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Abstract: This study was performed to analyze adequate stand density management criteria for commercial forests
of the major coniferous species, Pinus densiflora, P. koraiensis, and Larix kaempferi in South Korea. Relative density
(RD) was applied to analyze occurrence of mortality, mean DBH growth, and height-diameter (HD) ratio. The results
showed that when RD was 0.7 or higher, the average number of mortality in all three species increased to 15-24
trees/ha, with mortality rates ranging from 20.0%-35.4%. As RD increased, mean DBH growth decreased 0.2-0.5
cm/year by species, but the HD ratio increased 46.9%-71.4%. Consequently, if adequate stand density management
criteria are selected with RD 0.7 for P. densiflora and L. kaempferi and RD 0.8 for P. koraiensis, it is considered
to increase high-quality timber production with lower mortality and increased growth.
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21tH(Rantala, 2011; Korea Forest Research Institute,
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and Biber, 2005; Burkhart, 2013). Y=o A= T}
= A7|Ao =z viE U Egske] ¢
o il sl oI ¢
w4 45 B F
A 4= Qe 2 LTé A
1 &= | 4=(Maximum stand density index, SDI.)
on, Qo] SDIwo] 7127 FUT B F
A Bpg 2As] JRUES Yeh
Z|4>(Stand density index, SD)E AF&3}$ith
(Reineke, 1933; Sterba, 1987; Williams, 1996; Zeide, 2002;
Williams, 2003; VanderSchaaf and Burkhart, 2007;
Vospernik and Sterba, 2015; Yang and Burkhart, 2017).
T JREEY GTE YRUEASE BEto] 4
AU B9 2alslr| e 5192 B (Lee et al.,, 2000; Kim
et al., 2017), A=z 4= A S &-851e] 4
o, 9S4, 2T e 248 ch(Park
et al., 2017; Park et al., 2020; Jung et al., 2024). A3y
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webA 2 AFe =W 8 AGeEY 2 (Pinus
densiflora), Zt5~(P. koraiensis), S Q4(Larix kaempferi)
ATAL Ao HEEYH AEARE B Ho)
BuEase QREEASY vol A UE(Relative

density, RD)E A3}, 92Uz % A}E i,
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1. SR & HEXtE

2 A= R X Ho]—/\]'
g W 2xdh= dedeld, 4 2
U 46714, S 51704, S
HEA oA A= 7T =3 = A ck(Figure 1).
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Figure 1. Map of the study area for permanent plots of
Pinus densiflora, Pinus koraiensis and Larix kaempferi.

o7 dhE zAlsto] 202120230 43F ZALE AXEFS]
o} 7} QB Y EEAE F7PETH20 m x 20 m), w7
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Z 3719 7hH7) Qlom, ZPHES 0%-59.8%F LER
tH(Lee and Choi, 2019).
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Table 1. Stand characteristics of the experimental plots by species in this study.

Stand Mean Quadratic Mean L. b)
. . . . No. of trees Site index
Species Statistics age DBH mean diameter height (trees/ha) (m)
(year) (cm) (cm) (m)
Mean 48 24.8 25.6 14.4 740 17.9
Pinus Std. Dev. 19 7.9 8.1 4.1 480 3.1
densiflora .
(na)=380) Minimum 8 4.2 3.4 2.9 156 10.3
Maximum 108 43.6 452 22.2 2928 31.0
Mean 44 27.6 28.2 17.1 660 19.3
Pinus Std. Dev. 16 8.2 8.3 43 381 1.7
koraiensis .
(11:414) Minimum 15 9.5 9.8 53 185 15.3
Maximum 86 48.0 48.2 26.8 2155 24.6
Mean 42 25.2 259 222 625 25.2
Larix Std. Dev. 13 6.4 6.5 4.6 298 2.8
kaempferi .
(n=484) Minimum 19 10.4 10.6 7.6 170 15.8
Maximum 69 46.4 46.5 32.2 1666 31.1
a) n is the number of observations at plot level.
b) Site index was estimated based on Lee and Choi (2022) with a base age of 40 years.
BFFUAR B9 B FUAPY GASIIOM, Bk RDIE oGtk WAL MAE WAL 4] 58 B
St G0l 222 mE AU 144 m AR 170 mE SAEo] WA Qlie] ueS Auskact
o} =4 Uehgth QEESE AU 156-2928 trees/ha, oJRW: yalo] 2ol A = kel Wi TR A
ALFE 185-2155 treestha, Y 170-1666 trees/hal = AAEH A D)L 34 7HZ Q] HiE=A s A2 E Hgo g
Chbet JEUEES JHIT o, HEL 0 teesha, A 63 ol WAL Abste] HFHeAch Wiz
660 treesiha, 625 trees/hao] G1ck. -5 XN 21 w2 Bl AGAL Bksl7] 9§ A FAHIEHD
T 10.3-31.0 m, A 15.3-24.6 m, 9G4 15.8-31.1 m9] ratioy= S A 119 H| S-S o]83o] 4] 73} Zo|

