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ABSTRACT

This study was conducted to investigate abnormal shoot responses in Pinus densiflora seedlings to open-field
warming and precipitation manipulation. In May 2017, 18 plots (2 temperature levels x 3 precipitation levels x 3
replicates) were constructed and 90 seedlings of 1-year-old P. densiflora were planted in each plot. The temperature
in the temperature warming (TW) plots was set to 3°C higher than that in the temperature control (TC) plots, and
precipitation was set to decrease (PD) or increase (PI) by 40% compared to the precipitation control (PC) plots. The
manipulation experiment started in June, 2017. The abnormal shoot occurrence rates in September and November,
2017; seedling number in each needle length growth stage in September, 2017; and length of abnormal shoots in
November, 2017 were measured. Warming significantly increased the occurrence rate and developed the needle
length growth stage of abnormal shoots in P. densiflora seedlings, whereas precipitation and interaction effects
between the two treatments were not significant. The mean occurrence rates in September and November were
86.17 + 11.80% and 90.78 + 7.92% in the TW plots and 58.59 + 16.13% and 64.80 + 14.71% in the TC plots,
respectively. Thus, the abnormal conditions derived from increased temperature stimulated the occurrence of
abnormal shoots. Warming also elongated the needle length of the abnormal shoots, which might affect future
photosynthesis. However, there was no significant difference in abnormal shoot length under warming and
precipitation manipulation. Thus, warming stimulated the occurrence and needle development of abnormal shoots
in P. densiflora seedlings, which could lead to the inhibition of subsequent growth by the use of reserved nutrients
and degradation of seedling quality.
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2004), and changes in leaf senescence, unfolding, and leaf fall
have been reported (Pefiuelas and Filella, 2009; Estiarte and

1. Introduction

The Intergovernmental Panel on Climate Change (2014) Pefiuelas, 2015; Bigler and Bugmann, 2018). Changes in

have predicted future global climate change, including an phenology may affect the growth, frost hardiness, foliage

increase in temperature and either an increase or decrease in
precipitation. Climate change has already influenced the
climate of the Korean Peninsula and additional temperature
and precipitation changes have been predicted (Korea Global
Atmosphere Watch Center, 2005; National Institute of
Meteorological Science, 2018). Changes in temperature and
precipitation severely influence plant phenology (Kramer et
al., 2000; Chmielewski and Roétzer, 2001; Badeck et al.,

area, and photosynthetic capacity of plants (Kramer et al.,
2000).

Usually, fixed growth species elongate their fixed shoot
length once a year during spring (Kozlowski, 1964). After
shoot growth has finished, trees store nutrients that are
synthesized by photosynthesis from summer to autumn for
growth in the next year (Cho, 2001; Lee, 2001). However,

fixed growth species occasionally develop additional abnormal
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shoots that were not expected to occur until the next year
after the annual shoot growth (Kramer and Kozlowski, 2012;
Chang et al., 2018). Abnormal shoot formation can inhibit
growth in the subsequent year because the nutrients that were
supposed to be saved for the following year are used for
additional growth (Cho, 2001; Nakashima and Yamamoto,
2006). In addition, abnormal shoots often cause winter
injuries because late-formed shoots are not hardened enough
by winter (Kozlowski, 1964; Kramer and Kozlowski, 2012),
which might result in stem forking and poor stem formation
that deviates from the one-axial scheme (Thomas, 1958;
Kozlowski, 1964). These responses may reduce the seedling
quality and viability of the trees (Schermann et al., 1977).

Similar to other phenological responses, abnormal shoots
are affected by climate change (Chang et al., 2018). Increasing
temperature has been reported to stimulate the production of
abnormal shoots on trees by its own direct effect or by
indirectly extending the growth period (Rudolph, 1964;
Kushida, 2005; Lee et al., 2007; Chang et al., 2018). In
addition, precipitation increases during the late-season might
also cause abnormal shoot growth in response to available
water abundance (Kozlowski, 1964; Kramer and Kozlowski,
2012). However, phenology and abnormal shoots are known
to be more affected by temperature than by precipitation
(Morin et al., 2010; Chang et al., 2018).

