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Abstract

This study compared survival, growth changes, and soil moisture characteristics between a good-growth zone and a
poor-growth zone within an ex situ conservation site of Korean fir (4bies koreana E.H.Wilson) established at the Eocheon
Experimental Forest, Hwaseong-si, Gyeonggi-do, Republic of Korea. A total of 280 individuals planted in 2021 (140 per
zone) were fully surveyed for survival, and height and root collar diameter of surviving individuals were measured in 2021
and 2025. Soil moisture was monitored continuously from 2020 to 2024 using sensors installed at 30 cm depth in each
zone, and annual, seasonal, and consecutive overhydration characteristics were derived. Soil physicochemical and
particle size properties were also compared between zones. Survival rate was significantly higher in the good-growth
zone than in the poor-growth zone, with a substantially elevated risk of mortality in the poor-growth zone. Height and
root collar diameter of surviving individuals increased significantly from 2021 to 2025 in both zones, but growth
increments did not differ significantly between zones. In contrast, the poor-growth zone showed distinctly higher annual
mean and maximum soil moisture, greater frequency of overhydration, and longer consecutive overhydration periods
than the good-growth zone. Soil moisture content, cation exchange capacity, electrical conductivity, and clay content
also differed significantly between zones, consistent with the moisture patterns observed from continuous monitoring.
These results indicate that poor growth performance in the conservation site is driven primarily by low survival rate and
repeated soil overhydration rather than by reduced growth of surviving individuals. Improving drainage, adjusting
microtopography, and continuing soil moisture monitoring are recommended as priority measures for site management
to enhance long-term establishment success of this endangered subalpine conifer.
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Al Il 2134241 G mAH, 53] 24 E ofar
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Mantgem et al., 2009). 21=2] A2t A 4] At
AE 715527 Wste] whet gebd 4 9low, o=t
H5= A2 BAAGAA A28 g1 ajle
2 J2jEojof dtk(Parmesan and Yohe, 2003;
Thuiller et al., 2005).
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o] =& o]§, A iba A, FE ol E EQF-4
S ASAES 2ot A AgolH, A FEIE A
Pole 543 SEAHEE gRlog Rt
(Rodriguez-Iturbe, 2000). EFFE-2 Al7H S
A3t 374 o d o] A7) wfEel FoEHE ofEr =
O 2], 214717 9 Rl E712] 9 B
= a7} ck(Porporato et al., 2002).

TUF 2E o Hi = T2 7| $ s} Ax &
Efs, 212 st 9 g2 Bd ZA7E A= g
o}, st Aol AR AJES e R St SRR
Y Aol E= 715 2 gA] 81lo] A& AE ¢ £
ol 7ol WHohA PEE= AR HIEITHCho et
al., 2015). A AF R AL Ao A= 7] 579t
T8 2EPAL YA o] 1A siEE Aot H
ZQ3t 99102 AAEAHLim et al., 2025). E3t
TR B2 AZx AEH A A Ao e 2
N & 2do] AEY A g3le] 7]ofd 4 glo] Bl
Ho], EQFRA T A o] R Bk A
83 9498 HojEH(Mannaa et al., 2023). 11
Ut A QR EY 2470 AEE, Y §EE E
T2 A7) ", 4% 5 EA 2 ES o3
e FEH o= H|wet A= oA Al oltt,

mEbA 2 ATs TAUF dREED W A
S BEEFAE WFer JE2&d A4 W
Hl ok, EGei iR, Al EYSE,
5 B4 9 EG o3t - Y B4 A5t
E A E 3 8 90-S Hrkekaat spqirt. o
of AR AR REY] 27] 2 AHa
ofstar, 3Fg HE Frejof| A nefsjof & EQF
AR T FS A st skt

1]{e3 rIO i

roh wa loy fo £

ofl

Ho
o%

I
il

.}

o uju ox rf
L o Ho b

—

$
Mz W
pis)

2, 2z L u

2.1. AFCHEA| L ZAM HY



T AR gnE

2 d7s A7k A wiEH ojHeES o
&7 °F 126°55'F) FHAL 22t jM s
AT A AR o HAIE ™ Holl
k) :IL L"ITL(A[JJES koreana E.H.Wilson) @%] <]
REAS s hstant. FAIRAIE 202149
A= oH, FEAE Sote] BSAAE7E Gt
Z19(good-growth zone)@t AJE/3E7F 25t A<
(poor-growth zone)= AAsHATH S A]= 4]
A & gzbo] bgH o 7 o]Fo|A A& NA7T A&H
o8 {AEE Yo Hosiglon, FEFA
TAREO] AL AE WA IE A2 Aoz A oJs5te]
th T AR Ut AR BHEY Yol $1x]5H 4]
AAE(20219)e} T2 Tk g nA R P}
Eokg}ﬁ E/Ho] /\]’O]o]- x]oﬂo]q- AH_%O HA—] ] _'43].
o 7k ZAREOA AZE 14054 F 28055 thde
2 A5ZANE AAsHEoH, BFE RS 75519
ABE INAE o r BSEAE skl ASLR
2 e} BEEFA] 0] A EAS vkt

