estimated coefficients

Model

names(yrs) ay aq as b, b, b, by by b b,
Kozak 1988 1.0918 09539 09986 06216 -0.1126 04622 -0.1874  0.0978
Kozak 1994 11616 09556  0.9988 -6.7483  50.3862 -66.5557  23.7282  3.2338  -0.2799 -0.00049
Kozak 2001 13139 0.9639 04403 00169  0.0106  -0.4609
Kozak 2002 11660 09762 -0.0229 04236 -0.6933 04554 23365  0.0466 -0.2853
Bi 2000 441689  -0.1460 24245 -29.3664  0.00286  -0.3032 2.1094
Muhairwe 1999 1.1450 0.9456 0.6089  -0.6946  -0.0199 0.6734  0.00108 0.0363
Sharma and Parton 2009 1.0827  -0.0162 -0.00082 0.2676

FEol v|A= ZoflA AAYsta glom, F2] 29° 00
AX 41° 34’742 ExEetal thKim and Kil,
1983). ¢-2utet st H 9] 8 2-4F 5 o=
A(Kim, 2003), S5 ol'd9] alietx|Hof F& Faxst
1 Fole AU /g 7HA] BESHT 91 (Kim et
al., 1981), sliete] AyAt 0 24 FreFe o] 7|54 of
Yt 35 9 BARER] 5 sioh A 7)e R Ayl
Rom, AL o] ARt 27|t Ao H]S]
=THKim et al., 1986).

A vt JHF O AL T TR ST B
d(Kozak, 1988)=
A= L Qlo], AR —rﬂ—l @] g 2
A7t FE 7S AA ZHHHL 51—7‘4 ZH7>19] i}°]7 Ely
Ak 4= Qlot, Tk 9=t A%
ofz2| 11, 7 A o] FhE ol whet 4=7te] FAFE B

& ole u}w welo] o FZol Bagh Aot
et 2 A9 SEuE g SietA o & A E
& dpoz 774e) 8 47484 Y o)gal] 2
H o) Z7ba A FAol w2 A A EES A& 5]
el B PR IS AT 712AR AL B
oz Al ogg,] At

2. 2|2 Uy

2.1, 2Mztz

Setet gRAe B A E PLE 95 A7
E7} Chopgl 59%0] YRS AAste] 4714 H%— A
stglont, 4149 A, +39f 371 9 X
T} Z=71 ARYo| H|AAFA 0]

BEE
g oo B 47k %L—g— 223)0]
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2 dATeE ST S S Kim et
al.(2022)°] 8 AR Hwe| whE AR 4
A7 7o AM8R Kozak 1988, 1994, 2001,
2002, Bi 2000, Muhairwe 1999 ¥ Sharma and
Parton 2009 5 7709l & WgFA]5A](variable-
exponent taper equation)= =5t tH(Table 2).
o] A 2d PA1E vk g FEe] Aol
A= 7Hd PAlo] £7] gy} BulE BE o&chs
oA FHor 53 5 STt A
2 215t tHRojo et al., 2005; Li and Weiskittel,
2010). Kozak 1988 Z@-2(Kozak, 1988) 719
U2 =A(neiloid), ZEAA(paraboloid) ¥ A&
(conic) WEHIE AYsk=  H3IA|S(changing
exponent)E AhEste] A WA o2 dHA
= e Ut 39 aFof digh gutd A4z
A Zol| o] §= 1L Qltt. o] % Kozak 1988< 7|5t =
F50] o] A8 4= = M2 Kozak 1994
s st eyt tHEEAd(multicollinearity)
T} 271 A autocorrelation)®l 23 BA12 AS
Al ol F A&/ 52 FEEA] =kl B3tk vf ik
(Kozak, 1997). Kozak 20013 2002 9A] Kozak
1988 7|¥te &2 w50l 0, 71& Kozak 1988 2
19942} H|WSFE f tha-54d/d o] Wrk= 3ol ¢l
hKozak, 2004). Kozak 2002 22 9] 79 4] o] Fx
7} 3o Bo|At 2 15 A8t gA AF =R
W 4= QIth(McTague and Weiskittel, 2021).
Muhairwe 1999 B 42 H35of tigt =42 & A
Ast7] $15 Kozak 1988 222 443 FJE€ 7|5t
o2 =i Muhairwe, 1999). Bi(2000):= 42F
HE& o] &3 AMER 7P H (variable-form)9] 3t
TAAE JRdstE o m, Al 9] ghRLEof 9l Al 7He 4F
ZhHe= p7tard 22 o] §isks UEhfar SR
= Al 71 W= 2717 thE 5 Aol £ H
ztolg FEsh] 98 AMEEIITE. Sharma and
Parton 2009 29> H|w A |Lof /e melz 2t

