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2 o 2 AfoAe F2 HE YRR S ogoto] AET| e AUEY] JAL]| GEEE vX|= JAAE W] aLR} sheih
A3} gl AUEE FeR TAF G JAAE RARSEL Ak EA 7d A7ER] LA B HUEES skt
A ARE 7o g BEEAE HASIGTE 24 23, 1A 998E F7HA71E W9 dNDVI(delta Normalized
Difference Vegetation Index), dNBR(delta Normalized Burn Ratio), FA}, Ur-of] EAZ 1229 AtfA Q] WA} Ho
9] =ol& Y= 41 182 A|4(Bark Scorch Index, BSI)Q} 4~3] 13- =0]|(Bark Scorch Height, BSH)Z L€}
v R, 59 WAE TR W s, FuAF, FUS FRAEY A BIE U SEAEH ARG (deta
Moisture Stress Index, dMSDE UEPHTHp<0.001). I B FEF ] §o4S RIsty] 9ig Wy v 9A7H
AEolAe AP A e AR7F ol Agtstn TAl Ao fou|ek Pk nAe AoR ety AE
A EAA 7P & AEE AolE HQl W BSISCH(p<0.0001), AAGAE Bl Folxl AW QA=
(ANDVI, dNBR, dMSI) 94| & AHE& ZolE UERH ItHp<0.0001). o]2iet Aih= AHE o]$ Aupo] ZA)21Ql At
AEE et HUAY S S 72AER 28E ZoR Jdgdrt

Abstract: In this study, we aimed to identify the factors influencing post-fire mortality in Korean red pine (Pinus
densiflora) using Cox’s proportional hazards model and analyze the impact of these factors. We monitored the mor-
tality rate of fire-damaged pine trees for seven years after a forest fire. Our survival analysis revealed that the risk
of mortality increased with higher values of the delta normalized difference vegetation index (ANDVI), delat normali-
zed burn ratio (ANBR), bark scorch index (BSI), bark scorch height (BSH) and slope. Conversely, the risk of mortality
decreased with higher elevation, greater diameter at breast height (DBH), and higher value of delta moisture stress
index (dMSI) (p < 0.01). Verification of the proportional hazards assumption for each variable showed that all factors,
except slope aspect, were suitable for the model and significantly influenced fire occurrence. Among the variables,
BSI caused the greatest change in the survival curves (p < 0.0001). The environmental change factors determined
through remote sensing also significantly influenced the survival rates (p < 0.0001). These results will be useful in
establishing restoration plans considering the potential mortality risk of Korean red pine after a forest fire.

Key words: forest fire, korean red pine(Pinus densiflora), tree mortality, survival analysis, cox’s proportional hazard
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2Hit 7Hs/d ol A m(Shim, 2019), Abzwjsl} Aok *]{P
ol Alg= wi7S2] A4 Y7} F7F3Hth(Jung et al,
2020). o] 7|5k Qe thEol HAF st

Al W Sk AR slE o) Aelg AHs)]
gt Tetd 2Av} ol WashAy gl
I RS 2A 0 WA RS 4 49
A ZAFE B9t BE50] 23 W5 oRiE szow
A5l tH(Korea Forest Service, 2006). Z|Lof= A S
78 o]4et YATAIR AojF B xS

Soto] AT s A
235131 Qlth(Lee et al., 2012; Lee
ung, 2019; Lee et al., 2023). AH=2u|8) SFo] 7’2
s A9 A3} vsiA| g, 832 A7t A
1FSTHWon et al., 2013). Q¥FA Q1 AHE
A FoA= AFE Tl g0l 77l A9 1)
o‘E‘r(Lee et al., 2006).
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(Lee and Lee, 2006). E3 Auraoﬂ w87} glar Z=7to)
1880 J& AE 9] AFEuFo = A} WA g@“%(Lee
et al, 2008). o3t AL} EALS nHsld, EY
FRA AR el Luprol] diste] d@Hel
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23 2ol obd AAH WA} FAL el vk
Aele 7ze vig Bagol k.
AR RS A ST 8 kel A o
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a0l ofgt #arom sl whiziel WAEE sha
(Dickinson and Johnson, 2001), E9F & A]xjo] Hzlo}l &
35 Tafl, 715l ofgt gelA 2B o) oA 77
Z o7 HHA5L7| = SFrh(Van Mantgem et al., 2011; Das
et al., 2016; Kane et al., 2017). 3t 1%, FAl, AFH
W 5o AFAR B9LE A5 Aol AgS n)xie)
(Maringer et al., 2016). AFET] 3o w2 4~E9] AE AL
= Tt 4250 tfalA F2 4 7]3(Crown scorch),
47+ 7183 (Bark char), ¥2] <3fj(Heat to roots)e} 7
AR 8] AE} 4=3] F7)(Bark thickness), S112 7, 4=
T 5] ) 4§ ST e st S olgste]
o] Z o] H tiMichaletz and Johnson, 2007; Lawes et al.,
2011; Brando et al.,, 2012). T3t Z|1oll= AEAIR Hof

A3 A2Z (2024)

A o] HAASES o83 250 TS ATE
o}x] 2L QIthRao et al., 2019; Furniss et al., 2020; Pascual
et al., 2022).