18

_l

Fl\‘

22.4Z

AEZAR= A FA 24 27]12H8(20219)9}
2E ZAR(Q0259)F &5kt A a2
I (height)et T8 (root collar diameter) 2.2 A%
sttt 1e SHER LR 0.1 cm)E ©]-85t

Mo 2 RE AR ] dolE S4stileH, &
AL HAd A A(EH AEE 0.01 mm)E ©l

45to] | xH AR &7 A5 SH5Hth A&

EE A A HiB] BE INAT] HlE(%)=E 4HE

sttt AE AAE ez 7] ZASE & RAF

o
al A(ng A

L

Mo

4T R TR FFS AEAG O, AT A
BN 27198 Aste] AL, olg ot
T R2AT 7 27] BA S 54 s

2.3 EYLE DLED U EULE ML A2

Egaw EAS SISt AsEFA o 47 1
4 AXH EFEEAA(HOBO, Onset Computer

[e]
Corporation, USA)E ©]-&5to] =45 A2 & &§
sttt AlX= ZF ZAHE W 21 Z3E 30 cm ol A
25t oH 308 AL B AnE 577
S5ttt 24 0lE 202095 2024870419 2
= 9 99 Batste] AET LB EFeE AR

DR E R

28
N

F Ay s 9 BB B4 Hi 671

ol-gstlon, ol x| et AEXE AAT § &4
Fqsttt, EFeE-2 A d4E(volumetric
water content, m®m )2 &
& EA4E& F7st7] 5k

A EgS E, NEL 52}4&,

ﬂJlo i

A EGTw 259 10% O] Cla= \_J_(dry period),
90% ©1/= 5 (overhydration) AHIZ A 2]5to]
AT AZXH o FFHIEE AT AEE &
FE EAE v|sH] flote] B(3-59), A&8(6-8
4), 7F2(9-119), A&(1229)° v EFTES
QEeST WA AEBAL BoANI] ol
A Aotatt A% 52 4387 E
FE0] 90% ol dEiVE A& {AE«=
717te 2 Aolstiitt. ol & v o2 A7t d5US,
s HANE G AR S AR B A4 s
A4, o A% 584 2 39 o, 54 o), 7¢

ol’g A% H W Abd 52 22t st

i

¢

i

O

24, £ O[sEt U U 24

EF Name Asger]
Hotlot. AFR A 5= ESF olgteh it . &
AAsHET AEL &1
W EoFQ AT AN H 7S 285}
F 2104, KSF 2302). 4 52 T2 %), #71=
(%), Fa4 K mg kg™), T4 4(Total N, %), ¥l
218K (cation exchange capacity, CEC, cmol’
kg™, A7 E X (electrical conductivity, EC, dS

m™), pH, £4UE(Mg m™) 22 A5ttt dh+=

Al&A 7 BlSAES ol-85te] Reli(sand), FIAKsilY),
HE(clay)®] +4H1(%)E AH=sH3ATt.

2.5. A=A

BAEA ol 9hA ZF W4=9] Ft/3-& Shapiro-Wilk
AR o2 ZRIsttt. Shapiro-Wilk A2 AXE(n
(504 % Aol wot Ftd {18k TdshA &
A 4= Qe o] glov, RELTE 5] S Y
AFA WA o] EotA SR

ol t(outlienel ol
#5340l sl 712k 4 glrke Bde] ik, AE
AR 1 2 TURT go] BESGIL JH R 2
1, AT S RS WAt B A 28



672 S - ATt - PEY - WA

Table 1. Comparison of survival rate between good-growth and poor-growth zones

Site condition Planted individuals

Survived individuals

Dead individuals Survival rate (%)

Good-growth zone 140 71
Poor-growth zone 140 10

69 50.7
130 7.1

Note. Pearson’s chi-square test was used to compare survival frequency between site conditions, x%1) = 64.64, p ( 0.05. Fisher's exact
test also showed a significant difference between site conditions, p ('0.05. Odds ratio = 13.38, 95% Confidence interval (CI) =
6.49-27.58: risk ratio = 7.10, 95% Confidence interval (CI) = 3.82-13.19.