Y34 (dimensional analysis)? HZUHS o]-8s}
o SRS A s RE2 29 27t
rasto] Alg 4ol WSz glom, s Ao
A Age S S9HY #HskE e
(Sharma and Parton, 2009).

7 RE o] XA 9k &S flofl SAIZE T SAS
ver. 9.49] PROC NLIN Z=2A|# 9] H|AY F AR5

8 Fl(nonlinear least squares regression)&=4-& 4

A

2.3. SAH A4

2 AN A AEE 70 F8 S Al A
T AS2 99l Kim et al.(2022)2] A7 2
2l AHESt AAAS(coefficient  of

determination), 2AHAlE(root mean square

error), A E X (mean absolute deviation) ¥
W |(bias)E 245192 (Table 3), 2} =do] #gt
4 A% AAE vluste] vl JHRA A F&o 7}
g At A4S sk

St 9 $Fofl i A HE= Kozak 1988
g ARESHAT 91 © H(National Institute of Forest
Science, 2020), o|mj HIHL2 0.25°]t}. Fig. 12> 4
A 2 Ao A T=H 70 A ARz} A E 4
A0 PAE et AR A4l 25% A
oA UdzolEA7t ZEAAE vHH= Zo] 215
o] Kozak 1988 Zdo] tjgt |133-& 0.25% 245t
St

7709] Fa WHEgA] A of tigt Y XAAs B
Aol o =45 AS g2 Table 49+ 2t
Kozak 1988, 1994, 2001, 2002 ¥ Muhairwe 1999
e 532 9 Qx50 E4E U= mizie
T a; ~ az7F FAHA A= Sl
F7 Ao ;b2 7t R Ell o] 143} =7k
o] A€ v A3t Kozak 1994 Z2E 9
FREE g 80% X871 thE BEo
ol & Ao 2 YehdthFig. 1). °l= Kozak
1994 B 9] tha-344d A wEolH, o]t thF
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Fig. 1. Comparison of developed taper curves and observed values.
Table 5. Summary of fit statistics for taper models
Model names FI RMSE Bias MAD
Kozak 1988 0.9787 1.5620 0.0031 1.0784
Kozak 1994 0.9779 1.5898 0.0140 1.1028
Kozak 2001 0.9339 2.7515 -1.8015 2.1360
Kozak 2002 0.9784 1.5747 0.0338 1.1016
Bi 2000 0.9637 2.0401 0.3290 1.4404
Muhairwe 1999 0.9775 1.6054 0.0248 1.1158
Sharma and Parton 2009 0.9734 1.7452 0.0654 1.2373
30
— 20
S 10
Q
-é- 0
& -10
2 20
-30
0 0.2 0.4 0.6 0.8 1
Relative height(%,h/H)
Fig. 2. Stem taper curve pattern for Pinus thunbergii stands of southern region.
AR BAE 9% ARG A7)0k 0E  ohe B ue) 470 Fase] 2 Ao® ehto
A 719] =2 A of ola EARt A o2 o, o= A& Al el AZt4rt =31 Aol HisE
T} Bi 2000 2@ 9] 7 41l 80% o]l A BARSEL §17] wiZoletal HekET)
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Table 6. Stem volume table for Pinus thunbergii stands of southern region