W olof] REZ3}YTHTable 1). 43k FH(Kang et al., 2019).
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3 JEuERe)r|Eg AN g8 ST AsARE '
B3 JEuse] f2 AgaEe] Was BAsksic) sor =M (50%)%,‘71 )
JEUEe} uA7] PAA fu o ol gEE B 0
BAEFLA(D,)2 A 13 Lol AL Bt Faew pp_ SDI @
Kol sl Wit FuHPor A, 2ol 4 SDI.
gHom goldt FuH AT YRELEpon Ry
= AAke 4= Qs QB 2]4xSDN)Q} T ¢Ea x %) PPM(%) = le(;i % 100 )
S(SDl = SEIURE] AU, SR, Y-S oo
2 FAAYUE 2 (Competition-density rule)2 &-83F Lee AT D,—D,_, ©
and Choi(2019)©] Tetn] €15 o] 851rk(4] 2, 3). 453 Sy

=

2 AjPRUEA4TE 2] o] JRuE) s o
olal7] shat, 4] 42} 7ro] AFtjE i (Relative density, HDratio(%) = —> 100 ©
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I)q: Quadratic mean diameter (cm), BA: Mean tree basal area
in a stand (m?), SDI: Stand density index (trees/ha at 25 cm
of Eq), SDInay: Maximum stand density index (trees/ha at 25

cm of Bq) for Pinus densiflora, P. koraiensis and Larix
kaempferi is 1041 trees/ha, 1089 trees/ha, 1005 trees’ha (Lee
and Choi, 2019), TPH: Trees per hectare (trees/ha),
Qs @y, by, by: Parameter for P. densiflora, P. koraiensis and L.
kaempferi, ay is 1.600< 107, 6.443>10°, 4.113< 10" and a;
is 0.0601, 0.3404 and 0.4498 and b, is 1.0106, 2.6654 and
1.3765 and b; is —1.2904, -1.5900 and —1.2068, RD: Relative
density, PPM(%): Proportion of plots with mortality, plot,:
the total number of plots, plot, : the number of plots with
mortality, AD: Periodic annual increment of mean dbh
(cm/year), D: Mean dbh (cm), Z)n: D (cm) at the n™
measurement, 3yr: 3 year as a measurement interval, HD ratio:
Ratio of tree height to diameter of breast height (%), H: Stand
mean height (m).

& el A AidEe] mhE o) AR 2o Y
AAAHE, Bk FaLAE AR 8] vskE 24sk
o 24AkRE AHdE M A 1k Bt AolE
SAHCE AR5 A8l v B(ttest) K AAWA] At
£4](One-way ANOVA)Z AASHITh RHE S4JH A=
= 4 AT RS B8kl E43t9leH, ol Edl

Table 2. Summary statistics of density measures, mortality, DBH

S A4 QRAEREES ARt BE 5
A BAS R §A £ZEH0] version 4328 olg3teirt

(R core team, 2023).

= x =
1. AR
&2 AFARE o5t dedEe] e e A

=

=S F7H o m A5G THTable 2). AARSS 4

TLo] 749 0-175 trees/ha, A 0-295 trees/ha, H<: 0-
257 trees/ha=® H3ESFF O™, HH-S 7 trees/ha, 6 trees/ha,
11 trees/hao)|Qch Wit TR A YAEES] AL b
0.1-1.5 cm/year, AL} 0.1-1.4 cm/year, A% 0.1-1.1
cm/year=® UERG O, H2 0.6 cm/year, 0.6 cm/year,
0.4 miyear? BAE|SCh Hat Wabule] A9 AU 417-
95.3%, A5 40.9-87.8%, 994 58.7-130.0%%2 R ES}H

il
S

Uehd e e st F1474 A%t 1
JAo] L=s =& Ao &2 AR E H(Kang et al., 2019;
Lee et al., 2022; Seo et al., 2023).