Table 2. Changes in height and root collar diameter from 2021 to 2025 in surviving individuals

Site condition Growth variable 2021 2025 Increment t-value p-value
Good-growth zone Height (cm) 22.38 + 6.20 66.32 £ 34.34  43.94 + 32.80 11.29 (0.05
Good-growth zone  Root collar diameter (mm) 7.73 + 1.35 21.24 + 6.50 13.51 + 6.26 1817 (0.05
Poor-growth zone Height (cm) 14.40 + 3.74 46.75 £ 28.10  32.35 *+ 25.58 4.00 (005
Poor-growth zone  Root collar diameter (mm) 6.53 £ 1.26 17.30 + 7.83 10.77 + 6.95 491 (0.05

Note. Values are means * standard deviations; Paired t-test was used to compare 2021 and 2025 values within each site condition.

YZE8-2 Pearson®| 7}
OJAlE HA(Pearson's chi-square test)¥ Fisher2]
A4 A (Fisher's exact test)= ©]-&5to] B|W 5} .C
™ AZAEH|(risk ratio)?t $AHH](odds ratio)s
95% A =7 3t A AFESHTE AE AA Q] 4aret
<97 Hat= S22 ~HH(paired t-test)S ©-§
Sto] 2021497 2025 @t v okt F FARE F
A vl 2ol BE4S 11Elste] Welch®l -
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o, AEE B, 95 3 B4 9 ESF o]geHg-
A EAL 3 E4TE AL & defsto] H|R4 1A
¢l Mann-Whitney U A& o]-8o}o] F&5FS 2|2}
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(Table 1). 219 270 wp& & o7 9] Aol & HH
e Ad & Y P AEE Aol SAA LR {95t
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o ME Rt 2o 7t ERIEAHp ( 0.05). FEF
S22 AHEL A (risk ratio)= 7.1022 AHEE S
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BE AE g 202197 202599 A5
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o] §-95tA F7tetAtH(Table 2). ASF2 A9 4=
IE=22.38 + 6.20 cm®lA 66.32 + 34.34 cmZ2
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1.26 mmell4] 17.30 + 7.83 mm= 7t tH(#(9)
=491, p {0.05).
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Table 3. Comparison of growth increments between good-growth and poor-growth zones

Growth variable Good-growth zone Poor-growth zone ~ Mean difference t-value p-value
Height increment (cm) 43.94 + 32.80 32.35 £ 25.58 11.59 1.29 0218
Root collar diameter increment (mm) 13.51 £ 6.26 10.78 + 6.95 2.73 1.18 0.263

Note. Values are means * standard deviations. Welch's t-test was used to compare growth increments between site conditions. Degrees of

freedom were adjusted using Welch's approximation.

Table 4. Comparison of annual soil moisture-derived variables between good-growth and poor-growth zones

(2020-2024)

Good-growth zone

Poor-growth zone

Variable (mean+SD) (mean+SD) Mann-Whitney U p-value

Annual mean soil moisture 0.2039 + 0.0056 0.2747 + 0.0227 0.0 (0.05
Annual minimum soil moisture 0.0773 + 0.0272 0.1631 + 0.0954 5.0 0.1508
Annual maximum soil moisture 0.2726 + 0.0196 0.4204 + 0.0420 0.0 (0.05
Annual standard deviation 0.0394 + 0.0070 0.0425 + 0.0277 16.0 0.5476
Annual coefficient of variation (CV) 0.1935 + 0.0371 0.1607 + 0.1215 20.0 0.1508
Dry period frequency 0.1323 £ 0.0713 0.0355 + 0.0722 21.0 0.0937
Overhydration frequency 0.0005 £ 0.0012 0.2000 + 0.2410 0.0 (0.05

Note. Soil moisture values are expressed as volumetric water content (m* m™). Values are means * standard deviations. Mann-Whitney U
test was used to compare annual soil moisture-derived variables between good-growth and poor-growth zones. Dry and overhydration
frequencies were calculated using the 10% and 90% thresholds of the cleaned daily mean soil moisture dataset, respectively.