(unit: m?)
DBH(cm)
8 10 12 14 16 18 20 22 24 26 28 30
Height(m)
5 0.0086 0.0145 0.0217 0.0300 0.0395 0.0499 0.0614 0.0739 0.0874 0.1017 0.1171 0.1333 0.1505
6 0.0104 0.0176 0.0264 0.0367 0.0483 0.0612 0.0753 0.0907 0.1071 0.1247 0.1434 0.1632 0.1840
7 0.0123 0.0208 0.0312 0.0434 0.0572 0.0726 0.0894 0.1076 0.1272 0.1481 0.1702 0.1936 0.2182
8 0.0141 0.0240 0.0361 0.0502 0.0662 0.0840 0.1036 0.1247 0.1475 0.1717 0.1974 0.2245 0.2530
9 0.0160 0.0272 0.0409 0.0569 0.0752 0.0955 0.1178 0.1419 0.1679 0.1955 0.2249 0.2558 0.2882
10 0.0178 0.0304 0.0457 0.0637 0.0842 0.1071 0.1321 0.1593 0.1884 0.2196 0.2525 0.2873 0.3238
11 0.0197 0.0336  0.0506 0.0705 0.0933 0.1186 0.1465 0.1767 0.2091 0.2437 0.2804 0.3190 0.3596
12 0.0215 0.0367 0.0554 0.0773 0.1023 0.1302 0.1609 0.1941 0.2298 0.2680 0.3084 0.3510 0.3957
13 0.0234 0.0399 0.0603 0.0842 0.1114 0.1418 0.1753 0.2116 0.2506 0.2923 0.3364 0.3830 0.4319
14 0.0253 0.0431 0.0651 0.0910 0.1205 0.1535 0.1897 0.2291 0.2715 03167 0.3646 0.4152 0.4683
15 0.0271 0.0463 0.0700 0.0978 0.1296 0.1651 0.2042 0.2467 0.2923 0.3411 0.3929 0.4475 0.5048
16 0.0290 0.0495 0.0748 0.1046 0.1387 0.1768 0.2187 0.2642 0.3133 0.3656 0.4212 0.4798 0.5414
17 0.0308 0.0527 0.0797 0.1115 0.1478 0.1884 0.2332 0.2818 0.3342 03902 0.4496 05122 0.5781
18 0.0327 0.0559 0.0845 0.1183 0.1569 0.2001 0.2477 0.2994 0.3552 0.4147 0.4780 0.5447 0.6148
19 0.0345 0.0591 0.0894 0.1251 0.1660 0.2118 0.2622 0.3171 03762 0.4393 0.5064 0.5772 0.6516
20 0.0364 0.0623 0.0943 0.1320 0.1751 0.2235 0.2767 0.3347 0.3972 0.4640 0.5349 0.6098 0.6885
21 0.0383 0.0655 0.0991 0.1388 0.1843 0.2352 0.2913 0.3524 0.4182 0.4886 0.5634 0.6424 0.7254
22 0.0401 0.0687 0.1040 0.1457 0.1934 0.2469 0.3058 0.3700 0.4393 0.5133 0.5920 0.6751 0.7624
23 0.0420 0.0719 0.1089 0.1525 0.2025 0.2586 0.3204 0.3877 0.4603 0.5380 0.6205 0.7077 0.799%4
24 0.0438 0.0751 0.1137 0.1594 02116 0.2703 03349 0.4054 04814 0.5627 0.6491 0.7404 0.8365
25 0.0457 0.0783 0.1186 0.1662 0.2208 0.2820 0.3495 0.4231 0.5025 0.5874 0.6777 0.7731 0.8735
3.2 3 24 FARAA m AT AFEI Y B B0
A 4 aA el g BAA 4 Aue 1 AP AE A Husor ol S
Table 59 200, Selfel @AY Fao) s RAR AR SAS Kozalk 2RAE AHAS
4ol 7 AP DAL Kozak 19882 A0z vpep = AHE HERI,
Wt Kozak(2004)2] -0l wh=® Kozak 2001 &
92 1Y Bestol, Kozak 2002 mlo] el oz 33 AIEH SUHHEAH
2 AFY AR ASIHAT. £ AN Korak B 472449 1 240 mE FAH 45 A3 A
952001099 At 7P 99rot 2002 B9 @40] 7P L Kozak 188 BEE Fol 404
o) 7 £ & Aot A5 Seltet dRAL BE L APE FUAHEE AZSHATHEig. 2, Table 6).
of o514 ket PP ARG 18 0B S0 AFE F
Kozak 19882l olo] 2002 1994 mele] 7 ol mASISIALE, FUAATE F147 6 ~ 30 cm]
et or Kozak 2001 292 7tHA0 2 7714 & Hefell tiel 2 ecm ZK(rounding off)& -85ty
@ 3 7V 2 debh Muhairwe 1999 BE2 ¢ 4305 5 ~ 25 me] #9le] el 1 m ke 4801

