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Abstract: Pinus densiflora is a fixed-growth coniferous species that elongates its shoot
once a year and finishes growing in early summer. However, it may produce additional
shoots in the same year in response to external stimuli, called abnormal shoot growth.
This study investigated the effects of open-field summer warming and drought on
the abnormal shoot growth of P densiflora seedlings. In March 2022, two factorial
combinations were constructed, including two temperature treatments (control and 4°C
increase) and two precipitation treatments (control and drought), with five replicates for
each combination. The temperature treatment was performed for 87 days from May 14
to August 8, 2022, and the precipitation treatment was performed for 33 days from May
14 to June 15, blocking 100% of the ambient rainfall. The abnormal shoot occurrence
rate and leaf unfolding stages were measured in November, and the shoot and root
collar diameter growth rates were calculated by comparing the seedling height and root
collar diameter measured in August (after the cessation of treatment) and October (after
the end of growing period) with the initial values (i.e., May 2022). The abnormal shoot
occurrence rate significantly increased under the warming treatment, showing a 410.6%
increase in the warming plots (38.4%) compared to the control plots (7.5%). There was
no significant difference in the shoot and root collar diameter growth rate regarding
warming and drought treatments. Abnormal shoots may have been affected by high
temperatures by inducing early transition to the next ontogenetic stage.

Keywords: abnormal shoot, climate change, drought, high temperature, Japanese red
pine, lammas shoot
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Fig. 1. (a) Layout of the experimental plots and (b) simplified design of the experimental warming and drought manipulation system.
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oI 7HA] W AT o] o] A2 9 3
= F7H8 o= AH|sto] o] 5o A= ST i HIS
= £°l1l H34A Feo 7HAE U 1
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Fig. 2. (a) Canopy temperature, (b) soil temperature, and (c) soil
volumetric water content of each experimental plot. The warming
treatment period is highlighted in red, and the drought treatment
period is highlighted in black. DOY: day of year, C: control, D:
drought, and W: warming.

http://www.koseb.org 475



| I
Korean J. Environ. Biol. 41(4) : 473-481(2023)

Fig. 3. Leaf unfolding stages of Pinus densiflora seedlings. (0) Closed buds, (1) abnormal shoot needle elongation less than 1 cm, (2) nee-
dle elongation by 1.1 cm to 2 cm, (3) needle elongation by 2.1 cm to 3 cm, and (4) needle elongation by 3.1 cm or more.

ATE A EEH] oM, 2%tz s 28} 22
A 4°C 37Fe H.9J5F3Ith (Jung and Lee 2019; Kim et al.
2021). 7h= Ag] E{F 214171 FH719] Fof 44 A
£717& Rost7] fistod 20224 59 1447H 6 15
U742 33U7t F4E 100% Adsh= 7He AEE XY
SFHETHKim et al. 2021). 2238} A2]= 294 5]H (FT-
1000; Mor Electric Heating Association, USA), H[°]E] &
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Zof| Hlsto] Z2]4-e] B T (canopy) EH 25
7} 4°C oY =obd A5 A4l sl AFo g AFol
FAEEE AASHA 7He A e 4 A7) 2 Aol
A A2E A ApddrE o] 85te] A7 7|7t F¢t HlE
F A el £ ato] AR EE sfof 7
= ZFHsHeiTh (Fig. 1b). 9 717F 59 ZF A B
H

TALA (SI-111; Campbell Scientific Inc.)¢t EF2- 5
T AA (CS655; Campbell Scientific Inc.)E ©]-&5t] &
gokqiet. 22t A2 717t Fet o2 tiH] 213t A2
T i AT 2h 9 EQF 2= Z7F ot 3.5°C ¥
5.4°C =7 FA=E 2™ (Fig. 2a, b), &= A 71t 5<t
EJ o7 2 7h AolAl 19.3% RA UrErst T
(Fig. 2¢). B AHRo|A E] H|sto] =27 o W
Al vt A2 olellA] Satks &9 W7 it Aol

7] 2o 2 WHETH Urban et al. 2017).
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Fig. 4. (a) Abnormal shoot occurrence rate and (b) stage ratio of
the leaf unfolding of Pinus densiflora seedlings. D: drought, W:
warming, and W + D: integrated warming and drought.
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Fig. 5. (a) Shoot growth rate and (b) root collar diameter (RCD)
growth rate of Pinus densiflora seedlings compared to the initial
values before the treatment (May). C: control, D: drought, W:
warming, and W + D: integrated warming and drought.

Table 1. Results (p-values) of two-way ANOVA testing for the treatment effects on abnormal shoot and growth rates of Pinus densiflora

seedlings
Abnormal shoots Growth rate
Treatments
Occurrence Stage 1 Stage 2 Stage 3 Stage 4 Aug. Oct.
Warming <0.001 0.115 <0.001 0.979 0.84 0.26 0.756
Drought 0.902 0.550 0.023 0.851 0.165 0.107 0.391
W+D 0.935 0.972 0.360 0.464 0.369 0.206 0.748

W+ D: integrated warming and drought. Significant p-values are highlighted in bold.
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Fig. 6. Correlation matrix plot of abnormal Pinus densiflora seed-
lings shoots and growth rates. SGR: shoot growth rate, RGR: root
collar diameter growth rate, Stage: leaf unfolding stage, and AOR:
abnormal shoot occurrence rate.

of| A THE(29.3%) THH] 49.0% FHASFATH(Table 1; Fig.
4b). AT B50 B 9 297 AEES 8€ 102
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(Chang et al. 2018; Jo et al. 2019). &= oA 21EH o
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Ao HRlt, Tt of 54 @7]Ttel| A7t A=)
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(Kozlowski 1964; Byun et al. 2013; Jo et al. 2019). =2 <
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T al2o] whef ZRH o 34 dAR ] 27] Agto] o]
S FEgH o2 Hlth(Badeck et al. 2004; Jo et
al. 2019). °]= 11-& 24 o]/ fA o] ZXHth= 7|
< A7}t AR Aol th(Kushida 2005; Lee et al. 2007;
Jo et al. 2019). & FoA HIF W2 Hl&o| ATk 2+
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=0tk (Lee et al. 2007; Jo et al. 2019; Jung et al. 2020).
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