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Abstract

Background: This research aims to study the effect of climate change on the phenology, growth, and physiological
traits of Silene capitata Kom.,, a Korean endangered species Il. This study increased CO, concentration in a closed glass
greenhouse, with the daily mean temperature and CO, concentration respectively being 4.61 °C and 93.63 ppm higher
than the outside temperature (ambient conditions, control). The seeds of S. capitata were sown in control
and treatment environments in March 2013 while seedlings were transplanted into individual pots in May 2013. To
research phenological changes, the first day of the flowering and ripening of the plants transplanted in 2013 and first
day of leafing in 2014 were observed. The growth and physiological responses of mature leaves were also studied in
2013.

Results: There was no difference in the first day of flowering, but the first day of ripening was earlier in the treatment
group than the control group. There was no difference in the number of rosette leaves between the two groups, but
leaf area was wider in the treatment group than the control group. Transpiration rate and stomatal conductance were
higher in the treatment group than the control group, chlorophyll content decreased, and photosynthetic rate and
water use efficiency were the same for both groups. As a result of simple regression analysis among the transpiration
rate, stomatal conductance, photosynthetic rate, and water use efficiency, stomatal conductance increased when
transpiration rate increased. Stomatal conductance increased with photosynthetic rate in the control unlike in the
treatment group. The photosynthetic rate and water use efficiency increased with transpiration rate in the control
group unlike in the treatment group. Furthermore, water use efficiency increased as photosynthetic rate increased in
both groups.

Conclusion: Due to high CO, concentration, the photosynthetic rate was no longer controlled by the stomata, which
appeared to suppress the excessive production of photosynthetic products by reducing chlorophyll content. It is believed
that the phenological responses of S. capitata under climate change conditions will advance and that stable growth will
be difficult in regions lacking moisture due to the high transpiration rate.
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Background

Due to the recent global climate change, land and ocean
surface temperatures are reported to have increased by
0.85°C over the last 30years (IPCC 2014). The annual
average temperature change rate in Korea has increased
from 0.23 to 0.5 °C per decade from 1954 to 2010 (Minis-
try of Environment 2018). Assuming this trend continues,
the temperature change rate between 2017 and 2100 is
estimated to be 5.3°C per decade (Ministry of Environ-
ment 2018).

The main causes of accelerating climate change are the
artificial production and accumulation in the atmosphere
of greenhouse gases that absorb or reflect solar radiation
back to the Earth’s surface (IPCC 2014; National Institute
of Meteorological Sciences 2017). CO, is a type of green-
house gas and a leading cause of climate change, caused
by human fossil fuel consumption. The average global
CO, concentration in 2017 was reported at 405 ppm
(National Institute of Meteorological Sciences 2017). In
Korea, the annual average CO, concentration measured at
412.2 ppm in Anmyon Island, which has the longest his-
torical and real-time database of CO, concentration in the
country, has been observed to be steadily increasing since
1999 (National Institute of Meteorological Sciences 2017).

Climate change affects the geological range, migratory
patterns, species disturbance, and interspecific interac-
tions of many species in terrestrial, freshwater, and
marine habitats on the planet. It also induces changes in
the phenological responses of plants (Richardson et al.
2013). Recently, phenological changes due to climate
change in temperate forests have shown a tendency for
longer growing seasons due to earlier leafing in spring,
later leaves falling in autumn (Richardson et al. 2013). In
addition, accelerated plant phenology, due to raised an-
nual temperature and precipitation caused by climate
change, has been reported (Ministry of Environment
2018). Therefore, several studies on climate change and
plant phenological responses have been published in
Korea (Kim and You 2010b; Han et al. 2012; Lee et al.
2012; Shin and You 2012; Choi and Jung 2014; Park et
al. 2014a; Park et al. 2014b).

Moreover, if annual temperature increases by more than
4°C, substantial species extinction is predicted (IPCC
2014). Particularly in Asia, the impact of biodiversity, dis-
ease, and floods caused by continued climate change was
found to be greater than in other regions (Ministry of En-
vironment 2018). In the Korean peninsula, it was predicted
that if the temperature increases by 0.5 °C, the distribution
area of temperate broad-leaved evergreen forests will
extend 80 km northward while that of cold-adapted plants
will decrease (Ministry of Environment 2018).