AEAE B49) At 2ol T s

o g7 del A
74]5101 22 uro|r), AJZB
Ea ] ]H@Eoﬂ(Cox proportlonal hazard model)->
ZA7be|| G nX= FHHFH(covariate)
o1 7 BARS T 4 9 FA mYo
3] H|(Hazard ratio)S AAFGFO 2 A ZLHFEQ] FgF
o1 4 SIchCox, 1972 %22 WASIHRHL
QF TR ool sl “d Bl AlXtoll whet
o 4 dAsich e v 7H (pro-
portional hazard assumstion)& ZA|Z gt} o FAHE 9]
85 vsiA v g E Qleat LS o]gste] thd
Zroll A %%74151" THot7] dwoll, Tl Haet =
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1. ST AR 2 rhate
ZHAm A A Q] 7] WEZH1991~2020)2 7]& 13.3°C,
Z34=%F 1509.7 mm, &< 2.4 m/so|H(Korea Meteorolgical
Administration, 2024), A5 AR 7F YX|eF =AS A
(37°15'52.60"N/ 129°1'18.77"E)= 2017 5% 6Yof A&
o] dFAsle] 765 haQ] 4 E1E,O] OCM:E] o41:}(K0rea Forest

Service, 2018). AH=1]3] x| ol A&
9 3ol Ao e A M 054 o4 =

AT Figure 1), A ol 91213 AURE Fof
A Sl AHAR AR 7 1&olt e o
s gle] gwlo] glon, Axmel wlsha <la) 4:7ke)
off 218-go] o} AHETs}E Belat 4 gl ALk 340
228 gaEon Agslth GAEES 6uFel 4t
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Figure 1. Location of the 3 research sites(left) in Samsheok,
Korea and photograph of the burned forest(right).
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R ELTEENER L)
B2 Yol =3 133 0](Bark Scorch Height, BSH)
£ Aggov, 1880 A WAL 7 Wol 18
& wolol HI&E BE T T 41 128 A(Bark
Scorch Index, BSI)E AF&sto] Z40f o]-8-8} 3 thKwon
et al., 2021)(Figure 2).
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Table 1. Image data information.

§

H(cm) 200 200 50 200
R(%) 100 50 100 50
-N E S w
BoE — (HY+ H —ZH +H") _ (200+ 200:50+200) 1625

BSI = HYRY+ HPR"+ H R+ H"R"™
= 200%1 +200%0.5 + 50*1 + 200%0.5 = 450.0

Figure 2. Measurment and calculation of BSH and BSIL

H: Bark scorsh area height, R: Bark scorch area rate,
BSH: Average of bark scorch height, BSI: bark scorch index

2GIS % A AR
ZF th Aol YA FFEet A ) 4=2] LK P (Digital
Elevation Model, DEM) A} 25 o]83}o] Z} tjAlEo] ¢
g3 AWE BASSI SARTRAS FEA YR
ZYPE oA AFS= 1:5000 AP L S4E o]
&oto] Atk AR o w iAo Ak, AL AL
HARES AY QA= AAske] RAlo] &8st
g A - 20 S A A IS Eels
9 -9-F=H(European Space Agency, ESA)of A &
Sentinel-22] $]A FAS ]85} tHTable 1). Ak
WA - 1719 olule] A Xl 4Normalized
Difference Vegetation Index, NDVI), &+&t3+x]<4=(Nor-
malized Burn Ratio, NBR), &2 E#|2X]<4(Moisture

Stress Index, MS)¥H 35 A 4K} tH(Table 2).

Image date Using band
prefire B04(RED) BO8(NIR)
resolution: 10m/px resolution: 10m/px
2017.04.30 Central Wavelength = 665nm Central Wavelength = 842nm
bandwidth = 30nm bandwidth = 115nm
postfire BI11(SWIR1) B12(SWIR2)
resolution: 20m/px resolution: 20m/px
2017.05.20 Central Wavelength = 1610nm Central Wavelength = 2190nm

bandwidth = 90nm

bandwidth = 180nm

Image source: Sentinel-2(https://apps.sentinel-hub.com/eo-browser/)

Table 2. Fomula of multispectral index.

