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Abstract

This study was carried out for the purpose of selecting the most appropriate taper equation for the actual stands of Pinus
thunbergii in 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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HEg 8T 4 ok A f15, G A4
(Kozak et al., 1969; Ormerod et al., 1973; Reed
and Byrne, 1985; Sharma and Oderwald, 2001)>
7het 5t WA Al o = R0 glom, 7k
T 297 5@ =7 e dHo] St & BA, 28 4
7544 (Max and Burthart, 1976; Demaerschalk
and Kozak, 1977; Cao et al., 1980; Border and
Bailey, 2000)2 £-719] A& thE 25 Yetli= o
2 o] o] WA (inflection point)S 53l A2 =
), 45, 22 9 d2o|EA R LR Al B4,

Table 1. Status of Pinus thunbergii stands using stem analysis

7t eli(variable-exponent)®] $7FE44](Kozak,
1988; Newnham, 1992; Bi, 2000; Sharma and
Zhang, 2004)2 A&3rollA SHHS 2|4=9] W3}
E 50 £ 2 2T 4 o, ol ol&F
o7 nE P9 71 A8 4 Ut FZol= A
Aetolth(terrestrial laser scanning)s |45t 4=
7] FEE AstA FE5t= A7F EEstA 119
%°|tHHeinzel and Huber, 2017; Saarinen et al.,
2017; Luoma et al., 2019).

H4(Pinus thunbergii Parl.)2 BIR71e} %9

Species Number of trees (ig;z) Average diameter at breast height(cm) Average height(m)
43 22.50 14.55
thunbersit 7 13—73 6.60—43.62 5A—24.1
Table 2. General forms of taper equations
Model(yrs) Equations
d:: dlDaZd?X;blz? + byln(z;+ 0.001)+ byzl/? + bye™ + b5(D/ H)
Kozak (1988) where: X; = [1-0 - (hZ/H) 1/2]/[1.0 *pl/z] , P = proportional height of the “inflection point”
0.1-0.3, depending on the species
> @y Dbyt bya 0,20+ b2+ barcsin(Q)+ bs[1/(D/H+ 2) |+ b, H
Kozak (1994) di alD a3
where: X; =as above, &; = [1.0 - (hl»/H)l/z]
S~ ay by + b, [1/e7H] + b, D+ b, XM
Kozak (2001) di_ alD i
where: X; = [1.0— (i;/ H)*]/[1.0— 4], p = 0.01
~ ay 7ty bzt by (177 + b, XM+ b, [1/ D] + by H O+ byX,
Kozak (2002) d=aD"H ‘Xl ‘ ‘
where: X; = [1.0—(h/H)"?]/[1.0—p"?], @ = [1.0—(h/H)"?], p=13/H
Ind,= InB(B, + B,sin(z,;1/2) + facos(z,37/2) + B,sin (z,w/2)/ 2 +
Bi (2000) BsD+ Byzn/ D+ Brz/ H)
—1nsin(~ in(Zp) p=13
where: B =1nsin( 5 zi)/lnsm( 5 b). b 7
Muhairwe (1999) "l: alDaz(l B \/Z—i>blz[ + byzl + (by/2;) + b,z + b, D+ bs(D/ z;)
7 H—1. .
Sharma and Parton (2009) &: B ( hi )( H )’92+ Bazit B4z
D "V H—1.37"1.37

"Note: d; is predicted outside bark diameter at /; height from ground(cm), D's 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
2 i=1 (d d )
Coefficient of determination R -_ 1
Root mean square error RMSE 0
= ‘iz —d;
Mean absolute deviation MAD - 0
i=1 n
n d—d
Bias Bias L 0
n

"Note: d; is predicted diameter for the th 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) a, ay as b, by b b, by b b,

Kozak 1988 10018 09539 09986 06216 -0.1126 04622 -0.1874 00978

Kozak 1994 11616 0955 09988 -G7483 503862 -665557 237282 32338 02799 -0.00049
Kozak 2001 13139 09639 04403 00169  0.0106  -0.4609

Kozak 2002 11660 09762 -00229 04236 -0.693 0455 23365 00466 -0.853

Bi 2000 441689 01460 24245 293664 000286 03032 21094
Muhairwe 1999 11450 0.9456 06089 -0.6946 0019  0.673% 000108 00363