YRR P L] 9 161-1597 trees/ha, BHLt
St 248-1756 trees/ha, 15 128-1158 trees/ha® H-3E35}

Fon, Wit JEUEX|(SDI)= AU 640 trees/ha,

o
A
L ARaTeh SAIEon, a5 A7t %
A
A

growth and HD ratio for species in this study.

Maximum Height-
Stand .
stand densi Relative Mortalit Mean diameter
Species Statistics density . v . Y DBH growth (HD)
. B index density (trees/ha) .
index (trees/ha) (cm/year) ratio
(trees/ha) (%)
Mean 640 0.61 7 0.6 59.8
Pinus Std. Dev. 261 0.25 21 0.4 8.6
densiflora o 1041
(Ila):380) Minimum 161 0.26 0 0.1 41.7
Maximum 1597 1.53 175 1.5 95.3
Mean 660 0.61 6 0.6 63.4
Pinus Std. Dev. 243 0.26 22 02 8.9
koraiensis o 1089
(n=414) Minimum 248 0.23 0 0.1 40.9
Maximum 1756 1.61 295 1.4 87.8
Mean 588 0.59 11 0.4 89.3
B Lari; ) Std. Dev. 1005 190 0.19 32 0.5 11.9
aempferi
(n=4l;34) Minimum 128 0.13 0 0.1 58.7
Maximum 1158 1.15 257 1.1 130.0

a) n is the number of observations at plot level.

b) The maximum stand density index is referenced from Lee and Choi (2019).
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AL 660 trees/ha, YH4 588 treestha o= LFERTH AF
U= AU 0.26-1.53, AU 0.23-1.61, Y945 0.13-
LISE uepton, B3 AEt 20 061, e
0.61, F4 0592 HAE ) JRUEASE 2L 4
% ol 2 G JBE4] 2 ULogyBe] 7]
2717 BUstthe AaL olgste] 2 Aro] Fuwe
F1H7o] 25 om wo] QIERL HESA Aol
(Reineke, 1933; Zeide, 2002; Pretzsch and Biber 2005;
Zeide, 2005). AYPATLA M E JEUEX S S8t ¢
Be YA Al Y I EEE HuskET fadks
B g th(Pretzsch and Biber, 2005; Burkhart, 2013; Yang
and Burkhart, 2016; Lee and Choi, 2019). wetx] & oL
E5h AYUES 28519 o7 BES 2efelA) gk

PURE MR £ U AR Argd,

A

gzl mh2 TAMSS EA%H v et S
1S AU, AR, S dE B AT 2
7} Z7Vele AES B hFigure 2). £3] Ao}l Ul
%2 RD 0.7, 5= RD 0.80|A4] LA 427} 5245}

A Stk AT AHEES EoR 2, qds
o] 7% RD<0.7 ZHHo| A Bt IAHSE 242} S trees/ha,
8 trees’ha, RD>0.7 7FH1= Ho+ JIAMEO] 22 trees/ha,
23 trees/ha® eI, AR 2] L RD<0.8 7HHLo|
A= Pt IAFEO] 4 treessha, RD>0.8 7HH = Ho 11
AHZo] 28 trees/ha® Al =% 25 RD 0.7-0.8 ©]A}of A
o] oA o gl MASkATp<0.01).

ot Wt e AsolA] Y 2t Aol A3l T
So] AATAPE Aow ek, JRUES] G2 1A}
B HAT AYATINE JRAET} £25E 1A
o] ol HHAYstaL AJzto] xgof whef ARERo] A|&2]
o7 wAsteita 231 vl 9t Mikinen and Isomiki,

et al., 2013; Lee et al., 2022). wa}A] &2 A3

WA R T A 02 2
o WhE AR dAE. shtrel e
u]a) TAREO] Mhgaks AU 7]%o0] %] Lehste.
ol AR 211, UeisT 7
Ao e WeAe T Qo] te wadd R
7o) e Aol AR 4 o7 ujRolela Alasct
(Korea Forest Research Institute, 2012; Korea Forest Service,
2000).

