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Abstract: We investigated the effect of seedling age and planting density on early growth performance of Zelkova
serrata trees. Containerized Z. serrata seedlings, 1-year-old and 2-year-old, were planted according to two different
planting densities (3,000 and 5,000 trees ha™) at the end of March, 2017. Three plots were established for each
treatment (2 seedling ages x 2 planting densities). We calculated the survival rate (%) of out-planted seedlings as
well as the stem volume based on the root collar diameter (RCD) and height (H) in September of each year, from
2017 to 2019. Seedling age and planting density did not affect survival rate of the out-planted trees. Planting density
did not affect height of the trees, whereas the treatment significantly affected RCD and the H/D ratio for 2-year-old
seedlings in 2019. The stem volume per tree was highest in the plot of 2-year-old seedlings at 5,000 trees ha™ and
lowest in the I-year-old seedlings at 3,000 trees ha™'. In addition, the tree height in both 1-year-old and 2-year-old
Z. serrata trees was greater in the 5,000 trees ha' plot than in the 3,000 trees ha” plot. There was no interactive
effect between seedling age and planting density on stem volume; however, as seedling age and planting density
increased, stem volume of Z. serrata trees increased. The values for stem volume per hectare are 85%, 68%, and
300% higher in 1-year-old 5,000 trees ha’l, 2-year-old 3,000 trees ha!, and 2-year-old 5,000 trees ha™ plots,
respectively, compared to the values in 1-year-old 3,000 trees ha”'. This result shows that high planting density (close
planting) affects tree growth differently based on seedling age, and suggests that the planting density of 5,000 trees
ha' is suitable for 2-year-old seedlings to improve early growth field performance.
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A gz oJsfa AAEl= 2 27|19 S
259 2tEv Ao T8t JFS vlxtHHarms
et al., 2000; Benomar et al., 2012; Noh et al., 2020). 243t
AR AAEE 2] AUP S FE5tolIwasa et
al,, 1984; Antony et al., 2012), S=31, 97, A& S A
A9 271X 7] /U (Burkes et al., 2003; Kerr, 2003; Toillon
et al., 2013; Saha et al., 2014; Van de Peer et al., 2017,
Noh et al., 2020), =X WS A|3tslo] X1 E =o]a1,
S7 RS FAA 1= )ota 4 Ack(Aloom et al,
2007; Will et al., 2010; Newton et al., 2012; Akers et al.,
2013; Wang et al., 2018). 181} 5Ls =2 AAEH
Sl xgEe) wy Bl Ao et 48ate] Bebd
S 97 Wil A AAUE THE AsiAE AR
of By EL f7)0] BE AXBA, 29X A2 2
) Wby % 34 38| Eojof 3tH(Cho et al., 2020).
A Leueke) BYs 1YL 4710 1HAR(10)
= 2EAHQ0)7F AAEIL lon, FRTA oA o] 4
Rlo] 52 871014 AATE T glovt, maol] uet S,
a9 S g®E 7] 2po]7} QITHKES, 2014, 2020). 2
Yme] mele REo| 272 ARty ZUA A A4
o]% &t APolGagol FFE vZItkSouth
and Mitchell, 1999). A& Z7]o ZHE2Q] A7|= 515
Ayre] Aol Sl opE R 2lgt Al4lnl 87
85 E7F x| Hls) 943t SAE YT
4= QK (Close et al., 2010). E3F FFo] A A
el Tl ShealEo] 48 2YEe I
ol Hlsl Fed 9 ApHolgof lojA &
Aolxe] 27 A% 9 Baol SIHE FoF
(Canham et al., 1999; Grossnickle, 2000; Oliet et al., 2009).
e ARy Hodhs A, aHE tHo H|s|
o =& AFPALS B (Close et al., 2010), F-& =
B M Helet YA oME AHTF tjie] vlF) T
=2 39 AAHAS It Renou-Wilson et al., 2008;
Johansson et al., 2007). o]|A¥d By L F7]7} 2HE9]
AEEA ) 1A G 5 % YA, 29A) Bl
ol whab thokd 4= glth(Johansson et al., 2015).
SASHnERl “E|lU(Zelkova serrata)~= -2}
o FUEAe] F2 AEL glon, H FAS
Slat 8 gRASRAS] A Ao} ZRwHo] X
=31 cH(Otsamo, 2002; Hwang et al., 2015; KFS,
2019). =Ejupito] gt 2 oA o] S A+
= YH WA Be HA A Y 27 AR 54 ol
ot A7t R alEwE Q13(Yang et al., 2014, 2016; Cho
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et al., 2017a, 2017b; Yang and Cho, 2019), X+ 1dA)
LA HO LEUR 2 R|o)A] 3,000-10,000= ha'lo] Al
A Fol A 10,0005 ha'e] TEE At 2y
27 AARE WAL FRH R st Qo
(Noh et al., 2020). 131} W A oA 7|7 AYAE 7]
& e s 87150 9x) wF @ 2do] AHow
Z7}ebe ZA|o|E E18}1(Cho et al., 2020), £7]H°]
2P AL ES A et PR oA 27| A&
=4 Q7 Ane wad v ok by B AToAs
2t gAY ZEUT 2R oA BH[87]H(1-0)
o} £7]H(2-0)]2 A1 =(3,000% ha', 5,000% ha™)o]
uhE LEU 2gBe] 27 $E 9 297, 418
Aol 2R A S8 e 2
o] Bejo] weh At AEE 7ES AdtsheT 1