Sharma and Parton 2009 1.0827 -0.0162 -0.00082  0.2676

FEol nx= oA AMPsEAL e, F9129° 00 g Sl ot 2l ditt HFo] Bagh Aol
oA 41° 34'7HA skl ItHKim and Kil, E}E’r/ﬂ A= TRy SRl & dA4E
1983). ¢-2luet sfekz| o] 8 2H4F § shutz = ez 7709 F8 54 BdS o]-gsto]
A(Kim, 2003), T4 ol'de] sietA o] F= *3st 2 o] 72414 FA | ThE A4t A EE AlEFsto
AL Et A HE AT RS QLM (Kim et A FE A7 A IS A 712 Em Alse 54
al., 1981), sigte] BaA-d e =M FFH o] 7158 of S = AyEqlrt.

et B 2 BAREA] 5 s BAle] Vs R Ayl

Row, Aol ARy grjokauRof Hs) 2. 2= U ut
EH(Kim et al., 1986).

AA -2t Zﬂﬂﬁg 7§—°r 5} TR AR 2.1. 2=

H]ZLEJ—L A /‘17‘1] —)FZJ'—J °§/ﬂ'°] ﬁﬁ%} nelof ofgh 7} chopst 59_@_/] AFE-S A Z=7bAEE A
Bty :T} S AR AV mgion pond 4, 592 S B 22
°= T Iy > Wb a3 Aol ARl BES 2832 7145t 57
oA el SHiE et 0 BAE WAL ng o Rysign. 08 ABE FET
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= o] MATHA

=2

puiey]
0

=

AE 29 RR ARESHIeH, A
AAsH 45k ffsl 19 99l =
OLET-J A% ottt A= NEE flsh A2

F50 Wat #E2 439, T2 22.5 em,

—)FI’_% 14.6 mZ YEPLtH(Table 1).

o =
-

O

2.2 T MA L

=2 e sl Kim et
al. (2022)01 TS- ZJ'—I:—@EH] H|wof| w2 AR 4
TH A7 7ol AH8S Kozak 1988, 1994, 2001,
2002, Bi 2000, Muhairwe 1999 ¥ Sharma and
Parton 2009 5 770e] & WA (variable-
exponent taper equation)= AE5IIHTable 2).
ofg] £ B PA1E vlwsks tiFEe] Aol
A 7 @Alo] £7] =gyt T”’]% &= d&ste
oA Ao s 945 Aes WISt A
2 &5t HRojo et al., 2005, Li and Weiskittel,
2010). Kozak 1988 E@-2(Kozak, 1988) €719
A2 EA(neiloid), ZEAA(paraboloid) ¥ ¢&
e AHYste  WHEA|4(changing
exponent)s AFgsto] A7) HEER|SAl0 2 e
UE RE= eyt 9 aFof digh Juty Az
Aztof| o] §= 1L St} ©]F Kozak 1988< 7|9t =
2 0] £=Fol B8 4= = M= Kozak 1994
ndg st oy, tEEAd(multicollinearity)
3} 2b71%d 3 autocorrelation)oll 2I$t BAA HISH
Al o]F o FFE A rerhar Bt Hf ik
(Kozak, 1997). Kozak 20013 2002 HA| Kozak
1988< 7IRFe &2 ghEolF o, 71& Kozak 1988 ¥
19948} B W5t wf thE-gAd/go] Wk Aol o
H(Kozak, 2004). Kozak 2002 22 9] 75§ A]o] 1z
7t Ao HolAw 215 A-85tH A A rd=
HESE 4= QIti(McTague and Weiskittel, 2021).

(conic)

= Lo
*1/\(_)]01__

Muhairwe 1999 Zdl-2 HIaHof thgt FHX]E A
718171 919l Kozak 1988 RE-& A5t JEHE 7|4t

OE"r_ 7R =] e (Muhairwe, 1999). Bi(2000)&= 42t
O]ﬁo} ME-& 7PH e (variable-form)2] =%t

1= NEstglom, 219 ohFe] qle Al 7H/]
T Al 1 H 0] ks YER L F
Al 79l | 2717t thE a5 Abel 9 —r{}"éEﬁ
2tolg FEs] 95 AMEEISITE Sharma and
Parton 2009 222 H|w & o) /g B2 2}

A}
™

>_1>

Y34 (dimensional analysis)®d HTUHS 0|85
o 7 #ﬁ’—%‘é ANstent. s mel A9 27t
7resto] A4 q"ﬂ HoMd& ZEar glom, ot Ao
A g td SAEHY BEkE et