In particular, a rare and endemic species is more vul-
nerable to the climate change (ISIK 2011). Currently, the
Korean Ministry of Environment is investigating and
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announcing species facing extinction in Korea (Ministry
of Environment 2018). A total of 60 species of endan-
gered wildlife class I and 207 species of class II have
been designated. Plants make up 11 species in class I
and 77 species in class II, accounting for approximately
33% of all endangered species (Ministry of Environment
2018). For this reason, some studies on the population
characteristics, restoration, and conservation of rare and
endangered plants have been conducted in Korea (Oh et
al. 2014; Pi et al. 2015; Pi et al. 2016; Jeong et al. 2016;
Jung et al. 2016; Lee et al. 2017).

Silene capitata Kom., an experimental plant in this
study, is a Korean endangered wildlife class II plant and
a Korean endemic plant designated as a vulnerable spe-
cies on the IUCN National Red List (National Institute
of Biological Resources 2011). This plant is a perennial
herbaceous plant in the Caryophyllaceae family with a
hairy stem and a shoot that grows up to 40 cm (National
Institute of Biological Resources 2011). Its leaves are
long, ovate, or lanceolate with an entire margin, and its
pink flowers bloom in October to November (National
Institute of Biological Resources 2011). The flower con-
sists of tubular calyx with five-parted ends, five petals
with split ends, 10 stamens attached to the underside of
the petals, and two to four styles, with the seeds being
black and kidney-shaped and with bumps on the edges
(Lee 1975).

S. capitata is a northern plant, first reported in the
northern part of Gangwon province in 1902. It is known
to inhabit Hongcheon area and the limestone zone of
Pyeongchang and Yeongwol area of Gangwon province,
Yeoncheon of Gyeonggi province, Cheorwon, Pocheon
area, and the cliff around the Hantan River in Korea, as
well as Northeast China (Lee 1975; National Institute of
Biological Resources 2011; Nam et al. 2012). They live
mainly in sunny rock crevices in mountainous areas and
are threatened by indiscriminate harvesting by climbers
(National Institute of Biological Resources 2011). Some
studies on chloroplast genome sequence analysis (Kang
et al. 2017) and artificial cultivation for the preservation
of species in plant factories (Park et al. 2016; Park et al.
2018) have been reported, but there have been few basic
ecophysiology studies carried out because of their very
narrow distribution range in the world.

Although many studies on the other endangered plants
have been reported, different responses could appear for
each plant because of their individual characteristics. Thus,
the conservation study for a certain endangered species
must be conducted on the basis of that species data. Thus,
in order to uncover its response to a changing climate en-
vironment, this study investigated changes in the first day
of flowering, fruit ripening and leafing, the number of ros-
ette leaves, leaf areas, transpiration rate, stomatal conduct-
ance, photosynthetic rate, water use efficiency, chlorophyll
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content, and Fv/Fm of S. capitata, a native Korean and en-
dangered northern plant, under current atmospheric and
climate change conditions from March 2013 to May 2014.
These results will be used as basic data for understanding
and conserving S. capitata against climate change.

Materials and methods

Sowing and cultivation

Three fruit pods of S. capitata growing in the habitats of
Daejeon suburbs were collected in October 2012. Seeds
were refrigerated at 4 °C until sowing and were sown on
seeding plates while some pieces of newspaper were
placed on the bottom and then filled with bed soil on
March 20, 2013 and March 28, 2014, respectively. The
sown seeds in 2014 were the seeds of flowers in each
environmental group in 2013. Since the S. capitata seeds
are very small, seeds were not covered by soil after seed-
ing and water was supplied by spraying into the air using
an atomizer so that the seeds are not washed out of the
seeding plates by water drops. The soil was always kept
wet. After that, germinated seedlings were transplanted
into individual pots and 3 pots were placed in the con-
trol and treatment environments, respectively.

For cultivation, natural incident lights on the ground
and bed soil (Hanareum horticultural bed soil, Shinsung
Mineral Co., Seongnam, Republic of Korea) were used.
Moisture in the bed soil was supplied at intervals of 2 to
3 days. But the time kept moisture in the soil could be
changed because of changing the daily and seasonal
evapotranspiration. Thus, the soil was checked daily to
ensure it is kept wet.

