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Abstract: The purpose of this study was to determine the optimal planting density for Zelokva serrata plantations.
The study sites were located in Gyeongsan (GS) and Sunchang (SC), Korea. One-year-old, bare-root seedlings were
planted at densities of 3,000; 5,000; 7,000; and 10,000 trees ha™' at the end of March 2015. We measured the root
collar diameter and height each September from 2015 to 2019, and then calculated the H/D ratio and stem volume.
The root collar diameter and height increased with increased planting density, and the stem volume was significantly
higher at 10,000 trees ha' than those at the other planting densities. Planting density did not affect the survival rate
or H/D ratio. The root collar diameter, height, and stem volume were higher in GS than those in SC five years after
planting. This study highlights that early growth performance was improved at increased planting densities at both
sites. This study suggests that the initial planting density of 10,000 trees ha™' is suitable to improve the early growth
performance of Z serrata plantations, and that the improved growth performance at higher planting densities may
be a silvicultural characteristic of Z. serrata.
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Table 1. The site characteristics of Zelkova serrata plantation.

Site Gyeongsan Sunchang
Planting area (ha) 3.0 3.0
Elevation (m) 150-170 323-390
Slope (°) 18-20 30
Effective soil depth (cm) > 60 40

Mean air temperature (C)* 184 16.7
Mean annual precipitation (mm)* 917.6 1184.3

"Mean air temperature during growing season (from Mar. to
Oct.) and mean annual precipitation in 2015 to 2018.
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Table 2. Planting design and initial root collar diameter (RCD, mm), height (cm) and H/D ratio of Zelkova serrata seedlings.

Planting Planting Planting

Number of

Site density space area planted RCD Height H/!)
(trees ha™) (m x m) (ha) seedlings (mm) (cm) ratio

Gyeongsan 3,000 1.8 x 1.8 0.75 2,250 5.78+0.16 89.1+1.94 158+4
5,000 1.4 x 1.4 0.75 3,750 5.34+0.14 89.9+2.04 173+4

7,000 1.2 x 1.2 0.75 5,250 5.49+0.14 89.1+1.74 166+4

10,000 1.0 x 1.0 0.75 7,500 5.59+0.15 89.9+1.49 165+3

Mean 5.53+0.08 89.5+0.92 1662

Sunchang 3,000 1.8 x 1.8 0.75 2,250 5.63+0.14 85.4+1.79 156+4
5,000 14 x 1.4 0.75 3,750 5.98+0.18 91.1+1.83 158+3

7,000 1.2 x 1.2 0.75 5,250 5.78+0.15 87.7£1.92a 156+4

10,000 1.0 x 1.0 0.75 7,500 6.02+0.14 90.1+1.62 1564

Mean 5.87+0.08 88.8+0.89 156+2

Values indicate mean + standard error (n=150 per each treatment). There was no significant difference in all variables among
pretreatments. Bold letters indicate significant differences in RCD and H/D ratio between two study sites by t-test (P < 0.05).
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Table 3. The soil properties of Zelkova serrata plantation sites in 2015.

Texture (%) Total Available  Organic CEC Exchangeable cations (cmol. kg™)
Site ] pH nitrogen phosphorus  matter .l 'k. A
Sand Silt Clay (%) (mg kg_l) (%) (cmol; kg™) Ca?t 1\/[ger K" Na"
Gveongsan 26.83 5253 2064  5.50 0.13 11.59 2.44 27.22 10.68  4.52 0.21 0.26
yeong +1.49 +£138 +0.78 £0.13 +0.01 +2.02 +0.20 +1.19 +1.40 +0.19 £0.01 +0.02
Sunchan 17.01 6177 2122 477 0.39 6.40 8.61 31.81 1.65 0.41 0.17 0.30
g +0.82) +£1.65 £1.50 +0.07 +0.02 +0.65 +0.39 +0.83 +0.51 +0.10 +0.00 +0.04

P-value 03725 0.2631 0.5228 <0.0001 <0.0001 0.0323 <0.0001 <0.0001  <0.0001 <0.0001 <0.0001 0.4401

Values indicate mean + standard error (n=9).

Table 4. Results of two-way ANOVA of the planting density, year and their interaction effects on survival rate, root collar diameter
(RCD), height, and stem volume for Zelkova serrata trees in Gyeongsan and Sunchang sites.

