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Abstract: Rhododendron sobayakiense is an endemic and near-threatened species (Korean Red List, NT)
found in the alpine regions of South Korea that requires conservation. This study investigated the
species’ genetic variations and seed germination characteristics and predicted its potential habitat
change according to climate change scenarios. The genetic diversity of R. sobayakiense at the species
level (P = 88.6%; S.I. = 0.435; h = 0.282) was somewhat similar to that observed for the same genus.
The inter-population genetic differentiation was 19% and revealed a relatively stable level of gene
exchange at 1.22 in each population. The main cause of gene flow and genetic differentiation was
presumed to be the Apis mellifera pollinator. Seed germination characteristics indicated non-deep
physiological dormancy, with germination at ≥10 ◦C and the highest percent germination (PG) of
≥60% at 15–25 ◦C, while the PG was ≥50% at 30 ◦C. The PG increased at constant temperature
than at variable temperatures; the mean germination time decreased as temperature increased. The
climate scenarios SSP3 and SSP5 were analyzed to predict future R. sobayakiense habitat changes. The
variables of the main effects were Identified as follows: elevation > temperature seasonality > mean
diurnal range.

Keywords: Apis mellifera; germination; gene flow; genetic diversity; ISSR; species distribution model
(SDM)

1. Introduction

On a global scale, the rise in temperature causes unpredictable and challenging climate
conditions and infertile habitats that rapidly affect the plant species inhabiting alpine re-
gions [1]. The sixth assessment report of the Intergovernmental Panel on Climate Change [2]
states that climate change is a definite reality, and human activities are accelerating the rate
of abnormalities with the rise in global temperatures. Consequently, global warming has
raised the mean surface temperature of the Earth by 1.09 ◦C [2]. In South Korea, the annual
mean temperature data (1988–2017, 30 y) revealed a rise of 1.4 ◦C, which indicates that the
rate of global warming in the Korean peninsula is higher than the mean global temperature
rise [3]. As such, climate change is a threat to all of the biological species on Earth.

The most well-known plant responses to global warming can be divided into adap-
tation, migration, and extirpation [4,5]. Adaptation to the changing environment would
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be the optimal choice, but most plants are at a disadvantage in this sense, without the
essential adaptive ability (because of a low level of genetic variations). The adaptive ability
of plants relies on the migration distance determined based on the level of seed dispersal in
each generation according to the rate of climate change [6]. The high sensitivity of seed
germination to rapid climate change is inevitable as it is under high selective pressure [7].
Trees and shrubs show higher sensitivity to climate abnormalities than herbaceous plants
with relatively short population longevity [8,9]. Although most alpine plants can reproduce
asexually [1], seeds are formed through sexual reproduction as plants strive to maintain
the genetic variations required for environmental adaptation and to seek more favorable
conditions for adaptation [7]. Seed germination in alpine plants mostly occurs in early
summer after dormancy during the previous winter [10], but a recent study has found
that seed germination in alpine plants could occur during the period of cold stratifica-
tion [11–14]. This suggests that plants have found a way to survive in low temperatures
(freezing resistance) as part of environmental adaptation owing to the temperature rise in
winter caused by global warming.

The general theory predicts that the level of inter-population gene flow, i.e., genetic
variations, will increase the adaptive ability of plants to respond to climate change [15].
For a species growing in an alpine region and involving cross-fertilization, climate change
reduces gene flow by interfering with the visits of insect pollinators through altered wind
intensity, rainfall, and flowering times [16]. Gene flow within a species affects its genetic
variation, the level of which can either enhance or eliminate the ability of environmental
adaptation. Moreover, in the case of isolated or small populations that are sensitive to
unforeseen environmental fluctuations, the species’ survival is further reduced because of
the negative effects of inbreeding and low genetic variations [17,18].