A o] wheh 20, S, Hed AR
Wb 2ol B Sobuy] 913 WUHFELAA(D,)H
HEPE o83 A=A flof AAkEo] MY

e

o)
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A13E A3E (2024)

140 140

ANOVA i i t-test
1200 AN Pinus densiflora 120 s
100 100
80 80
60 60
40 5 40
20 H—‘ x| 20 x
x| x
ol e x ol
<0.3 <04 <05 <06 <0.7 <0.8 <09 <1.0 21.0 <0.7 207
120 - — 120
© ANOVA Pinus koraiensis s
< 100 p<001 100 p
@
o 80 80
ju
£ 60 60
Z 40 «[| 40
T x
£ 20 ﬁ 20
[} N x x x
= 0 x 0+—=
<0.3 <04 <05 <0.6 <0.7 <0.8 <0.9 <1.0 21.0 <0.8 2038
120 - - 120
ANOVA Larix kaempferi test
1007 P<00t 100 P00t
80 80
60 60
40 40
x
x * x
0 0

<0.3 <04 <05 <06 <0.7 <0.8 <09 <1.0 =2

.0 <0.7 =207

Relative density RD

Figure 2. Stand mortality by species based on relative density
(RD). The left column showed the mortality by the RD range
of 0.1, and right column showed the mortality by two RD ranges
where the difference was obvious by the criteria. ANOVA in
left column and t-test in right column by species were all
significant (p<0.01).

ZHH S (No mortality)@} TLAE0] TAYSE 718 G4 Mortality)
of BAGE EAT A3k Al 45 LE AYUET} 57
Fholl whah Ao whAIE 7he] 7k Bkl A
o] Yehytth(Figure 3). A= 1ARZ o] dhAlgl 71
Fof W ES BHAAL 1, 2UEe] He RD0T 7
T % 9.8%-20.9%, RD=0.7 AT % 33.3%-38.4%0]| 4]
TAEo] WAbelolT). Bbe] Z$ RD<0S ZHAT %
6.5%-17.6%, RD>0.8 7HH 5 42.1%-56.0%0°1 A JLAMS
o] HrAsIATE Y42 RD<0.7 FETE 5 7.6%-17.3%,
RD>0.7 ZHA 5 35.1%-42.8%0]| 4] ZLALE0] A5G
thHp<0.01).