=4o] gt
Mz o gy

1. 97 HaX|

AT A AAEE 9H36°39'137 N, 129°16°
29.43" E, 448-470 m as.l)ol] 9x5bH, At thAatA e A
AbE 18-24° Qg on, B5Ad Ee EEEAREC 914
SHalth(Figure 1). £A717E 5¢H2017-20199)2] AE+t 7]
2.2 138 °C, Y7, HE 1,234 mmPFTHKMA, 2020).
EoF2 A gl 2017 of A= 370 x| HoA B
A& 2712 o g5to] 20 em 7HAIe] A RS 25
th EA-S Hydrometer®, E9F pH= BT} 2845 135
H| &2 3]43}9] pH meter(Orion Star A211, Thermo,
USA)E Z4ekeich M4 St Kieldahl 57, 7]
E 55+ Tyurin, §8 A4 5%+ Lancasterj 0 & =
st wak A4 ool &(Ca¥, Mg, K, Na') 5
+ Brown No.1'Ho| w2 F&H-& o] 2#4]7](ICP-OES,
Optima 8300, PerkinElmer, Singapore)® Z7%]3}% thJones
Jr., 1999; RDA, 2000; Noh et al., 2020).

2. ZEIF Az ! MUE E=A

20179 3] 2714 HH[87]5H(1-0), §7]1H(2-0)] 2]
LEUE 2P EL 271A] AR E[3,0005 ha! (1.8 m x
1.8 m), 5,000 ha’ (1.4 m x 1.4 m)]o] e} & 47}
Az ARty AAHAL A2 0.5 haZ F 2 hao]
A= U Figure 1(a)]. AAE == A -2 vl A
AAY 24 gt AAEE 71221 3,000 ha' 2} 9]
oflA AL f1%t FH 2-A] 8L Q= 5,000
E ha's AAUE Ao 7]1202 ¢ tkSaha et al,
2014). A EH|7] AAS A G zof 13], 24 2-3
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Figure 1. Experimental design for the treatments of seedling age and planting density
(a) and a photo for 1-year-old seedlings (b) in Zelkova serrata plantation sites.

Watel o 2812 % 58] AAshh e x3%e)
I8 548 SAap] Sisiel 24 Aol o)
A 39 902 9] ZYE-S AA3}At 2017
E| 2019 7}1X] UHL% 9o] =8-S FA}SA, AR
A H A9 HAL o]&ste] 2HE9 LU (Root
collar diameter, RCD, mm)3} <=11(Height, H, cm)& =%
3t &4 % 2 o]83le] H/DE[H/D ratio = H /
RCD]H 275 27] F49| H7F 2|3l 7+ A& [Stem
volume (cm®) = II x RCD? x H / 6] A48+ tHPinto
et al., 2011).