FS A9 Hgho] 2.73 mm =4t Welch's t-test
At =3 AR RH(1(13.56) = 1.29, p = 0.218)3 T
B AH(11.16) = 1.18, p = 0.263) 5 F < 3¢
FAA 2poli= F-2okA] ottt o]t A= F Y
H &gl TR 2po|7t A E v, A& A)A
o] A% dh-g AHA|oll= Fol gt Abol7t §lole-& ol
), 27] Z2to] 47 o 57} o] o] A HTE 92|87
2Ed A0 o 77sHA BESRthE HS AJARSI:

s

SttH(Table 4). A8+ EFFES B8

2] 0.2039 + 0.0056, BEEZFA] 0.2747 + 0.0227
2 Yehgon, BEEFA A FolotA ESTH(U =
0.0, p (0.05). AN EFFEE H8LFS2] 0.2726
+ 0.0196, A-S-E3FA] 0.4204 + 0.04202.2 F-235t
ZpolE BAHU = 0.0, p ( 0.05). BHH, 94 ESF
T, AuEEd, HEAS 2 AxNEE {25k

QokT, IEHEL FEBFANA 5P okt

(U=0.0, p {0.05.

AdE B EGSTELS v Ay} AeEFAE
HE AdoA BKFSAET £2 EGFES B
THTable 5). 4 Hd EYFES 8IS A A
0.2183 % 0.0050 m*m 3, A-SEFA] oA 0.2775 +
0.0281 m’m = YEoH, BSEF27t 0.0592
m’m® ¥t BAFOR [{oIgt zfolg HAHU =
0.0, p ( 0.05. AEENE AEF3A] 0.1992 +
0.0314 m*m®, AJ5EF2] 0.2910 + 0.0094 m’m
2 Yeht AE F 7P 2 210191 0.0918 m*m 38
o, F 3 7+ 2ol St U = 0.0, p (
0.05). 7F&4d Bt ESSE A A8F354] 0.2167
+ 0.0131 m’m™, ASEFA 0.2942 + 0.0163
mPm 2 AASEHFA70.0775 mPm ™ =8keH, B4
Aoz Folgt Afo|7t ERIEINTHU = 0.0, p ( 0.05).
WA 72 ofl = A-82F 52 0.1808 + 0.0336 m*m
8852 0.2298 + 0.0677 m*m & FEEFA7t
0.0490 m’m™ ESkou, F 74 7t z2tol= FAZ L
2 FI5HA] FUTHU = 5.0, p = 0.1508). A H o2
AEEdA e &, o5 L 7HEol AEH o2 52 EY
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Table 5. Seasonal mean soil moisture in good-growth and poor-

dug - HwAd

growth zones

Season

Difference (Poor-Good)

Good-growth zone Poor-growth zone Mann-Whitney U p-value
Spring 0.2183 + 0.0050 0.2775 + 0.0281 0.0592 0.0 (0.05
Summer 0.1992 + 0.0314 0.2910 + 0.0094 0.0918 0.0 (0.05
Autumn 0.2167 £ 0.0131 0.2942 + 0.0163 0.0775 0.0 (0.05
Winter 0.1808 + 0.0336 0.2298 + 0.0677 0.0490 5.0 0.1508

Note. Soil moisture values are expressed as volumetric water content (m’m™). Values are means #* standard deviations of annual seasonal
means. Mann-Whitney Utests were used to compare seasonal soil moisture between good-growth and poor-growth zones. p (0.05.

Table 6. Comparison of consecutive overhydration metrics between good-growth and poor-growth zones (2020-2024)

Variable

Good-growth zone

Poor-growth zone

Mann-Whitney U  p-value

(mean+SD) (mean+SD)

Number of overhydration days 0.20 £ 0.45 51.60 + 74.12 0.0 (0.05
Frequency of overhydration days 0.0005 + 0.0012 0.2000 + 0.2410 0.0 (0.05
Number of overhydration events 0.20 + 0.45 13.00 + 11.90 1.0 (0.05

Mean consecutive overhydration days per event 0.20 + 0.45 4.25 + 3.53 0.0 (0.05
Maximum consecutive overhydration days 0.20 £ 0.45 22.20 + 40.74 0.0 (0.05
Number of events lasting > 3 days 0.00 £ 0.00 4.20 £ 5.67 2.5 (0.05
Number of events lasting > 5 days 0.00 + 0.00 1.40 £ 2.61 7.5 0.1797
Number of events lasting > 7 days 0.00 + 0.00 1.20 + 2.17 7.5 0.1797

Note. Soil moisture values are expressed as volumetric water content (m® m™). Values are means * standard deviations. Mann-Whitney U
test was used to compare consecutive overhydration metrics between good-growth and poor-growth zones. Overhydration was defined
as days when daily mean soil moisture exceeded the 90% threshold of the cleaned dataset. Consecutive overhydration days were

calculated as uninterrupted calendar-day sequences.

