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Effects of Refrigerated Storage Temperature and Duration on
the Seedling Quality of Bare Root Plants and Container
Seedlings of Quercus variabilis and Zelkova serrata
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Abstract: This study was conducted to evaluate optimal storage techniques for bare root plants and container seedlings
of Quercus variabilis and Zelkova serrata in order to maintain high quality of seedlings until planting. Refrigerated
storage treatments were given at two temperatures (—2°C [freezing] and 2°C [cooling]) for nine different durations
(0, 15, 30, 60, 120, 180, 240, 300, and 360 days after storage). We analyzed total nonstructural carbohydrate (TNC)
content and measured shoot moisture content (SMC) during the storage stage and survival rate (SR) and dry weight
during the planting stage of seedlings. The TNC content and SMC of the seedlings of the two species decreased with
an increase in storage duration. The TNC content of seedlings rapidly decreased after 180~240 days of storage. The
TNC reduction rate in the freezing treatment was lower than that in the cooling treatment. Also, with an increase
in the storage duration of the two species, the SMC reduction rate in the cooling treatment increased in comparison
with that in the freezing treatment. In both the species, the SR after planting decreased rapidly after 60 days of cooling
storage and 180 days of freezing storage, respectively. The SR after planting was less than 60% when the TNC content
for both the species dropped below 20 mg g'. In addition, the SR was lower than 80% when SMC measured before
storage decreased by approximately 30% and 20% for Q. variabilis and Z. serrata, respectively. Our results suggest
that cooling (1~2°C) storage is recommended for a short-term period (2 months or less), whereas freezing (-2 ~—4°C)
storage is suitable for longer periods (2 ~6 months). These optimal storage techniques, allied with seedling harvesting
and handling systems, will improve the quality of seedling production in nursery stages and increase seedling growth
performances in plantations.
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Table 1. The initial root collar diameter and height of two deciduous hardwood species seedlings before refrigerated storage treatment.

Species Stock type Root collar diameter (mm) Height (cm)
Q. variabilis Bare-root 4.2+0.5 31.3+6.9
Container 3.9+0.2 34.9+4.7
Z. serrata Bare-root 4.1+0.6 443473
Container 4.3+0.4 48.3+£5.4

Values are means of 90 seedlings+SD.

Table 2. The environmental characteristics of growth chamber after seedling planting.

Time (h) Light int‘_sznsi_t]y Relative humidity Irri_gzation-I Fert_illizatim}1
(umol m™ s7) (%) (L m™ day™) (g L week)
06-08 800 50
08-10 1200 60
10-14 1600 70
14-16 1000 60 20 1
16-18 400 50
18-06 0 40

Fertilization was carried out 12 times from 30 days after seedling planting.
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Figure 12 A 244 &= 9 7|7k ©hg 234y, =
ElL A Hef §7] 1o vt Adekprsls o et
A 24 E UEAL v F A Ee) §)H
B AR 713t dojdas v 2Adeedle dEol
st on, YE(2°0)t YAQ2C) AFolA 4
0] 7 Uehdth B SR e dasd LEUT
Y& Ads ALt 2 mAHET §7]H7F Wk
ok &, 55 ALAE 7170e] Aojdas 8715 Y
Aol A Hek W A% 2T AR iRk 2844
of A Yehd 71&9] dFEH AR AYE 2T
(Mckay, 1996; Radoglou and Raftoyannis, 2002; Grossnickle
and EL-Kassaby, 2016).
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Table 3. The results of three-way ANOVA of the stock type, temperature, duration and their interaction effects on total nonstructural
carbohydrate and shoot moisture content for two deciduous hardwood species in refrigerated storage.

Total nonstructural carbohydrate

Moisture content

Species Source df Root Shoot Seedling Shoot

F value P value F value P value F value P value F value P value

Z. serrata Stock type (S) 1 9806.4  <0.0001 883.2  <0.0001 43232  <0.0001 554.7  <0.0001
Temperature (T) 1 1081.5  <0.0001 1464  <0.0001 5742 <0.0001 7.2 0.0086