Climate change treatment
A typical environmental change involves an increasing
CO, level and atmospheric temperature over time.
Therefore, the CO, concentration in the greenhouse at
Kongju National University was increased, acting as the
treatment environment, while the external environment
was set as the control from January 2013 to May 2014.

The internal CO, level of the greenhouse was con-
trolled by injecting CO, using a gas regulator with a 0.2-
mm-diameter tube connected. The internal temperature
of the greenhouse was raised by increasing the CO, con-
centration. CO, concentration, temperature, and relative
humidity inside and outside the greenhouse were mea-
sured by an LCSEMS sensor (Parus Co., Shanghai,
China) every 10 min, with the records transferred to a
computer. However, temperature data from the Korea
Meteorological Administration (2015) were used for the
control group due to an error with the measuring sensor
of the control environment.

The daily mean, maximum, and minimum temperatures
of control were 11.09 +10.36 °C, 29.63 °C, and - 12.10°C
and that of treatment were 15.70 £ 8.13 °C, 32.06 °C, and
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1.06 °C, respectively. The daily mean temperature in the
treatment environment was 4.61 °C higher than that in the
control environment (Fig. 1a). The daily mean, maximum,
and minimum CO, concentration of control were
379.26 + 36.80 ppm, 513.38 ppm, and 281.20 ppm and that
of treatment were 472.90 +52.52 ppm, 633.48 ppm, and
353.81 ppm, respectively. The daily mean CO, concentra-
tion of the treatment environment was 93.63 ppm higher
than that of the control environment (Fig. 1b).

Considering that the IPCC scenarios predict that CO,
concentrations will reach about 450 ppm at RCP 2.6 and
about 580-720 ppm at RCP 4.5 in 2100 years (IPCC
2014), the CO, concentration in the treatment was de-
termined to be a suitable concentration for confirming
the response of S. capitata to the CO, concentration
when continuous occurring of climate change.

Mean relative humidity was measured with LCSEMS
sensor. In the control and treatment, each mean relative
humidity was 65.09 + 18.09 and 74.06 + 18.79. The photo-
synthetic photon flux densities (PPFDs) were measured
with LCi Ultra Compact Photosynthesis System (ADC,
Hoddesdon, UK) when measuring photosynthesis. In the
control and treatment, each PPFD was 18744+
11.32 pmolm 2 s~" and 133.86 + 26.29 umolm *s™".

Phenological responses

To understand the phenological changes of S. capitata
as a result of climate change, the first days of flowering
and fruit ripening in 2013 and leafing in 2014 were ob-
served. “Before foliation” means the time of seed state in
the soil (Fig. 2b). The observed duration was for 61 and
46 Julian days in 2013 and 2014. The leafing, flowering,
and fruit ripening were set as opening cotyledons, open-
ing petals, and observing stamens, observing black seeds
by eye when occurring more than half of individuals.

Growth and physiological responses

To observe the growth response of S. capitata, in No-
vember 2013, one leaf from each plant was selected from
the control and treatment groups, and their lengths and
widths were measured. The leaf area was estimated by
calculating the area of the elliptical shape with the long
and short lengths equal to the leaf length and width.
The number of rosette leaves per plant was counted.

For physiological response measurements, one leaf was
selected from the upper, middle, and lower mature leaves
of each plant in the control and treatment environments
in November 2013. The transpiration rate (mmolm s,
stomatal conductance (mmolH,Om 2s7}), and photosyn-
thetic rate (umolCOzm’2 s™Y) were measured using the
LCi Ultra Compact Photosynthesis System.

The water use efficiency (pmolCOzmmoleO’l) was
calculated by dividing the photosynthetic rate by the tran-
spiration rate. Chlorophyll content (CCI) was measured
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Fig. 1 The daily means of temperature (a) and CO, concentration (b) in the control group (ambient conditions) and treatment group (climate
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Fig. 2 The phenology of flowering, the fruit ripening from October
to November 2013 (a; total 61 days), the duration before foliation in
the soil after sowing, and the phenology of leafing of S. capitata
from March to May 2014 (b; total 46 days) in the control group
(ambient conditions) and treatment group (climate change
conditions). The “1” day means the first day of flowering (a) and
sowing seeds on the bed soil in the plate (b)

using a chlorophyll content analyzer (CCM-200, ADC,
Hoddesdon, UK). The chlorophyll fluorescence values, Fo
and Fm, were measured using a chlorophyll fluorescence
analyzer (OS30p, ADC, Hoddesdon, UK) after adapting
them to the dark for 20 min in October 2013. Fv/Fm,
which is the photochemical efficiency of PSII, was calcu-
lated using the equation (Fm - Fo) + Fm (Bjorkman and
Demmig 1987).