(Sharma and Parton 2009).
7y 24 o] HA g EES Qo BAZZ 3 SAS
ver. 9.42] PROC NLIN Z2A|# 9] v]A3q A4

3]F(nonlinear least squares regression)%4& A

Al5let.
2.3. SAA AH

AFollA AEE 7 F8 70

=LYSP|

1__l

2] =

@"3 HES 95 Kim et al.(2022)2] d-oflA mdd
ASHA AHES  BHAS(coefficient  of
determination), 2*HAlET(root mean square

error), 3w A HE 2 mean absolute deviation) ¥
HO|(bias)E EAHA 2™ (Table 3), ZF RHo] A%

= 11
4 4% AT vimste] Selute gAS a7t
A A $0TH4S Ashrt,

3. RN By 2

SEvet 2 $£F gt A EE Kozak 1988
ElS ARESET §) 0 W (National Institute of Forest
Science, 2020), o|nf HIH-2 0.25°]t}. Fig. 12 4
Al Aol A TS a0 H7E 2} dE 4
TR ] PAE el F o2 A 25% A7

oA Ud=zo|EA7t zEAA=
o] Kozak 1988 Zdlof thgh ¥
At
7709 F2 Biakx]_/,\_x_} of tigt vl FAat5s 3]
A0l o5 FFH A 2 Table 49 2t
Kozak 1988, 1994, 2001, 2002 ¥ Muhairwe 1999
Re9] 532 9 9 59 45 U= w7
T a; ~ az7F AR A4 = QI
o 4 Aol 4 7t RO AT 430
9 27 9] AZA & H| 1T A, Kozak 1994 229
S L5EEE A4l 80% 2187 o2 Eo
o] & Ao =2 Y th(Fig. 1). ©l+= Kozak

H] 3
1994 2Eo] t5-34474d A dlzolH, of23t o

H}Jﬂ‘— 7 o] geolg]
& 0.25=% 243t
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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
{‘Ei 0
£ 10
= 20
30
(8] 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.
A A A5 APHp(etard A%)9 e o2 Rdof vl 27 8] fAaZo] E A o= Yehte
A 7] =2 A of Ssf Tt Ao w ™, ol A& Al W] Az 47t /o] HskE
ST Bi 2000 2@ O] 79 AFthar 80% o] el A HAFsEY §17] wiZoletal wehET)
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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 0.3167 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 0.3902 0.4496 0.5122 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 0.3762 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 0.7994
24 0.0438 0.0751 0.1137 0.1594 0.2116 0.2703 0.3349 0.4054 0.4814 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, AgHd E3 SRR B u Ao ARt 7 =A B
7709 = WALl et EAA A= Ak vp glow s AN Aot =4 245
Table 59} Zron Sejute} YEa]e] 20| 4714 U, Z_}_l?i*—l‘—% Alelgt 3719 Kozak BHE T AFof2 o
Ayo]| 744 Hgket BEL Kozak 198891 #.0 2 Lpep 2 Yot A el
St} Kozak(2004)9] Aol W2 Kozak 2001 &
We 717 wsalel, Kozak 2002 Belo] e ajz 33 ASH FTAUREAR
S AFTE Ao2 55ttt & Aol Kozak & SRR 0] o Ao k2 BAY HE At A
9 Z 2001299 He = 7P Wokont 2002 2 o] 71 =2 Kozak 1988 Bdl-e 53) =7t3d4
o] 7M=& ZAolgte &2 vt gRAY 2 9 2 =7 A RE Al chFig. 2, Table 6).
of Si=A] &3kt —”F{PT)*J%%EH—’FE 12 7F02 £ H AAS 5
Kozak 19882 @of| o]0} 20022t 1994 RElo] =7 o) Aottt A Es F a7 6 ~ 30 cm 2
Ueht o Kozak 2001 @2 7HHA 02 7712 & Helol tish 2 ecm ZeK(rounding off)& A-85+3L
4 F 71 WA YeRstth Muhairwe 1999 2@l £ 3= 5~ 25 m9 ‘ﬂﬁoﬂ sl 1 m o2 A-85191

et AeEet FAAEE A9 At (Lee et al.,
2017), AIFE A9 AU (Kim et al., 2022) € F=
SRR Betula alnoides(Tang et al., 2017)°1 tigt

. $7HIEE 10 cm 40 AHS FAs,

Smalian2le] o3t LETAH(FAHAH) o2 1H&
SHATHSeo 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
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