Index Fomula

Delta fomula

NDVI NDVI=

NIR— RED _ B)38— B4

dNDVI= NDVI .. — NDVI

NIR+RED B8+ FA pre post
_ NIR—SWIR _ B8— B2

NBR NBR

MSI MS[= —— = ——r

- NIR+SWIR Bi8+ BI2

dNBR= NBR, . — NBR,

post

dMST= MSI = — MSI

pre post
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Table 3. Factors and variables used for survival analysis.

Variables

Forest fire DBH(cm)
damaged tree BSH(cm)
factor BSI
Topological Ellevatloon(m)
factor Slope(®)

Aspect
Environmental dNDVI
change dNBR
factor dMSI

NDVI= 449 &5 A=Falstal RYE -] $fs)
7P ditA o o] fE= v 2 Al T EPLPE ~1of]
Al 1 Abel €] ghe 7MW ghol 245 7St
Wk NBRE tHe2 QI3 1S AHsts)r] %’%H °1%Q
= X 42 AAof 7171614 HE-3-5F= NIR(Near InfraRed)
I BEoF HHo U7sHA ¥E-S-3l= SWIR(Short-Wave
InfraRed)E- ©]-8-5}o] AT A A3 Zpol= A4k
+ dNDVIS} dNBR2 AT g2 QIeh v-irof =1 2
I eEEe vskE Ao s UEhdo(Sparks et al.,
2016; Furniss et al., 2020; Dindaroglu et al., 2021). MSI+=
=0 pRFER| n7be A wheEls 2|2 Gro] =
T FHFo] & pRAEY A0} WP RS oy
gt & Aol = A
1 z}o]lE AAKSE dANDVI(delta Normalized Difference
Vegetation Index), dNBR(delta Normalized Burn Ratio),
dMSI(delta Moisture Stress Index)S AHET|3[| AUH9]
AEEA0) AR =AM BE51%th DEMA R 7|33t 7|
@ £4 9l Sentinel-2 914 GAL o 83 ThEEB A4
o] At eEAA 2Tl QGIS (Quantum Geo-
graphical Information Software) 3.28.115 ©|-83}¢] 4=3)
SHTE 2AF B 2SS dojRl Weed 44 Ake
sjshs ol A9 Q4 BN s BRstdc

A0} 7 A5 AET 7

(Table 3).
3. ME 24

A EOEEL

MBS supRe] YEEAE flete] 2 vl
&2 o] L AEZRN AL PEAZFS 0]85)o]

AT AL O BERE W, 22

L Pt<T<t+at ! T>t)
h(t) = lim N )
At—0 t

A3 A2Z (2024)

h(?) : hazard funtion
t: survival time
P : probability of occurrence of event

T: variable for survival time

2 HE SR SIS h)E T olel

S(F R, covariate)Z ©]-87F 27| 4j0] EZekH 4 29}
2ol UERdT.
h(t) :ho(t)e(ﬂ|$|+A‘3zl‘z+---+ﬂwk) (2)

ho(?) : basline hazard funtion at ¢
p: regression coefficient

X : covariate

9] AolA] s A7k el A BE Fuiao] 0%
Ao e S1RTAE Wat] o2 714 91 d et
£t} 913 u|(hazard ratio, HR)'= A2 F¥Fe] gho] the
ofwl Ak $1ES ThE el SIBOE Wi grolw
4 33} o] ekl 4 glek

]IH’
1=}
-

By + o Bry)
)6 1% Wik

I LN — 3)
h(t ho(t)e(dl 1+t B )

By (@ =)+t By —m )

HR: Hazard Ratio

L Ab] wkeh waks 714918
T} 2| 7AS dAEt ofet
Fulago] AbAe] WA HlX:

2) "E9e 7 AS
2 v R 22
Qs 71 7HE R <1 El= l of e} WakA] grom
A dAsiok el= v Yd 714 (proportional hazard
assumstion)o]] T3t HZo] "aslc) v 7HE9 A
Zol= martingale 7H H4E Fo] Yo ALgH W
(ZHEhH) ] A3 eE H71519 cH(Therneau et al.,, 1990).
HE2] 5 oA &le flste] AAAME HAH(case
deletion residuals) 242 A A3} tHZhu et al., 2015).
A A HAfE RE WSS o8-8t AtE 34
oF E4 WSS Akl ALtE A AolE
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Table 4. Group criteria for each variable for survival curves.