Statistical analysis

Statistical analysis was performed using the Statistica 8
program (Statsoft Inc., Tulsa, US). Data were collected
by observing the changes in growth and evaluating the
physiological responses to climate change. The Mann-
Whitney U test was used to analyze variables. In
addition, simple regression analysis was conducted on
the transpiration rate, stomatal conductance, and photo-
synthetic rate to verify the correlational change among
physiological items because climate change may occur in
physiological adaptation or imbalance of plants. Signifi-
cant probability for each statistical analysis was 0.05 (No
and Jeong 2002).
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Results and discussion

Phenological changes

Based on the observational results of phenological changes
from the climate change treatment, the first day of flower-
ing in 2013 showed no difference in both the control and
treatment groups’ condition on October 1 (Fig. 2a). Gener-
ally, the first day of the flowering of plants is expected to be
advanced with increasing air temperature (IPCC 2014;
Ministry of Environment 2018). But this result showed the
starting day of the flowering has no difference between in
the control group and in the treatment group. In the other
studies, like this result, a change of flowering time appeared
differently in some plant species (Springer and Ward 2007)
which is thought to relate their ecological adaptation in an
aspect of competing other plants or pollinators (Rathcke
and Lacey 1985). The flowering mechanism is known to be
controlled by photoperiod, temperature, age, and gibberel-
lin in Arabidopsis thaliana (Song et al. 2013). Also, the
CO, concentration may have a role as hormone on the
plant physiology (Moore et al. 1999). But mechanisms of
that are known rarely even if flowering responses is affected
that (Springer and Ward 2007).

The first day of fruit ripening in the treatment group was
earlier than that in the control group, shortening the flow-
ering time (Fig. 2a). This means that the first day of fruit
ripening in the treatment group is advanced than in the
control group. Therefore, the fruits of S. capitata may be
ripened 10 days earlier under global warming condition
than control. In the other studies of fruit ripening time, the
fruit formation is advanced in Phytolocca insularis (Shin
and You 2012), Phytolacca americana (Kim and You
2010b), and Cicuta virosa (Park et al. 2014b) when environ-
ment CO, concentration and temperature increased. The
shift of fruit ripening time is thought because of pheno-
logical plasticity on environmental change (Haggerty and
Galloway 2011). Also, it is known that fruit ripening was
regulated by ethylene (Mathooko 1996). In the case of
sunflower (Helianthus annuus L.), the increase in CO, con-
trolled the production of ethylene (Dhawan et al. 1981).
Therefore, it is thought that the increase of CO, concentra-
tion may have influenced the ripening of fruit of S. capitata.
But more reproductive data are needed for understanding
relation between fruit ripening time and climate change.

The first day of leafing was also 8 days earlier than that
in the control group (Fig. 2b). The climate change is
thought to have a negative impact on reproduction by
terminating flowering earlier. It also seemed that the leaf
growth time would increase in the treatment group be-
cause of the earlier first day of leafing in 2014 and same
first day of flowering in 2013.

Growth and physiological changes
The number of rosette leaves of S. capitata did not change,
but the leaf area was wider in the treatment group than the
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control group (Fig. 3a, b). In similar studies, the leaf length
and width of P. insularis, leaf width of P. americana (Kim
and You 2010b), shoot height and number of leaves of
Panax ginseng (Lee et al. 2012), and number of tillers of
Cicuta virosa (Park et al. 2014b) increased when the envi-
ronment’s CO, concentration and temperature increased.