Pinus densiflora accounts for 27% of the forest area in
Korea (Byun et al., 2010) and is recognized as one of the
most important species because of its high-quality wood
products, cultural value, and historical value (Song et al.,
2012). P. densiflora is a fixed growth species, and thus is
relatively vulnerable to climate change (Yun et al., 2016). By
2070, most of the P. densiflora forests are predicted to have
been replaced owing to a decrease in their growth caused by
climate change (Byun et al., 2010). Abnormal shoot responses
could be one of the responses to climate change in P.
densiflora that might affect subsequent growth and viability.
Physiology or growth responses of P. densiflora under
simulated climate change have been studied (Lee et al., 2013;
Park et al, 2016; Yun et al, 2016; Han et al., 2018);
however, there are limited studies on abnormal shoot
responses (Chang et al, 2018). An experimental study

approach on climate change has the advantage of identifying
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the actual responses to specific environmental factors (Kreyling
and Beier, 2013). In particular, open-field experimental studies
can simulate the actual climate change (Rustad et al., 2001).

Therefore, an open-field experimental warming and precipi-
tation system was established to understand the responses of
abnormal shoots in P. densiflora seedlings. The following
hypothesis was presented in the present study: Warming and
increasing precipitation will enhance the occurrence and
stimulate the needle length growth and length of abnormal

shoots.

2. Materials and Methods

2.1 Experimental design

An open-field nursery site was established in the Forest
Technology and Management Research Center, Pocheon,
central Korea (37°45'38.9" N, 127°10'13.4" E). Annual air
temperature of the study site was 10.26°C and annual
precipitation was 1112.0 mm in 2017 (Open Data Portal,
2018). 90 seedlings of 1-year-old P. densiflora were planted
in plots sized 1 m x 1 m, based on the guidelines for seed
and seedling management (Korea Forest Service, 2015) on
May 18, 2017. P. densiflora grows continuously for one year
after germination, and it shifts to fixed growth from the
second year (Hirata et al., 2011). In this study, 1-year-old
seedlings that have undergone continuous growth and have
begun fixed growth were studied. The open-field experimental
warming and precipitation manipulation started on June 28,
2017 after the seedlings had rooted. The experimental system
was designed to create the forecasted environmental conditions
of Pocheon in 2060, according to the Representative
Concentration Pathways 8.5 climate change scenario (Korea
Global Atmosphere Watch Center, 2005). Six treatments
combining two temperature levels [temperature control (TC)
and temperature warming (TW)] and three precipitation levels
[precipitation control (PC), decreased precipitation (PD), and
increased precipitation (PI)] were established with three
replicates for each treatment.

In the TW plots, air temperature was set to 3°C higher
than that in the TC plots. Infrared temperature sensors
(SI-111, Campbell Scientific Inc., Logan, Utah, USA), data
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loggers (CR-1000, Campbell Scientific Inc.), and relays
(SDM-CDI16AC, Campbell Scientific Inc.) were used to
control the infrared heaters (FTE-1000, Mor Electric Heating
Association, Comstock Park, Michigan, USA) that were
installed 60 cm above the seedling canopy in the TW plots
to maintain the temperature difference between the TW and
TC plots (Fig. la). In the PD plots, precipitation was
decreased by covering 40% of the plot areas with transparent
panels (Fig. 1b). The blocked precipitation was collected in
a water tank and irrigated to the PI plots to increase the
precipitation using a timer and irrigation system (Fig. 1b). Air
temperature was 2.80°C higher in the TW plots than that in
the TC plots, and soil water content was 6.56% lower in the
PD plots and 25.36% higher in the PI plots than that in PC
plots during the study period.
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2.2 Abnormal shoot responses

The number of seedlings with abnormal shoots in each plot
was measured in September and November, 2017 and the
abnormal shoot occurrence rate was calculated as the number
of seedlings representing the abnormal shoots per total
seedlings. The stage in which the abnormal shoots did not
occur was classified as stage 0 and the needle length growth
of the lammas shoot was classified into three stages (stage 1:
needles elongated by less than 2 cm; stage 2: needles
elongated by 2 cm to 4 cm; and stage 3: needles elongated
by 4 cm or more). In September, the degree of needle length
growth for abnormal shoots was divided into four stages and
the number of seedlings in each stage was observed (Fig. 2).
The ratio of seedlings in each needle length growth stage per
total seedlings was then calculated. The length from the start
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Fig. 1. System design of the open-field experimental warming (a) and precipitation manipulation (b).