Survival rate RCD Height H/D ratio Stem volume

Site Source D.f. - - - - -
F-ratio P-value F-ratio P-value F-ratio P-value F-ratio P-value F-ratio P-value

Gyeongsan Density (D) 3 2.5 0.0726 41.8 <0.0001 41.3  <0.0001 7.3 <0.0001 34.1 <0.0001
Year (Y) 5 1.0 0.4214 1617.9 <0.0001 1296.1 <0.0001 864.8 <0.0001 533.7 <0.0001

D xY 15 0.2 0.9995 3.4 <0.0001 3.5 <0.0001 2.2 <0.0001 8.88 <0.0001
Sunchang D 3 1.8 0.1588 49.2 <0.0001 774 <0.0001 5.6 <0.0001 46.0 <0.0001
Y 5 23 0.0613 1184.3 <0.0001 661.6 <0.0001 563.8 <0.0001 2459 <0.0001
D xY 15 0.2 0.9998 5.4 <0.0001 5.7 <0.0001 0.9 0.6093 10.0  <0.0001

pH7]' E1 —E':L:“_?T 73& X](E'O] —)1_'\?%]- X]gﬂjoﬂj\_]il:]— E1 —}E?V]\— Gyeongsan Sunchang
oh ek AT ¢ F Aole] SR FEE 100
e} Al ESF AZ] HiH(25.6 mg kg ulawsto] 4
Aoz A Yeyth(Jeong et al., 2002). gFol&2| gk
|G ol Aty A YebAT, et v < %
vl & Fol&d ske BAF Aol &4 A9 vl T
- _ - o
stol @Aal &7 el I
< 904
@

2, g“E‘E Planting density

AR 2F F A9 mR AYE] whE gEge o som
Fo)F el 2po]7F YERLA] 9EQFt(Table 4, Figure 1). 7 7 : :232
Ab |G 90.7-95.3%, 3 A o4& 91.3-96.7% | | . | [ @ o0 ! ,
= T 2)o] mEoA] 90% o]Ate] AESS Helth g 2015 2016 2017 2018 201365?15 2016 2017 2018 2019

1= [SAnNCRPN| S = S} SIeR eI |

T EEET A 5‘5_2_]: LA B ASHUE Figure 1. The survival rate of Zelkova serrata trees according
ok ofy gl AR 270 sFEAATLe] AFAA 9= to planting density in Gyeongsan and Sunchang sites. The vertical
Hoto] A AEE =22 A% oz FAddnt bars represent standard errors of the mean (n=3).
(Otsamo, 2002; Harrington et al., 2003). & oA
A1 A9 %(3,000-10,000- ha!) 2}o]7} “EJLHE 29 3. 2HE Y +~TME
27] AEEl Y= vAA 7] wieel, Hae BAF Aol AAE 19 =Y =0 Ht L9, L
uhel 2P A o] 24 HAL ol whE i Yl H/D&-2 212} 5.53 mm, 89.5 cm, 166°]H, <7 2] & of| 4]
A A Z717F S e 7 Q(Iwasa et al., 1984), Al = 77} 5.87 mm, 88.8 cm, 156 0.2 LEGTE T X7t
A 40 Qolx WA xo] 3 ANE AT 4 2B $alk Fol7t gglow, LUAT HDEL &
Qe Aow werEry. 9ol A £-2159] Zo]7} AKATKP < 0.05, Table 2)
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A A2 ofF, 2UY W N S T AN BE eh] AZelgon, 10,0002 hal A7 224 o)
oA AAUET} 7P =2 210,000 ha')oA] 0425t W Qojmom wr UehdthP < 0.05, Table 5). 2%
AE Uedth(Table 5). 2% B0l Kangetal. Aol 2UFL 2016dRE, SaE 201592

(2013)0]] 2J3l] 43 S} Kalopanax septemlobus) H-2- 10,0005 ha' A Hg|Fo|A 71 =UThP < 0.05,
o] AUz T A B4 ATolN S 9 Table 5). 2,500 ha' o]5te] AHHE W4 szl
o1 5,000 ha' T 10,000% ha'e] AALE A2l ATl A, WAl whek SAA Bonda alroides %%
Gol4el Hol2 Holx| gkakth. T, B AN o 4 Aol Zrbsks Eulzh B QLo Wang
A Ao0] mEUERE A4 geldEity AAuEe]  etal, 2017), B ATE Fajd SEUR P2 ol
et DA S Aol QolA FolHel Hol7k b 0 10,0002 ha' 7K o] U AlA ol 4= WA

Table S. The root collar diameter (RCD, mm), height (cm), and H/D ratio of Zelkova serrata trees according to planting density
in Gyeongsan and Sunchang sites.