Duration (D) 8 29273.5  <0.0001 54269 <0.0001 18028.8 <0.0001 242 <0.0001

SxT 1 1399.6  <0.0001 121.0  <0.0001 13.2 0.0004 0.1 0.9318

SxD 8 307.9  <0.0001 2572 <0.0001 3963  <0.0001 0.5 0.8416

TxD 8 79.2  <0.0001 76.6  <0.0001 67.9  <0.0001 0.3 0.9569

SxTxD 8 650.2  <0.0001 422 <0.0001 84.6  <0.0001 0.1 0.9969

Q. variabilis S 1 57141.1  <0.0001 192.5 <0.0001  33489.8 <0.0001 211.24  <0.0001
T 1 3851.2  <0.0001 3613.4 <0.0001 10346.5 <0.0001 791 <0.0100

D 8 47153.3  <0.0001 68071.8 <0.0001 154091.0 <0.0001 3271 <0.0001

SxT 1 22754  <0.0001 132.9  <0.0001 520.0  <0.0001 0.1 0.8212

SxD 8 6274.5  <0.0001 2707.6  <0.0001 7888.2  <0.0001 1.2 0.3206

TxD 8 1603.5  <0.0001 245.1  <0.0001 587.2  <0.0001 0.3 0.9802

SxTxD 8 10353  <0.0001 581.9  <0.0001 115.0  <0.0001 0.1 0.9999
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Figure 1. The total nonstructural carbohydrate (TNC) of two deciduous hardwood species in relation to duration refrigerated
storage. Vertical bars represent SD of the mean (n=9). BS: bare-root seedling, CS: container seedling, Freezing: —2°C storage,

Cooling: 2°C storage.
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Figure 2. The total nonstructural carbohydrate (TNC) of two deciduous hardwood species according to stock types (n=162) (A),
temperature (n=162) (B) and duration (n=36) (C) of refrigerated storage. Different letters show statistical differences among
refrigerated storage treatments at the 5% levels by Duncan’s multiple range test.
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Figure 3. The shoot moisture content (SMC) of two deciduous hardwood species in relation to duration refrigerated storage. Vertical
bars represent SD of the mean (n=9). BS: bare-root seedling, CS: container seedling, Freezing: —2°C storage, Cooling: 2°C storage.
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© H(Coutt, 1981), AL-TF(Pinus nigra) H

Figure 4. The shoot moisture content (SMC) of two deciduous hardwood species according to stock types (n=162) (A), temperature
(m=162) (B) and duration (n=36) (C) of refrigerated storage. Different letters show statistical differences among refrigerated storage
treatments at the 5% levels by Duncan’s multiple range test.
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Table 4. The effect of refrigerated storage treatments on survival rate and dry weight of Z. serrata seedlings after planting.

Refrigerated storage treatments

Stock type Temperature (°C) Duration (days) Survival rate (%) Seedling dry weight (g)
Bare-root 2 30 96.7£2.9 ab 6.1£0.8 cd
60 93.3+2.9 a-c 4.8+0.9 c-e
180 85.0+£5.0 d 3.6+0.5 de
360 41.74£7.6 h 2.8+0.3 e
2 30 93.3+2.9 a-c 5.1£0.6 c-e
60 88.3+2.9 cd 4.0£0.4 de
180 63.3£29 f 2.740.2 €
360 21.7458 i 2.240.6 e
Container -2 30 98.3£2.9 a 17.5£13 b
60 97.7£2.9 ab 20.9+2.8 a
180 90.0+0.0 b-d 15.0£1.8 b
360 533+£7.6 g 7.5+0.6 ¢
2 30 95.0+£0.0 a-c 16.0£2.6 b
60 91.7£2.9 a-d 16.9+4.0 b
180 73.3£2.9 e 7.4£1.1 ¢
360 41.745.8 h 5.8+0.7 cd
Stock type (S) 34.0%** 425.6%**
Temperature (T) 79.5%** 24 7***
Duration (D) 450.6%** 53.7***
S xT 1.9 9.6%*
S xD 6.8%* 23.3%%*
T xD 10.4%%* 2.5
SxTxD 0.7 2.3

Values are means+SD (n=3 for survival rate, n=9 for dry weight). Values with different letters in a column indicate statistical
differences among refrigerated storage treatments at the 5% levels by Duncan’s multiple range test. F values with asterisks
are statistical significances in three-way ANOVA. *P<0.05, **P<0.01, ***P<0.001 and NS (non-significance) = P>0.05.
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Table 5. The effect of refrigerated storage treatments on survival rate and dry weight of Q. variabilis seedlings after planting.