3. BA M

B AUEr} e U 22 x2S 297,
S=3L, HDE, 9 470 A o] u]2]= FFFE £457] 9
Sho] o] JEAREAS *e‘/\IObu—, T°r° Jo] ‘d@% A}
59| Ao 2 o4 D
o] A4 < 0.05 % 013 sHoit 4
A= Pearson A3 E41S AL, ’—%‘Zﬂ‘%liiiﬂﬂ
et U7 2] Aol vA= FF £ Al A
T nyayh WAE] ZUFS

&9+ 2 §(Linear mixed effect model)& ©|83}%tt 2=
=A EA o= SAS(ver. 9.4) = R A E ¢Jo](version
DELEEEIRELEES

Zn Y T

+= 0.06-0. 14%, -,—,—7] l"—E—— 2.6-5.9%, A
St ofol &%= 29.8-36.3 cmol, kg9 WS UERY
31, ZAFE7EO| §oF ¢l Xjo| S Ho|x] ¢FItH(Table 1).
S FHRAME = ZARLTI| S-21FQ 2lo] 7t ot
(p < 0.05), 39-75 mg kg HMo|&2 St} AN ESF Hit
25.6 mg kg'of B8] A Ao o 2z eyt
(Jeong et al., 2002). 2HE2] AEL-L TP} A EE
of whet §ol2el Aol mol4| slrkFigure 2). §71H

(1-009] ¢ 2952 JAL g 23 Fafdzo]
AP o, 8715(2-0)9] ¢ 2PF Axjo] w) gk

3l A Btk 20199 29 3] A
Aol 83% ool 4 Hlt 2 A

JEge wE

TolA 715

Table 1. The soil properties of Zelkova serrata plantation sites in 2017.

. . -1
Seedlings Plant%ng Total N Available Organic CE.C. Exchangeable cations (cmol. kg")
density pH (%) P ( kg tter (%) (cmol. kg™ 2 2+ + +
age (tree ha™) : mg kg ') matier (7o) {cmol. kg Ca Mg K Na
1-year-old 3,000 5.740.5 0.06£0.01  4.6+0.8 4.943.5 30.449.7  9.8+£55 3.39+2.18 0.39+0.14 0.06+0.03
5,000 5.94+0.3 0.21+0.18  2.6+0.4 3.9£2.6 33.9+1.5  13.141.5 4.84+0.43 0.17+0.12 0.07+0.00
2-year-old 3,000 6.3+0.4 0.14£0.05  4.2+1.4 5.9+3.3 36.3+1.3  15.841.8 4.80+0.74 0.30£0.02 0.06+0.01
5,000 6.4+0.5 0.14£0.02  7.5+2.0 4.140.6 29.8+0.0  11.2+0.9 3.38+1.17 0.51+0.14 0.04+0.01

Values indicate mean + standard deviation (n=3).
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Figure 2. The survival rate of Zelkova serrata trees
according to seedling age (1-year-old, 2-year-old) and
planting density (3,000 trees ha”, 5,000 trees ha™)
in plantation sites. Vertical bars indicate standard
deviation of the mean (n=3).

(1-0)} &7 H(2-0)2] =82 Noh et al. (2020)0] &Jst
1A LA BE o]-§3F AtollA =7 3|date] 90% o]
o] HEES Bl Zof H]a] ML L AERG Byl
L, 3,000 ha' 2} 5,000 ha' 9] AA U= 2] 7ol Y&
£o] 2o} ek o8 Aske AXsH Ak @
A 47102002 YEEE §7H(1-0)T G217l Zfo]
£ Ho|x| Qo Pinus halepensis, P. sylvestris, Picea
abies, Larix olgensis 52 +Fo|A UH7} AHo| H|3|
£ AESE B AW AT Aol e yepte
Lk(Puértolas et al., 2003; Li et al., 2011; Johansson et al.,
2015), Quercus rubra®l|l x| Hgo| wal f-214 ZjolE Hol
) ok Aol U A3} tHChaney and Byrnes, 1993).
Ko 2YB| WAL zYBe| By E =7]7}
S Aoz dA Qo1 South et al., 2005),
o] kET} AE e AARAT e %
Aol wet ohE 4= Qdck webA] S 71
n| 2= FFSE AeebA sh] 9
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Figure 3. The root collar diameter (RCD, mm) (a), height (cm)
(b), and H/D ratio (c) of Zelkova serrata trees according to
seedling age (1-year-old and 2-year-old seedlings) and planting
density (3,000 trees ha” and 5,000 trees ha™) in plantation sites.
Vertical bars indicate standard deviation of the mean (n=3).
Asterisks indicate significant differences in the variables
between the treatments by t-test (p < 0.05), n.s. (not significant).
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of Be R ez skt thiy 39 LELRY &
oz EAel o7 Kot Hwang et al., 2015; Yang
and Cho, 2019). gt# =21/ QlojA] F-2)2Ql Zpol&
Hol] ok A A ol oA Fof SAl S
otz LELRe] A EAIIE Telo] 9lg Aoe v
thMillet et al., 1998). 181} &7 Ho] B3| F2 0]
LA HE ©]-§3F Noh et al.(2020)9] A3y Aol 4] A7)
WAy T A Bl Qloja] o4 2l Zfo]
= ekl 22 I3 o, o] AdoR e §7n
£ olg 3 AT AT AR} F71ao] w2t S
Ao Qlo1A] WAle] B3} Lhebd 7R ol Ik 2019
W 871HQ0) A7 29 Fo| 4317} TEEo|A] 1562436
cm, AY=oA 1522433 em= YERL 4L =3 A9
LELE e 5(1-0) A 23] 219} fAR] o)
Rofl A&l AY HUE YL B AAuE kel 4
gt o] B ad o= HItKTable S1). E3F o]2fgt
A7 549 Aol dAgH o et e 4= Q7] diEell
YA B¢ 2 24o] o E 2HA|A ] F=7HH Q1 AF
= QFEtKSouth et al, 2005; Johansson et al., 2015).
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3. H/DE