Density

Site Growth (trees ha™) 2015 2016 2017 2018 2019

Gyeongsan RCD (mm) 3,000 8.69+0.24 b  14.20+0.38 b 22.88+0.71 b 30.26£0.96 b  44.63+1.43 b
5,000 8.16+0.21 b 14.65£0.38 b 23.53+0.63 b 30.75£0.82 b  45.20+1.13 b
7,000 8244023 b 14.96+£043 b 23.79+0.58 b 31.26£0.72 b  42.91+0.95 b
10,000 9.63£0.29 a  19.02+0.60 a 29.57+0.92 a 38.17+1.30 a  50.63£1.58 a

Height (cm) 3,000 103.8£32 b 1355438 ¢ 192.1+49 b 228153 b 306.1£8.0 b

5,000 106.7£2.4 b 144.5+£3.1 bc 192.0+£3.7 b  223.5+42 b 208.0£6.1 b

7,000 106.1£2.5 b 153.143.7 b 197.5+442 b  228.1+3.6 b 296.2+5.6 b
10,000 122.0£2.6 a  179.0+449 a  219.0+4.5 a  257.2+6.1 a 351.3+11.3 a

H/D ratio 3,000 122.6+4.0 b 97428 b  86.3£2.2 a 78.0£2.2 a 70.6+1.7 a

5,000 133.842.5 a  101.5+2.0 ab 85.0+2.1 a 75.4+1.7 ab 70.0+1.5 a

7,000 132.043.1 a  104.7423 a  85.0+2.2 a 74.6£1.5 ab 70.5£1.6 a

10,000 131.0£3.1 ab  97.0#23 b  77.0+1.8 b 70.2+1.6 b 70.2+1.5 a
Sunchang RCD (mm) 3,000 9.65+0.18 a  14.84+0.33 b 19.55£0.54 b 22.62+0.56 b  25.60+0.68 ¢
5,000 9.50£0.20 a  14.36+0.33 b 20.29+0.35 ab 23.92+0.45 ab 29.34+0.65 b
7,000 9.98+0.23 a  15.37+0.41 ab 20.21+0.49 ab 23.95+0.53 ab 27.89+0.71 b
10,000 9.84+0.19 a  15.97+0.37 a 21.58+0.55 a 24.75+0.61 a  33.01£1.00 a

Height (cm) 3,000 117.242.0 ab 148.7+2.6 b  174.8£3.7 b 1942446 b 192.1+4.8 d

5,000 1159+2.1 b 150.2+2.6 b 187.2+3.3 ab 208.8£3.6 ab  227.2+4.6 b

7,000 117.8£2.7 ab 150.3+29 b 173.6£33 b  193.4+3.8 b 211.3£52 ¢

10,000 123.742.6 a  163.4+4.1 a  195.1+4.7 a  218.6+53 a 256.1£7.0 a

H/D ratio 3,000 123.4+22 a  102.6+x1.9 ab 92.842.2 ab  87.2+1.6 a 76214 a

5,000 124.9+2.6 a 1077424 a  93.7+1.8 a 88.6£1.5 a 78.4+1.2 a

7,000 120.0£2.6 a  100.8+24 b  87.6£t1.7 b 82.0£1.5 b 76.7£1.4 a

10,000 127.142.3 a 1042422 ab 92.4+1.8 ab 89.9+1.7 a 78.8+1.1 a

Values indicate mean + standard error (n=150). Different letters in a column within the same tree age indicate significant differences
among planting density by Duncan’s multiple range test (P < 0.05).
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= AT A3 Eagnl QltiWang et al, 2018). w2
A, FF EATEA eV Akt 24 4 WU
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Figure 2. The stem volume of Zelkova serrata trees according
to planting density in Gyeongsan and Sunchang sites. The vertical
bars represent standard errors of the mean (n=150). Different
letters indicate significant differences in stem volume among
planting density in 2019 by Duncan’s multiple range test (P
< 0.05).
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Figure S1. (a) The root collar diameter (RCD), (b) height, and (¢) H/D ratio of Zelkova
serrata trees according to planting density in Gyeongsan and Sunchang plantation sites.
The vertical bars represent standard deviation of the mean (n=150). Asterisks indicate
significant differences in the variables among planting densities for each year (P <
0.01). The significant differences in the variables among planting density by Duncan’s
multiple range test are shown in Table 5. n.s. not significant.
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