Groups
Small: DBH <30
DBH(em) 1 roc: DBH > 30
Low: BSH <150,
BSH(cm) Middle: 150 < BSH < 300

High: BSH > 300

Low: BSI <150,
BSI Middle: 150 < BSI < 300
High: BSI > 300

Low: Elevation < 800

Elevation(m) 1. Elevation > 800
o Gentle: Slope < 20°
Slope(®) Steep: > 20°
Aspect North, East, West, South
Unaltered: dNDVI < 0.00
dNDVI Slight decrease: 0 < dNDVI < 0.05

Severe decrease: ANDVI > 0.05

Unburned: dNBR < 0.100
dNBR Very low severity: 0.100 < dNBR < 0.185
Low severity: 0.185 < dNBR < 0.270

Severe stress: dMSI < -0.15
dMSI Moderate stress: -0.15 < dMSI < 0.00
Stable: dMSI > 0.00

o} AAAR] AL BEAS Fel Bl Aatol E FFS
+ WSS Flskoith 1 & BE HaeEo| disto]
schoenfeld Zk2} e &5 1|3l FAA Q] 24 53
Alzbol| what e 7E HekA] ghethe vlEE 7S

3) AEZAS ol§ W are B4
WMgnjete] 71208 of e YHOm LhrolE F AR
o B8 UFE YEE WSS BT 5 Y HEIHS
g 5HATkTable 4). AAE AZZAS LA ATHE
O Zh WgSe] AbRuls) AubRe] AEE] mlX
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e
=

ANEEPSIEIIE SN E B DR
=:]

W= 0|71 A A= 9l ch(Figure 3). AFET] = Q1)
o] A, T = 1 mel 09382 vEhy
AU Fa A A o] S5 AL Aol skt
uby BSHS} BSIQ] ¢&u]= k2 1.013 1.022, Ao
A& EHo] 5 AL 1Al Sk ol
itz AbE o]F Uitoll AR &S0l Al WA

Hazard ratios of all individual variables

p HR (95% C.I.)
dNDVI '_s'_' 5217 (3.02-8.99)
I JJrm
dNBR ; ‘e" ———t 4.05™* (2.47-6.63)
Slope I 1.06™ (1.03-1.1)
s
BSI | 1.027* (1.01-1.02)
BSH : ‘I 1.017* (1-1.01)
Aspect e 1(1-1)

Elevation

=T
©

u,‘
6
H
3

0.97*** (0.96-0.98)
0.93** (0.89-0.96)
0.38™* (0.28-0.51)

DBH
0.38*
dMsl  F—e—i

Figure 3. Hazard ratio of Individual variables.

C.I1.: Confidence Interval.
**Correlation is significant at the 0.01 level(2-tailed).
***Correlation is significant at the 0.001 level(2-tailed).

FE 7t A AFEY YAshe Aot
(Ordofiez et al., 2005; Regelbrugge and Conard, 1993;
McHugh and Kolb, 2003; Furniss et al., 2018).
A% Qo)A Batel SIS L0602 HAE $7H
b A SEA0] Bk Aom BAEST. ol
AR AL SR A H2test Wobm
(Lentile et al., 2006), AAP} 245 TEo] WASH 93
Aol AR 7] W7o 2 Ho]ZtHGibbons et al., 2008). Ht
H IE0] FAL- 0979 YFHIE R =2 1= X%
L5 JAL Ao sk Ao= Ytk 1
2]l AP I EI7E 12 UEho] AbHRRol| whE
TAE A Aol EEShA] dskth

2Hg 3} QIAtof 4] dNDVIZ}F dNBRO| 9131H]= 242}
5213 4.05% UER AR ofgt AAY & o] Ay
23, 44 A7 S7HESE Ake) T $1E 4ol
Z7Vstgleh WhA dMSIQ) 9 u]= 0.38 2, Ao 23t
FTFY Sl AEH L Frheo] F4BAMSIY Fol
Ag42) ARGl STk Aoz BAE
dNDVISH dNBRE AH2wals 9l vbto] 20 shzda}
$o39] H3E e T (Sparks et al., 2016; Furniss et
al., 2020; Dindaroglu et al., 2021), MSI&= 4=%59] 4~EA
EfAE Uepdat sAlo] AREE QI wehe] Are) &
2 AA-S AUt Avetisyan et al., 2022). wEhA AHE
‘59| thEg A HIE AR e o) gk gl
d WSS YEHWAL o5 Fall LA B ClSehe
ofujgt MapRA =EE o Helt.
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-

(0]

do b 2 ¢

2. HiEHHE 71 HE
1) martingale Z2}E o] 23t W4 3w Hr}
2kzke] TAL ofe QS| Wstel oS i@t 24
SHA A =AE 2437 9@l martingale ZHx} T1Ef 32
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A3 A2Z (2024)

martingale residual plot
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Figure 4. The martingale residual plots of variables.