259 H/D&2 Al7to] ZAagle] wet = Ae+
ofl A st UREAQl H3FS HItHFigure 3(c)]. 2019
W 25 3WA0] /D& §7]5(2-0) 5,000% ha' #]2]
TFo A 72.82 3,000E ha'! ATt 82.79] v|3] 22 o
£ ISItHp < 0.05). A &7]5(1-0)2] H/DE-2 A2
EA 2o whE 922 Aol 5 HolA] AqttHFigure 3(c),
Table S1]. X= A g|tol| A 848w A8
OFQl AHBAE HAA(r > 0.50, p < 0.01), A AHE2]
aate] wE 7]&7]9] Wik 87| H(2-0)o)4 e THp
< 0.01, Figure 4). o]+= 87]H(2-0) 5,000 ha" =] g]72]
ZElEo] thE At Hls 4% B 7AYo
S7P7F 9 Aths Ze ofnist, B/DE9] Hae g4
Q1 Z2b} 3 Hi5o] FHo] YL QS-S UEhdTh
(Bayley and Kietzka, 1996). =E|UF 1dA =X HE 0]
43t APApolA AAFAE] 3,0008 ha'o] H]3]
5,000% ha' o] AU E A 2| tof A FojFH o e HD
& Hlou, MRS 2dAiE = AQdES st
UER}A] 9F9FTHNoh et al,, 2020). 3FH H/DE ¢lof|, B
o E4E Uehis AEmA Bao] T2 7o) 2
W 2], 2% g4 9 Ase] 27h 5ol 4dd $AUR
2(Eucalyptus spp.)} 5AAY Betula alnoides Z8A] 5l
A B EEl Q17 wj&of(Alcom et al., 2007; Wang et al.,
2018), H/D&9] A712Ql RUEF} 3HA 8715l =4
RO A AZA vHlaitA] A7 2o Aleg Helth
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Figure 4. The relationship between height (cm) and root collar
diameter (RCD, mm) of Zelkova serrata trees to seedling age
(1-year-old and 2-year-old seedlings) and planting density (3,000
trees ha' and 5,000 trees ha') in plantation sites. The results
from Pearson correlation and linear mixed effect model of the
RCD and planting density and their interaction effects on height
are shown in each panel. Asterisks denote statistical
significances. * p < 0.05, ** p < 0.01 *** p < 0.001. n.s. (not
significant).
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Figure 5. The stem volume of Zelkova serrata trees according
to seedling age (l-year-old and 2-year-old seedlings) and
planting density (3,000 trees ha' and 5,000 trees ha') in
plantation sites. The value with vertical bar represents standard
emror of the mean (n=3). Asterisks indicate significant differences
in stem volume between the treatments by t-test (p < 0.05).
n.s. (not significant).
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Table S1. The survival rate, root collar diameter (RCD), height, H/D ratio and stem volume of Zelkova serrata trees according
to seedling age and planting density in plantation sites and results of two-way ANOVA of the age, planting density and their interaction
effects on the variables.