SBe e on E3] o5 o] £ 7o) 1 B
o]z} 7V 27 thebe

A& FJ% =% é% ]I’L’f?} 23 s S

O]'T“/l'("l”able 6) ‘E{ THEAd4E AAL¥TA] 0.20 +
0.45¢, S22 51.60 + 74.129= Uehgton,
BEEFAANA 2t =JTHU = 0.0, p ( 0.05).
5 AP 4 A ALk T 2] 0.20 + 0.453], L&
2] 13.00 £ 11.908]2 FoIgt #}o]E HIHU =
1.0, p{0.0%. 4745* Bt AL T5deet 2 A%
5ESE ASEFA A FolotA &9k, 3¢Y
ol A&H ﬂ% 47& F A Fogt zfolE Bk
(U=25p(0.05. 84, 54 o] L 7 o)A 245
s A e ot Aol Holz] oithp =
0.1797). °18st A= M-SR 7 d<=5] B4
O 2 53t Ao] opzt gEAH o)1 7|7 A 4= 3t
5 Aol B 2k = EE S22 U, o]2f]t 2|4

[
I

52 A W Ata Sk Asfiste] e 58
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3.3, MRYBAIt MK BYAIO| £ Ol3faH U
= 54 30|

o
I_n
A|m
oX,

E¥ Olz}i*é g =

&, CEC, EC 2 HE gl T 7 2 Folgh 2}o]
7} Uebdth(Table 7). 53¢
+ 2.043%, BSEFA] 12.660 + 3. 272%§ UrEP*O
o, ASEIFANA FolotA E=UTHU = 3.0, p (
0.05). CECE A5%54] 5.738 + 0.160 cmol+ kg,
AEE7FA] 6.776 £ 0.784 cmol+ kg ' 02 HR-ETF

AN FoletA EI(U = 0.5, p ( 0.05), ECE A

%9F54] 0.115 + 0.011 dS m™, ASEFA 0.156
+ 0.044 dS m™'2 JSEFA W FlotA =3t
(U=20 p(0.05. DE T2 B8F52] 1,088 +
0.076%, 42757 0.880 + 0.148%= LFebo.
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Table 7. Comparison of soil physicochemical and particle size properties between good-growth and poor-growth zones

Variable Good-growth zone Poor-growth zone Mann-Whitney U p-value
Organic matter (%) 1.996 + 0.391 2.560 + 0.777 7.0 0.3095
Moisture content (%) 8.972 + 2.043 12.660 + 3.272 3.0 (0.05
Available P (mg kg™) 1.099 + 0.659 2.750 + 2.181 6.0 02222
Total N (%) 0.127 + 0.057 0.138 + 0.074 12.5 1.0000
CEC (cmol’ kg™) 5.738 + 0.160 6.776 £ 0.784 0.5 (0.05
EC (dSm™) 0.115 £ 0.011 0.156 + 0.044 2.0 (0.05

pH 6.720 + 0.449 6.680 + 0.277 14.0 0.8413

Sand (%) 68.284 + 10.852 55.360 + 5.522 21.0 0.0952

Silt (%) 30.628 + 10.882 43.760 + 5.447 4.0 0.0952

Clay (%) 1.088 + 0.076 0.880 + 0.148 22.0 (0.05

Bulk density (Mg m™) 1.405 + 0.033 1.356 + 0.045 20.5 0.1508

Note. Values are means * standard deviations. Mann-Whitney U test was used to compare soil physicochemical and texture properties
between good-growth and poor-growth zones. Moisture content indicates field soil moisture content. CEC, cation exchange
capacity; EC, electrical conductivity; Available P, available phosphorus; Total N, total nitrogen. Significant differences were

determined at p (0.05.
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whg-2 sl ey, AL, ogdl W A4 AT 27
FOoR B30 R Uehtu, olelgt W2 A% A

StHCh AE o Fof WA vt E 4= 9lrk(Voesenek
and Bailey-Serres, 2015). +AUHFE tido 2 g
T & AEHA AFoA R FE2 oY A] At
AAFE Y 2L FAo] 9FE E 5 U0l K
HAtH(Chandrasekaran et al., 2024).

E¢F o]3lshg |l i B A= B8, CEC,
FC ¥ HE d=follA 19 7t 2fo)7t Yerdtt, o] &
AEEFA A w2 FETHL BC= BV EGSTE
EA oA ElH npR-ay B4 22 vureke] Ayt
o, EF 8 | o] 2 5ot 23 3 2lolE T
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dRlo 2 Gty Ht=, d54 ESSE FES B
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(Jeong et al., 2023). T&3HH, 2 A9 A= 4
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A& 5717 Aol A E|ojoF 3he HojEtH(Yun
et al., 2018).
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