In South Korea, a high proportion of plants grow in an area of rock exposure, with
increasing altitude [19]. Most plant populations inhabiting high-altitude regions are on
the losing side of the inter-species competition, presumably because of hostile growth
environments, such as a negligible amount of or infertile soil, dehydration stress because
of light or wind intensity, and freezing injury because of subzero temperatures. Several
researchers have examined the growth responses of high-altitude plants to climate change
caused by global warming. Their findings revealed that the plants were increasingly
deprived with respect to the plant growth period, flowering and fruiting times, seed
germination and settlement, and low temperatures, as altitude increased [20–25]. The
reduced rates of growth and development, in particular, had a negative rather than positive
effect on high-altitude plants because young seedlings are more vulnerable in terms of their
ability to respond to climate change [26]. In the past decade (2009–2018), the leaf unfolding
of deciduous broadleaved trees inhabiting high-altitude regions was advanced by the
change in temperature on the Korean peninsula, which suggests the possibility of damage
because of climate disturbance [27]. The flowering times of 68% of the 73 tree species
distributed in South Korea were reported to have been advanced [28]. Such advanced
flowering times could affect other biological species in coexistence or mutual relationships,
and negative effects, including reduced visits by pollinators, would inevitably increase as
discordance in the time of activity of each of the connected species increases [29].

The shrubs of the Rhododendron genus that inhabit high-altitude regions live for several
decades; therefore, they are often the target of studies monitoring the impact of climate
change [30]. There are approximately 1000 known species of the genus Rhododendron
worldwide [31], and they are among the main vegetation in subalpine regions [30,32].
Nineteen Rhododendron species are known to grow naturally on the Korean peninsula [33].
Among them, Rhododendron sobayakiense is a deciduous broadleaved tree of northern lineage
plants. The previously known geographical distribution areas include the Korean peninsula
and Japan, but the morphological and molecular taxonomical analyses across the subgenera
have identified it as a new variety. Therefore, the scientific name has been changed from
Rhododendron tschonoskii Maxim. to Rhododendron sobayakiense Y. Watan. and T. Yukawa
var. koreanum Y. Watan. and T. Yukawa. [34,35], an endemic species [33]. It is currently
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designated as near-threatened (NT) on the national red list of vascular plants in South
Korea [36]; therefore, it has been targeted by studies monitoring climate change in South
Korea for several decades [37]. The area of distribution is limited to the southern parts of
the Korean peninsula, while most are detected in alpine regions at 900–1400 m altitude
above sea level. Most R. sobayakiense populations are found in rock crevices exposed to
the harsh environment at the mountaintop, and although rare, some are found in the soil
in the vicinity of the rock. The plant height is 0.3–1.2 m on average, depending on the
growth conditions, and white flowers of approximately 1 cm display four to five petals
that are shorter than the tubes. The observed flowering period is between late May and
early July, and the fruits mature between September and October. As it exhibits horizontal
and vertical characteristics of geographically isolated plants that have migrated south
during the last glacial period, R. sobayakiense is classified as a representative alpine plant of
northern lineage on the Korean peninsula [38,39].

The data of rare species inhabiting alpine regions are relatively scarce, and direct
measurements of the key phenotypes with crucial roles in environmental adaptation are
impossible. Hence, an understanding of their genetic variations is highly useful in deter-
mining the risk of endangerment [40]. The life cycle and genetic information of a given
species, on which there are insufficient data, are thus essential [41–43]. The genetic data
with respect to conservation are not directly analyzed, but remain within the realm of
theoretical studies despite potential utility and applicability in practice. Thus, they must
be applied as basic data for more active research [44,45]. To evaluate the capacity of R.
sobayakiense to adapt to future climate changes amidst the ongoing influence of climate
shifts, we conducted a comprehensive examination of genetic variations and seed germi-
nation characteristics within R. sobayakiense populations. Additionally, we analyzed the
dispersal status in response to climate change through the implementation of a species
distribution model (SDM). The aim was to offer insights into possible in situ and ex situ
conservation measures in the future.

2. Materials and Methods
2.1. Plant and Seed Materials

Seven R. sobayakiense populations were selected from the known natural habitats:
Mt. Namdeoyusan (ND), Mt. Geumwonsan (GW), Mt. Gibaeksan (GB), Mt. Gayasan
(GY), and Mt. Woodoosan (WD) located in Gyeongsangnam-do; and Mt. Jirisan (JR) and
Mt. Baegunsan (BW) located in Jeollanam-do. For the genetic analysis of the selected
populations between 2014 and 2020, a small number of leaves were collected from at least
20–60 individuals in each population. To prevent identical genotypes in the collected leaves,
a minimum of ≥2 m plant distance was maintained (Figure 1, Table 1).

Table 1. Localities, sample size (Ns), and total number of individuals in the population (N) of R.
sobayakiense examined in this study. (*, seed collection site).