Slo] AUmel The A BAE Fulae
o= olgh Aol AL HHS oaly] IS X
%miﬂaﬂﬂ iww} EE

N

7
oy

= A ) A 7
(Lee nd Cho, 2019), 513 wo$ dgeYs 22
wyol A LUES A& w RD 07 o4l ¢
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8.0 oo o RD 05—1 40 4 40 4
7.5 A Mortality
704 o e .O No mortality 30 4 30
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i 10 |
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5.0 ‘ ‘ T 0 H ﬂ : 0 H
20 25 30 35 40 45 <05 <o 21.0 <0.720.7
Pinus koraiensis S
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8.0 s
7.5 4 S 60 1 60 |
7.0 4 £ 40 40
= 65 | H
T80 1T Boe 2 20 | 20 1
55 4 A Mortalty k]
5.0 o No:’nonality | ‘ g o ‘m"_“ﬂ"_“ﬂ‘ ‘ o ’_“
20 25 30 35 40 §_ <03 <05 <07 <09 =210 <0.820.8
; ; 3
o5 Larix kaempferi T s 6 -
RD 0.7
80 1  Fni e RD OS5 1
751 2 Aé :\Vﬂoor:cl;[r:,ality 40 - 40 4
7.0 4 o
6.5 -
6.0 - 20 1 20
= = |, minil i
5.0 ; ; — 0 . B 0 .
20 25 30 35 40 <03 <05 <07 <09 =210 <0.7207
In D, Relative density RD
Figure 3. Scatterplots of stand density (]n/V) over quadratic mean diameter (an)q) in logarithmic scale
and mortality rate by species based on relative density (RD). The scatterplots represent the observations
with RD lines by plot type where mortality occuired. The bar graphs represent the mortality rate by the
RD ranges. The bar graphs represent the proportion of plots with mortality by the RD class.
2} T AF7F HRAEE A g =2 G| "l 1 3 orsl el 16 16
]VL."L‘ ]— ]— 2702 7o -(5_'{'_'.'0] EO]-E]'_]__ ul ‘_O]'ME]' 14 :Eoéovf Pinus densiflora 14 ;l(eos:”
(Solomon and Zhang, 2002; Ge et al., 2017). w&hA £ 12 12
- 1.0 1.0
Aol A JED=e]7]E RD 0.7-0.82 stk 08 08
T AlRE E9 oeuat Akge] v)15w 4715 7] o % $ g‘ﬁ = 0d
&0 YAREE AAAAY YRU=st v wsS
(Korea Forest Research Institute, 2014), AUF9o] k== 5 4 <03 04 <08 <06 =07 =08 <09 <10 =10 4 o =T
AR, AFELO] olul AA R, Uralao] oapzAR el ojul ? 1215500 Pinus koraiensis 15 vt
oM AT 2 V=0 T [ = o :
- =~ 1.0 1.0
2B AQAAZE & Ao 7|y 22 AHE el £ os % 08
A Soele Aoz Uit IS waoR Qs &d So[F %é 5
04 04
ol Qlof, I AGAA druwe] Bk R 1 Foo = @ 02| | T
Zho| Q@ r=EITh S 00 s <04 <05 <06 <07 <08 <08 <10 00" s a0s
S RE 12
10 o Larix kaempferi 10 poys
3. MU0l IE BF ETEZY MU S4H| 2
~ 06{] 06
Ao T AU, SRR, deld oio] 14 e % g’;ﬂ os
_ - !
3 TS AT A, v 79 04-0.9 emyear, 02 - 02
751'1’]'—‘?‘% 0.3-0.9 cm/year, ]:1]'(5%\‘% 0.3-0.7 cm/yeari "]’ <03 <04 <05 <06 <0.7 <0.8 <0.9 <1.0 21.0 00 <07 207
E]-‘;,\PE]{Figure 4). Al BE A st 2718k uhat Relative density RD
B3 TR A MAEo] EaEllA ZFAste ASFS W o Figure 4. Mean DBH growth by species based on relative
dat Fard Aol Fle st RS KAl density (RD). The left column showed the mean DBH growth
o} T3 AR U4 RD>0.7, AR RD>0.8 7Hd by the RD range of 0.1, and right column showed the mean
= = DBH growth by two RD ranges where the difference was
o] Ao A lHEL 1 o A A MRFEFO
T e & = Wt FAE ATl 0.5 em/year, obvious by the criteria. ANOVA in left column and t-test
AU 0.3 cm/year, S E45-2 0.3 cm/year= L ERGTE 4 in right column by species were all significant (p<0.01).
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UpEe} Uel4 RD<0.7, SHFE RD<0S 74 7:0] 79
UEE= 0.7 em/year, AAUH= 0.6 cm/year, ‘?3—’3—5_’ 0.5
cm/year= UER} 24 ¢l U= 7]E RD 0.7-0.8¢
e} B FuA 7 WA 2jo] 7k TT_Ja}i-iﬂ(p<0.01).
Egh AU W AFy B FuAE AR
~% AJRE A3, el YiE RD=0.7, S5 RD
8 7rHIro] AL A JHE FHop TR AAEFo| 0.5-
1.1 cm/year, AUE= 0.3-0.5 cm/year, S 42 0.3-04
cm/year2 LFEFTHFigure 5). ¥HH, AU U4 RD<
0.7, A+ RD<0.8 7HHA10] 79 A= 0.6-1.0 cm/year,
FUE = 0.4-1.0 cm/year, Y94-& 0.3-0.6 cm/year=2 L}
ERth Bt LA AR A dEU=dErlE
RD 0.7-0.8 %t} W& FhAtoA fojFoz wqlom,
Fuol s o] W Aozt ZAth(p<0.01).
£ Avasl 3 148 il 33 dedsasy
Zol 2120} U142 RD 0.7, 3HFRE RD 08 ofa}2
ARUEE PejsichE 1A } & oAl S 3
@ FRAA AR H0 ARE 2L 4 gk o,
AiEEe] whE AuE, S, WS R
S A% da}, AU A= 41.7%-93.8%, At
40.9%-87.8%, S9<% 58.7%-130.1%=2 AHU=7} =7}

\\/ r-h:

»

A13E A3E (2024)

3
i)
N

7Fae

jints
M)

5

I\/ 0|

[T O <]
ofl
X
sl

)

Rty H 5k

T FH7E 70% o)}l

17} 69.9%,

[QAR=Rsi|
Y

7sFo] LreRgch(Figure 6). 449}
0.7, A5 RD=>0.8 7HHL2] H9 &
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Figure 5. DBH growth according to density management criteria by age class. The legend was divided
into two groups according to the adequate density management criteria determined in this study. The t-test
in each case by age class and species was significant (p<0.01) except for the case in age class IIl of Pinus
densiflora and age class V of Pinus koraiensis (ns, not significant). Pd is Pinus densiflora, Pk is Pinus

koraiensis, Lk is Larix kaempferi.
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Figure 6. Height-diameter (HD) ratio by species according to
the relative density (RD). The left column showed the HD ratio
by the RD range of 0.1, and right column showed the HD ratio
by two RD ranges where the difference was statistically
significant by the criteria. ANOVA in left column and t-test
in right column by species were all highly significant (p<0.01).
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