Refrigerated storage treatments

Survival rate (%) Seedling dry weight (g)

Stock type Temperature (°C) Duration (days)

Bare-root -2 30 96.7£2.9 a 9.9+0.2 ¢
60 91.7£2.9 a 10.1£0.5 ¢
180 90.0+£5.0 a 6.8+0.7 de
360 46.7+7.6 d 3.7+0.6 gh

2 30 95.0+£5.0 a 10.2+0.9 ¢

60 88.3£2.9 a 9.5£0.7 ¢
180 56.7£2.9 ¢ 4.7+0.6 fg

360 21.7£7.6 e 3.1£0.5 h

Container -2 30 98.3£2.9 a 21.6+1.2 a
60 96.7+5.8 a 20.9£0.9 a

180 91.7£2.9 a 14.0£0.8 b

360 48.3+5.8 cd 7.7+0.4 d

2 30 95.0+£0.0 a 22.1+1.4 a

60 88.3£2.9 a 22.0£1.2 a
180 68.3£5.8 b 5.7+0.2 ef
360 40.0+5.0 d 49+13 fg

Stock type (S) 11.3%* 999.4%**
Temperature (T) 80.3%** 42 4 **
Duration (D) 301.1%** 537.9%**

S xT 2.8M 11.4%%
S xD 1.9 99.6%***
TxD 15.4%%%* 29.3%**
SxTxD 2.9 12.5%%*

Values are meanstSD (n=3 for survival rate, n=9 for dry weight). Values with different letters in a column indicate statistical
differences among refrigerated storage treatments at the 5% levels by Duncan’s multiple range test. F values with asterisks
are statistical significances in three-way ANOVA. *P<0.05, **P<0.01, ***P<0.001 and NS (non-significance) = P>0.05.

HE 2R AY 2% 2 /%] 12 2T 1y
U ASHE AEE Auket o] 8711l Ye(-2°0)
A 2NN SSRR08, A 717t0] Aol HE 7
T rol HorAlth ey BE FRet AR kol 4
Bl 25 BE A 717305} 002 2 Aol7)
gl3ler, 60 AFFol B w2 4= AR AL
© T 2aof A IS 2-sks Hloll A2
QUL AT AL SEL FH7] HEO AL 7w
2 pEhom wEAY 4 i, w4 (Pseudosuga
menziesiiy2 A-2A4% Aglof| o3 HEEHo] 2353 &

ArEloltie B 1% 9ItHRitchie, 1989).

SRR} U] AR & =g o R Bt
ZAJerHE KR = 0.76, 0.77, P < 0.05) 2 Z7]3k4=
(R = 0.60, P < 0.05)1} Aol B Ak “EL}R
o] A & AYE&L E71FFER = 031, P = 0.08)7}
Aol (it BE AFE v TRA SRR FHR
= 0.75, 0.72, P < 0.05) 2 Z7|3<=&(R° = 0.80, 0.85,

E

P <005)7 FoATHE etk 2 4] ola) uT
2ABSEHE BPo] 20 mg m ofsh Fashd, Fat
5o} LEE BE 60% ofste] A4 ¥ BE AZEE
woirkFigure SA). £713H4&0] Aashe AR 3 A
0| Hashs B3-S UeEthFigure 5B). BlF-2dE
s} ol oF 30% A A] % AFwpo] OF 50% 74
Skl (Figure 6A), 71380 °F 20% 4 Al B
AZeFo] oF 50% 7HaHtHFigure 6B).

u ATt e RS 24, 48 AR BT
9 dhojo] Tofsim, =0 H oA dobd7] 93t Fa
gt Ae] 1o}z zke] o]tk Chaves et al., 2003; Salleo
et al,, 2004). o]=|gt Ae|A G4 thAF I o Thgk Bl
AkgakRe] $ak S50 WA A AT & 4 ok
(McDowell, 2011; Sevanto et al., 2014). =, A2xA} o] 9]
3 08 upEI A% A s ofs) ulTaRLEE
o] aAEM, B k= 7|29 olF S AlRtste] B
mz 0] Asjel AR F DA Z717F e Aok,
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Figure S. The relationship between survival rate after planting and total nonstructural carbohydrate (TNC) (A) and shoot moisture
content (SMC) (B) of two deciduous hardwood species in refrigerated storage. BS: bare-root seedling, CS: container seedling,
Freezing: —2°C storage, Cooling: 2°C storage. The dotted line in (A) denotes 20 mg g’ of TNC.
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