Fig. 2. Stages of needle length growth on abnormal shoot of Pinus densiflora seedlings. Closed bud (0); Needles
elongated less than 2 cm (1); Needles elongated by 2 cm to 4 cm (2); Needles elongated by 4 cm or

more (3).
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of the abnormal shoots to the end of the lammas shoot was
measured in November, 2017. The average abnormal shoot
length of the seedlings excluding seedlings without abnormal
shoots and the average length of the seedlings including all
the seedlings were then calculated.

Using the SAS 9.4 software program (SAS Institute Inc.,
USA), abnormal shoot occurrence rate, ratio of each stage,
and length of abnormal shoots were analyzed by two-way
analysis of variance (ANOVA) tests (n = 3). At p < 0.05, all
results were considered statistically significant. Tukey’s test

was used for post-hoc analysis.

3. Results and discussion

The abnormal shoot occurrence rate was significantly

affected by warming in both September and November, 2017

(Table 1). The abnormal shoot occurrence rate was 58.59% =+
16.13% and 64.80 = 14.71% in TC plots, and 86.17 =+
11.80% and 90.78 + 7.92% in TW plots in September and
November, respectively (Fig. 3). However, the effect of
precipitation manipulation and the interaction between
warming and precipitation manipulation were not significant
in both months.

Our results support our hypothesis that warming would
increase the occurrence of abnormal shoots. Abnormal shoot
responses are known to be caused by the extension of the
seedling growth period and high temperatures under warming
conditions (Chang et al., 2018). However, the beginning of
the growth period in the present study could not be advanced
by the warming because the system operation was established
on June 28, 2017, when the growth period had already

started. In addition, abnormal shoot occurrence in the

Table 1. Results of two way analysis of variance (ANOVA) tests for abnormal shoot responses in Pinus densiflora

seedlings
) F value
Variable - —

Warming (W) Precipitation (P) W*p
Abnormal shoot occurrence rate in September 13.72%%* 0.37 0.04
Abnormal shoot occurrence rate in November 17.51%* 0.37 0.07
Shoot length of abnormal shoots 1.61 1.36 0.11
Shoot length of abnormal shoots (including undeveloped shoots) 6.46* 1.30 0.12

#p<0.05, **p<0.01 and ***p<0.001.
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Fig. 3. The mean abnormal shoot occurrence rate of Pinus densiflora seedlings in September (a) and November
(b). TW: temperature warming, TC: temperature control, Pl: increased precipitation, PC: precipitation

control, PD: decreased precipitation.
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Fig. 4. The ratio of each needle length growth stage
observed on Pinus densiflora seedlings in
September. Abbreviations of the treatments are
as in Fig. 3.

seedlings in the TC plots was continuously observed until
November, which was similar to that seen in the TW plots;
thus, it appears that the growth period did not end during the
study period. Therefore, abnormal shoot occurrence might
have increased in response to the high temperature in the TW
plots. Morin et al. (2010), Hossain and Teixeira Da Silva
(2012), and Hossain et al. (2012) have shown that high
temperature affects the phenology of seedlings. Thus, heat
accumulation might cause an abnormal condition in P.

densiflora, which might be close to the conditions required

[s2]

(a)

B

[\

Length of abnormal shoot (cm)

o

o mﬂ

Treatments

for the occurrence of abnormal shoots (Kozlowski, 1964;
Byun et al., 2013). The occurrence of abnormal shoots
increased with increasing temperatures, with seedlings then
becoming damaged by frost, poor stem formation, and
inhibition of growth in subsequent years, which might reduce
seedling quality (Thomas, 1958; Kozlowski, 1964; Schermann
et al., 1977, Nakashima and Yamamoto, 2006). Further
studies on the effects of the growth period are required to
fully understand the occurrence of abnormal shoots.