et FEret AYEE A9 At (Lee et al,
2017), AFE AY AU H(Kim et al., 2022) ¥ 5=
SRS Betula alnoides(Tang et al., 2017)°] tigk

- FAAEE 10 em A HAS FASHL

Smaliandle] OJgF TETAM@BRAAN) O 4%

=

5t HSeo et al., 2015; Kang et al., 2015).
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Table 7. Comparison of the volume table for this study and the standard volume table
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(unit: m®)
DBH(cm)
8 10 12 14 16 18 20 22 24 26 28 30
Height(m)
5 0.0011 0.0015 0.0019 0.0022 0.0024 0.0024 0.0024 0.0024 0.0024 0.0023 0.0023 0.0023 0.0024
6 0.0013 0.0019 0.0025 0.0031 0.0036 0.0039 0.0042 0.0045 0.0046 0.0048 0.0050 0.0052 0.0055
7 0.0017 0.0025 0.0033 0.0041 0.0048 0.0056 0.0062 0.0067 0.0072 0.0077 0.0081 0.0087 0.0092
8 0.0020 0.0030 0.0041 0.0052 0.0062 0.0072 0.0082 0.0091 0.0100 0.0108 0.0117 0.0125 0.0135
9 0.0023 0.0036 0.0049 0.0062 0.0076 0.0089 0.0103 0.0115 0.0129 0.0141 0.0155 0.0168 0.0182
10 0.0026 0.0041 0.0056 0.0073 0.0090 0.0108 0.0124 0.0142 0.0158 0.0177 0.0194 0.0213 0.0232
11 0.0029 0.0046 0.0065 0.0083 0.0104 0.0125 0.0147 0.0169 0.0190 0.0213 0.0236 0.0259 0.0284
12 0.0032 0.0051 0.0072 0.0094 0.0118 0.0143 0.0169 0.0195 0.0222 0.0250 0.0279 0.0309 0.0339
13 0.0036  0.0056 0.0080 0.0106 0.0133 0.0161 0.0192 0.0223 0.0254 0.0288 0.0322 0.0358 0.0395
14 0.0039 0.0062 0.0088 0.0117 0.0148 0.0181 0.0214 0.0250 0.0288 0.0327 0.0367 0.0409 0.0453
15 0.0042 0.0067 0.0096 0.0128 0.0162 0.0199 0.0238 0.0279 0.0321 0.0365 0.0413 0.0461 0.0512
16 0.0046 0.0073 0.0104 0.0139 0.0177 0.0218 0.0261 0.0306 0.0355 0.0405 0.0458 0.0514 0.0572
17 0.0048 0.0078 0.0112 0.0150 0.0192 0.0236 0.0285 0.0335 0.0389 0.0446 0.0505 0.0567 0.0633
18 0.0052 0.0083 0.0120 0.0161 0.0207 0.0256 0.0308 0.0364 0.0423 0.0485 0.0552 0.0621 0.0694
19 0.0054 0.0089 0.0128 0.0172 0.0221 0.0275 0.0332 0.0393 0.0458 0.0526 0.0599 0.0675 0.0755
20 0.0058 0.0094 0.0137 0.0184 0.0236 0.0294 0.0355 0.0422 0.0492 0.0567 0.0646 0.0730 0.0818
21 0.0062 0.0100 0.0144 0.0195 0.0252 0.0313 0.0380 0.0451 0.0527 0.0608 0.0694 0.0785 0.0881
22 0.0064 0.0105 0.0152 0.0207 0.0267 0.0333 0.0403 0.0480 0.0563 0.0650 0.0743 0.0841 0.0944
23 0.0068 0.0110 0.0161 0.0218 0.0281 0.0352 0.0428 0.0509 0.0597 0.0691 0.0790 0.0896 0.1008
24 0.0071 0.0116 0.0168 0.0229 0.0296 0.0371 0.0451 0.0539 0.0633 0.0733 0.0839 0.0952 0.1073
25 0.0074 0.0121 0.0177 0.0240 0.0312 0.0390 0.0476 0.0568 0.0668 0.0774 0.0888 0.1008 0.1136
t-value t=1.6459
p-value p=0.0028
Table 8. Statistic of two-sample T-test of this study and other studies
Volume(m?)
Standard DBH, height
(cm. m) This study NIFoS
(2024) (2020)
6,5 0.0086 0.0075
6,6 0.0104 0.0091
6,7 0.0123 0.0106
6,8 0.0141 0.0121
6,9 0.0160 0.0137
6, 10 0.0178 0.0152
30, 24 0.8365 0.7292
30, 25 0.8735 0.7599
p-value p<0.0129