The transpiration rate of S. capitata was higher in the
treatment group than the control group (Fig. 4a). Simi-
larly, the transpiration rate of P. insularis, P. Americana,
and 1-year-old P. ginseng increased in an environment
with a higher CO, concentration and temperature (Kim
and You 2010b; Lee et al. 2012). Commonly, it is known
that transpiration rate decreases if CO, concentration is
elevated (Pessarakli 2001). In the high temperature, how-
ever, some crops undergo high water losses because of
their low heat tolerance and undergo high water losses
through transpiration (Pessarakli 2001). Thus, the result
of transpiration rate in S. capitata suggests it may have
a low heat tolerance.

The stomatal conductance of S. capitata was higher in
the treatment group than the control group (Fig. 4b)
while the water use efficiency did not differ between the
control and treatment groups (Fig. 4c). It was reported
the stomatal conductance of most crops decreases under
elevated CO, concentration with transpiration to im-
prove their water use efficiency (Rogers and Dahlman
1993) and water use efficiency usually increases under
high CO, environment in short term (Morison 1993).
Therefore, these conflicted results with this study seem
to have an issue on the species-specific environmental
tolerance because the physiological responses under
enriched CO, concentration can appear differently by
species (Pessarakli 2001).

The photosynthetic rate did not differ between the con-
trol and treatment groups (Fig. 4d), and the chlorophyll
content was lower in the treatment group than the control
group (Fig. 4e). Similarly, the chlorophyll content of Oryza
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Fig. 3 The number of rosette leaves (a) and leaf areas (b) of S.
capitata. The bars and error bars represent the average of each
group and standard deviation, respectively. The asterisk () on the
bars show a significant difference between the control group
(ambient conditions) and treatment group (climate
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sativa L. cv. Junam decreased in an environment with a
higher CO, concentration and temperature (Kim and You
2010a). In general, plants are known to distribute resources
in the direction of maximum relative growth rate (Kastner-
Maresch and Mooney 1994). Particularly, source-sink
balance of carbohydrate may have control photosynthesis
(Arp 1991). Therefore, the decrease in chlorophyll content
in the treatment group is thought to be due to a plant
trying to reduce excessively produced photosynthetic
products because of the high CO, environment and to re-
distribute the resources used to produce chlorophyll.

In this study, the amount of carbon fixed per second in
a single leaf was roughly estimated by multiplying the
photosynthesis rate by the average leaf area, giving 3.08 x
1072 yumolm™s™* and 9.23 x 10~ yumolm™s™" in the con-
trol and treatment groups, respectively. That is to say that
three times as much carbon can be fixed, but an additional
amount of water would be needed for transpiration in the
treatment group than the control group (Fig. 4).

Also, considering these results of leaf area, transpir-
ation rate, stomatal conductance, photosynthetic rate,
and chlorophyll content, the relative increase in the
amount of transpiration is thought to be due to the
emission of excessive heat in the plant body, which is a
result of the arise in temperature caused by the green-
house effect resulting from a high CO, concentration
(Taiz and Zeiger 2002). Similarly, although the number

of rosette leaves and stomata declined, the transpiration
rate was higher and leaf temperature was lower when Ara-
bidopsis thaliana grew for 4 weeks at 28 °C compared with
3 weeks at 22 °C and 1 week at 28 °C (Crawford et al. 2012).

In this study, it is thought that the reason for the in-
creased leaf area of S. capitata is to cool the leaf rapidly
by increasing the leaf surface area rather than to produce
photosynthetic products because of excessive temperature
of leaves by elevated CO, concentration (Taiz and Zeiger
2002). In a high-temperature environment, a leaf cooling
system involving transpiration requires much water. In
this study, the transpiration rate showed an approximate
twofold difference (Fig. 4a).

In this study, if transpiration rate is multiplied by the
mean leaf area, the consumed amount of water per leaf
through transpiration was five times higher in the treat-
ment group than the control group. Therefore, if the
water supply is insufficient, water may become the limit-
ing factor for plant survival as the environment undergoes
intensified climate change in the future.