Z 25t th(Figure 4). §3137%, 1%, AL dANDVI,
dNBR, dMSI®] 739 martingale 227} 0 A0 =2 A
3 g Holx] ki RHe) Rso] wekale) 5l7)
3Ko] 2 71207 glo] 2ol He
% el ol WStk il
Aol ol Wt 2 A
olgich W Nl ARk W)
£ 1% martingale Z2}o] £ E
5 A7H ol gl grol obd 0
23510} 0] AHo] Lk
E‘rola}oﬂt} BSHe} BSI9] 7o z}z}
A= R WREAE B 02 Ao
o] glo] A9 HEHoISlo] 21 ulASIBL ol
3 Ao Uehgeh. 1t 1 o] 4ol A martingale
#9) 8|74 AM0] ZA 29| Lo 7| LolAE AP
At} ol Wi =2 155 =ol(BSH)L} HABSHE
A 179 oA S Shelskcy.

%

= 7
=

R

2) AAAAAE o83t oA H7t

BSH} BSIO] ®=2gt o] JaFs nlX o) FAE el
3}7] 8l AA| AL H2H(Case deletion residuals)2] & &
=9l dfbetas 1 ZE 245 cHFigure 5). Hjo]E Fo
Al Adiglo] 0.2 o] o g mjwa & JEFeS U=

Case deletion dfbetas residuals

°
~

215) &%,
Lo

o
o

Change in coefficient for BSH
o

0.2 (295
04 (34]
0 100 200 300
Index
Case deletion dfbetas residuals
0.4
o2 [34) 295

-0.2

Change in coefficient for BSI
o

-0.4

200
Index

300

Figure 5. Case deletion residuals plots of BSH(upper) and
BSI(lower). The number in the boxes are the sample lables
of the ouliers

P22 BSHol| A 771(34, 215, 254, 264, 268, 280, 295),
BSIol A= 671(34, 215, 254, 264, 268, 295)2 &F¢15}5ich
martingale Ztx} “LE]| Zof| Al BSHE} BSIOA] oA &2 X
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) P=3)= 34W AU E BSH7) 765em, BSIZF 241.2
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M A A UE 2 A R Yoy
BFoI A A 79 A7) YESRA ol A2 1}
Ehgek uhE U] oA ES 2 9P tehhsl:
SHAITE 188 A7 ThE S ST Hl5ak] whie

martingale 2k} 1| Zoj A= o AR 2 VehbR] ekt
mabd B Ao Ml B8 188 ol WAL HE
AE=0] 2o BSHEF BSIZF 212} 600 cme} 200 ©]5+d

g
W Al Ee] AT WAL Selsch

pi

w
N
>.

12Fe] Wste] w2 BEAE 7Y A
Zyzho] AL G AAEL] Y H7L AIHe] Wstol =
A FAEE=AE &elst7] $18) schoenfeld %+
Aol Azkell tigt e LER Qlck(Figure
6). schoenfeld ZHat= 1871 3| A (TS 2 9
Hul7h Algtol| whet g AAsHA] gFal Wk e s
HRlt}, o= #SH AHETE] AuHe] 1AL °4€L717J
B GRS WA Ao) ofuet Ak A & 2]
(1~39 Zpof w2 A} skl o] Aj7to] Xl‘a*oﬂ
uhet {2} DAL o] 7] wjtolt). WhA schoenfeld
Zxpe] S HAA(EA) S HH RS HETE 0 &
Ao 22 71875 B vE s 7Hyol whEEE A

b Abga) 4

o] AR 193
o= Wl oot 2|FA S ol &t wE A 7]

slo

=

AAo] EAFoRE §o]31X] 015}7] 93 #x}e] 3
A AT Ao w2 f1FH] o) Wslrt glEs onlshe
y=02] 2 Aof thste] 7to|A|lF A 7(Chi-Squared Test)S
Alggetqict. AatAog wmE W49 Schoenfeld 3|7 %
Aof y=02 A3t fofmjet Xpol7t gle AC 2 ekl
(p0.05). Lt AbRaRe] 29 8712 dlo] ATk
A E7)5419] 05% A1=)77H WelEAelA ol o]
a1 4lo] 217} 2Ae juisiek & 4 glek WA A}
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