3.4. LU 272 A T o} HlmZA
A2E -2yt GHEA Y 54 7F
AHnE A F83 o A E(National
Institute of Forest Science, 2020)2} H]ws}th
(Table 7). 5L A AH 3} =010 4 9] A& o] gt

T-testS AT A, BE P35 A o)A £ A70]
B TR SR o] S7H RN 37
HeRgthp (0.05).

2 AT A FH SR, & FE Aol A
7t A9 ZEE ok Y5 Aot =3t
A& Ao, S-2utet A sliidst= Lub 2
HuHET 709 o] FHSE FAoz moErt
Thomas et al.(2015)+= ¥igo] Wol F= ¢t
gutAQl Ao -Fo thet 1759 SXAES S
EAet A1} vgto] ol K= Ao A5 H
Eo|7F30 ~ 116% R& Ao 2 Bugtaf Qich v A
Higdo] Wol Hi= otz F&9] 79 AAutg oA
2747 vl 255 njsfjof ot =A% A=
FA% JHj o] o] et Ao =2 mhE

2 A= v g R A S F&el tiste] ]
% gl E4E g 4+ 4
= A B E S At Sa =T A
A1 RS 918l Kozak 1988, 1994, 2001, 2002, Bi
2000, Muhairwe 1999 % Sharma and Parton
2009 5 77FA1 9] RigA]g= kA R gk B
E S5k By =4 g A A4 A
AHgrA 0 2 A H Kozak 1988 LE-& o]-8-5tof 44
BE ARt

Kozak 1988 292 Kozakell 9l ®HEod 2z
o] AR 4=2lo]m, o] % o] 2§t BEl-g Hetstr| 9|5
Kozak 1994, 2001, 2002 =& o] 7 =|gict, T2t
o2} #3419 vl AT F Kozak 1988 9]
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