The chlorophyll fluorescence value, Fv/Fm, was higher in
the treatment group than the control group (Fig. 4f). It is
generally known that when the Fo value is increased or the
Fv/Fm value is decreased, photoinhibition due to environ-
mental stress occurs (Bjorkman and Demmig 1987; Max-
well and Johnson 2000). Considering this, it may be
expected that photosynthesis could be stabilized with less
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environmental stress in the treatment group than the con-  water use efficiency, it was found that the transpiration
trol group. In case of S. capitata, considering increasing rate increased significantly with stomatal conductance in
their transpiration rate and stomatal conductance in the both the control and treatment groups and that the 7>
treatment groups, it is thought that the reason of value was also very high (Fig. 5a). This result suggests
increasing Fv/Fm value in the treatment groups may be that transpiration rate has the relation to stomatal
related with a water stress. Generally, the occurred water  control of S. capitata whether climate change will be
stress causes the photoinhibition directly in photosynthetic ~ accelerated or not.

machinery. In this study, the higher temperature of the The photosynthetic rate showed an increasing tendency
treatment group than that of the control group can  with stomatal conductance and transpiration rate in the
damage S. capitata by a water stress. But, due to supplied  control group, but there was no such tendency in the
sufficient water, they may be able to act their stomatal con-  treatment group (Fig. 5b, c). Water use efficiency also
trol smoothly. Also, the area where these plants live is  increased based on the transpiration rate and stomatal
mainly in exposed surfaces of rocks. In direct sunlight, the  conductance in the control group. However, this trend
temperature of the surrounding environment rises as the = was not observed in the treatment group (Fig. 5d, f). Gen-
rock is heated. Considering this point, it is thought that the erally, it is known that the opening and closing of stomata
ideal environment of this plant may be high-temperature  are controlled to maintain stable CO, concentration for
environment such as global warming treatment. But it is  photosynthesis and to regulate water loss for water use
necessary to have a precise physiological research on the efficiency in the intercellular space of a leaf (Hopkins and
water stress of S. capitata for its exact diagnosis. Therefore, ~Huner 2009). It is thought that the stomata seemed to be
when climate change intensifies, areas in which the controlled for photosynthesis and using water efficiently
amount of water required for growth is sufficiently sup- in the control. But, in the treatment, it seemed to be not

plied will be stable habitats for growth. controlled anymore for photosynthesis or protection of
water loss. In the climate change environment, a large
Simple regression analysis amount of CO, can be easily introduced to intercellular

As a result of simple regression analysis on the transpir- space under rich CO, in the air even if stomata are
ation rate, stomatal conductance, photosynthetic rate, and  opened because of high partial pressure of air CO, in
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terms of physics. Thus, it is considered that stomatal
control is for transpiration activity to emit and remove
accumulated heat in the body from high air temperature
around a plant, not for increasing the photosynthetic rate.

Water use efficiency also increased with photosyn-
thetic rate in both the control and treatment groups
(Fig. 5e). It is known to close stomata in many plants for
water loss under elevated CO, level (Rogers and
Dahlman 1993). But this result show, in the elevated
CO, condition, the photosynthesis may have a role of
regulating water loss and efficient water use in S. capi-
tata instead of the stomatal control.

Conclusion

These results show that the flowering period would be
shortened under climate change environment because
the first day of fruit ripening would be advanced while
that of flowering would not change. The fruit productiv-
ity would be changed due to earlier ceasing of repro-
ductive traits. But it is not clarified, and additional
research on reproductive traits should be conducted.
The first day of leafing of S. capitata would be advanced,
and the vegetative growth period would be extended. In
addition, the transpiration rate and stomatal conduct-
ance would increase while the chlorophyll content would
decrease. Since Fv/Fm increases in areas where sufficient
water is supplied, it is considered that stable growth can
be achieved in such circumstances due to less environ-
mental stress.

In an environment with elevated CO, concentration
and temperature, the photosynthetic rate is no longer con-
trolled by stomata due to the high CO, concentration.
This environment is expected to suppress excessive
photosynthetic production by reducing chlorophyll con-
tent. It is also thought that the stomata are controlled for
transpiration activity rather than for photosynthesis in
order to release excessive heat in the plant body due to
the increase in temperature. Therefore, if climate change
continues, S. capitata could suffer damage to their growth
development due to water stress in areas without a suffi-
cient water supply, and their habitat would be limited to
areas that can supply enough water. This study could be
considered as a basic data for conservation researches and
steps of S. capitata on the climate change. But additional
studies are needed on the more detailed phenology, repro-
ductive ecology, and responses of a variety of environmen-
tal stress.
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