Planting density

Variables Seedling age (trees ha™) 2017 2018 2019
Survival rate (%) 1-year-old 3,000 83+5 83+5 8345
5,000 90+3 90+3 89+4
2-year-old 3,000 8843 86+4 84+4
5,000 91+2 87+3 83+6
Two-way ANOVA
Age n.s. n.s. n.s.
Density n.s. n.s. n.s.
Age x Density n.s. n.s. ns.
RCD (mm) 1-year-old 3,000 6.95+0.16 b 10.97+0.34 b 15.83+£0.54 ¢
5,000 6.54+0.12 b 11.44+£0.29 b 15.99+0.41 ¢
2-year-old 3,000 9.45+0.19 a 13.65+£0.27 a 18.90+0.32 b
5,000 10.01£0.20 a 14.4240.37 a 21.80+0.62 a
Two-way ANOVA
Age sksksk sksksk sksksk
Density n.s. n.s. o
Age x Density n.s. n.s. **
Height (cm) 1-year-old 3,000 82.0+1.4 b 98.4+2.3 b 1247445 b
5,000 76.7£1.0 b 100.8+2.2 b 126.9+35 b
2-year-old 3,000 115.2+£1.8 a 130.4+£2.0 a 152.2+3.3 a
5,000 118.4+1.4 a 1341424 a 156.2+3.6 a
Two-way ANOVA
Seedling age B sk sk
Planting density n.s. n.s. ns.
Age x Density * n.s. n.s.
H/D ratio 1-year-old 3,000 120.943.0 a 924423 a 80.1+2.3 a
5,000 119.5+2.2 a 90.3+2.1 a 81.142.2 a
2-year-old 3,000 124.943.1 a 97.742.2 a 80.7+1.4 a
5,000 120.9+2.2 a 95.7+1.9 a 72.8+1.4 b
Two-way ANOVA
Age n.s. n.s. *
Density n.s. n.s. n.s.
Age x Density n.s. n.s. *
Stem volume 1-year-old 3,000 10.5£0.6 a 22.2+1.5 a 178.8+154 ¢
(em® tree™) 5,000 8.6£0.4 a 19.0£1.3 a 185.4+12.9 ¢
2-year-old 3,000 37.9+1.5 a 58.9+2.7 a 296.7£16.2 b
5,000 422422 a 68.0+£3.5 a 429.5434.7 a
Two-way ANOVA
Age n.s. n.s. ok
Density n.s. n.s. *
Age x Density n.s. n.s. n.s.

Values are means + standard deviations for the survival rates and means + standard errors for the other variables (n=3).. Different
letters indicate significant differences according to seedling age and planting density in the year by Duncan’s multiple range
test at p < 0.05. Asterisks denote statistical significances in two-way ANOVA. * p < 0.05, ** p < 0.01, *** p < 0.001, and
n.s. (not significant).
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Table S2. The management cost for planting and weeding according to seedling age and planting density in Zelkova serrata plantation
and results of two-way ANOVA of the age, planting density and their interaction effects on labor efficiency.

Plantin, Labor
Seedling ace densi & efficiency for FCost for seedlings 1 Cost for weeding Sum %
& ag (trocs Ig'l) weeding (1000 won ha') (1000 won ha) (1000 won ha®) difference
(person ha™)

1-year-old 3,000 1.67£0.11 ¢ 5,325 7,019 12,344 100
5,000 3.56+0.36 a 7,882 11,496 19,378 157

2-year-old 3,000 1.55+0.13 ¢ 6,718 7,019 13,737 111
5,000 2.3740.09 b 10,280 11,496 21,766 176

Two-way ANOVA

Age *

Density ok

Age x Density *

Values are means + standard errors (n=3). Different letters indicate significant differences according to seedling age and planting
density in the year by Duncan’s multiple range test at p < 0.05. Asterisks denote statistical significances in two-way ANOVA.
* p < 0.05, *** p < 0.001. 547 won per each 1-year-old seedling, 955 won per each 2-year-old seedling, i labor cost for
5 times weeding operation for 3 years referring to Construction Association of Korea (2015). This table is modified from the
results reported by Cho et al. (2020).