More detailed results were identified via the analysis of the
needle length growth stage of abnormal shoots in September
(Fig. 4). Warming significantly affected the number of
seedlings in stages 1 (p = 0.0453), 2 (p = 0.0484), and 3 (p
= 0.0002). In TW plots, stage 3 seedlings occupied the largest
proportion (39.35%), followed by stages 1 (23.63%) and 2
(23.15%). In TC plots, stage 1 seedlings accounted for the
largest proportion (32.38%), and stages 2 (16.94%) and 3
(9.27%) followed (Fig. 4). However, there were no significant
differences in the ratio of seedling numbers during any of the
stages in the precipitation manipulation; moreover, there was
no interaction between warming and precipitation manipulation
during any of the stages.

Warming increased the number of seedlings with more
advanced needle length growth stage. The mean needle length
was relatively longer in TW plots than in TC plots. This
might be caused by the advancement of the date of the leaf
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Fig. 5. The average length of abnormal shoots (a) and the average length of abnormal shoots including
undeveloped shoots (b) in Pinus densiflora seedlings. Abbreviations of the treatments are as in Fig. 3.
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unfolding period and the increase in the needle length growth
rate (Bigler and Bugmann, 2018). Different needle length
growth rates cause differences in the photosynthetic leaf area,
which can affect further metabolism, nutrient stage, and
growth in P. densiflora (An et al., 2016).

Both warming and precipitation did not significantly affect
the length of the abnormal shoots in P. densiflora seedlings.
Additionally, the between
precipitation did not significantly affect the length of the

interaction warming  and
abnormal shoots (Table 1). This is consistent with previous
studies where warming and precipitation changes did not
affect the growth of P. densiflora, although warming did
influence plant phenology (Chang et al., 2018). However, in
the present study, when the average length of the abnormal
shoots was calculated including the seedlings, which showed
no abnormal shoots, the length was significantly affected by
warming. In this case, the average length was 2.53 £ 0.91 cm
in the TW plots and 1.50 = 0.73 cm in the TC plots. Thus,
even though there was no difference in the lengths of the
abnormal shoots, it could be assumed that the overall tree
height would be increased under warming because the
occurrence rate of abnormal shoots increased (Park et al.,
2016).

Results from the precipitation manipulation experiment did
not support the hypothesis that a precipitation increase will
increase the occurrence of abnormal shoots (Kramer and
Kozlowski, 2012); precipitation manipulation did not affect
the occurrence rate, needle length growth, and shoot length of
abnormal shoots. Precipitation might have exceeded the
amount of water required to cause abnormal shoots, and may
not have had a significant effect on the occurrence of
abnormal shoots because all plots had enough precipitation to
generate abnormal shoots (Chang et al., 2018). Abnormal
shoots are often formed when available water is abundant,
with Mutke et al. (2003) reporting that abnormal shoots in
inner Spain occurred when the summer monthly precipitation
was greater than 30 mm. In our study, the mean monthly
accumulative precipitation from June to August was 298.17
mm, which was enough to cause abnormal shoots in the PD
plots that had 40% precipitation reduction treatment.
Additionally, as in previous studies, the effects of warming

were more obvious than the effects of precipitation variation

Journal of Climate Change Research 2019, Vol. 10, No. 1

(Morin et al., 2010; Chang et al., 2018).

4. Conclusion

Abnormal shoot responses in P. densiflora seedlings under
open-field warming and precipitation manipulation were
investigated in the present study. Abnormal shoot responses
were only influenced by warming, resulting in an increase in
the occurrence rate and needle length growth of abnormal
shoots. Our findings indicated that warming increased the
incidence of abnormal shoots, which may degrade the
seedling quality and viability of P. densiflora by increasing
frost damage, forming poor stems, and decreasing subsequent
growth. However, the present study was only conducted for
a short period of time, and the growth period and growth
changes in the following year might cause additional
abnormal shoot responses. Therefore, multi-year studies are
required to fully understand the effects of climate change on
abnormal shoots, which will help in understanding the effect

of climate change on P. densiflora.
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