Locality Population
Abbreviation GPS Habitat

Altitude Ns N

Mt. Namdeoyusan
(Geochang-gun) ND N 35◦46′09′′ , E 127◦40′39′′ 1401 50 >200

Mt. Geumwonsan
(Geochang-gun) GW N 35◦43′45′′ , E 127◦45′44′′ 1324 20 <150

Mt. Gibaeksan
(Geochang-gun) GB N 35◦42′06′′ , E 127◦46′53′′ 1138 40 <200

* Mt. Gayasan
(Hapcheon-gun) GY N 35◦49′18′′ , E 128◦07′26′′ 1360 60 >200

Mt. Woodoosan
(Geochang-gun) WD N 35◦45′21′′ , E 128◦03′30′′ 871 35 <150

Mt. Baegunsan
(Gwangyang-si) BU N 35◦06′23′′ , E 127◦37′28′′ 1138 28 <200

* Mt. Jirisan
(Gurye-gun) JR N 35◦17′44′′ , E 127◦30′50′′ 1348 24 <50



Forests 2024, 15, 224 4 of 25

Forests 2024, 15, x FOR PEER REVIEW 4 of 25 
 

 

(Hapcheon-gun) 

Mt. Woodoosan 

(Geochang-gun) 
WD N 35°45′21″, E 128°03′30″ 871 35 <150 

Mt. Baegunsan 

(Gwangyang-si) 
BU N 35°06′23″, E 127°37′28″ 1138 28 <200 

* Mt. Jirisan 

(Gurye-gun) 
JR N 35°17′44″, E 127°30′50″ 1348 24 <50 

 

Figure 1. Location of seven sampling sites of Rhododendron sobayakiense. Seed collection sites: GY and 

JR. 

To investigate the seed dormancy and germination responses of the R. sobayakiense 

populations based on climate change, the seeds of the GY population, with many individ-

uals, and those of the isolated JR population, with a small number of individuals, were 

used. The seeds of the GY population were obtained from the seeds collected in 2014 and 

stored (−20 °C) in the seed bank of KNA. The seeds of the JR population were obtained 

from the seeds collected in 2021 (September), air-dried, and stored (−20 °C). All seeds used 

in this study were those within the storage period of two years. 

2.2. Polymerase Chain Reaction (PCR) Amplification and Genetic Analysis of Data 

For DNA extraction, an i-genomic plant DNA extraction kit (iNtRon Biotech, Seoul, 

South Korea) was used. To ensure optimal experimental conditions, primers (80 from UBC 

biotechnology laboratory primers) of the ISSR marker were used; seven primers (809, 811, 

813, 817, 825, 826, and 834) of high reproducibility were selected as the final set (Table 2). 

The polymerase chain reaction (PCR) solution contained the PCR PreMix (Bioneer, Dae-

jeon, South Korea) with 2 ng/μL gDNA, 10 pmol/μL primer, and sterile tertiary distilled 

water to achieve a final volume of 20 μL. 

Table 2. ISSR primers analyzed for R. sobayakiense examined in this study and the sequences and 

annealing temperatures for polymerase chain reaction (PCR). 

Primer Annealing Temp. (°C) Sequence (5′–3′) 

Figure 1. Location of seven sampling sites of Rhododendron sobayakiense. Seed collection sites: GY and
JR.

To investigate the seed dormancy and germination responses of the R. sobayakiense
populations based on climate change, the seeds of the GY population, with many individu-
als, and those of the isolated JR population, with a small number of individuals, were used.
The seeds of the GY population were obtained from the seeds collected in 2014 and stored
(−20 ◦C) in the seed bank of KNA. The seeds of the JR population were obtained from the
seeds collected in 2021 (September), air-dried, and stored (−20 ◦C). All seeds used in this
study were those within the storage period of two years.

2.2. Polymerase Chain Reaction (PCR) Amplification and Genetic Analysis of Data

For DNA extraction, an i-genomic plant DNA extraction kit (iNtRon Biotech, Seoul,
South Korea) was used. To ensure optimal experimental conditions, primers (80 from UBC
biotechnology laboratory primers) of the ISSR marker were used; seven primers (809, 811,
813, 817, 825, 826, and 834) of high reproducibility were selected as the final set (Table 2).
The polymerase chain reaction (PCR) solution contained the PCR PreMix (Bioneer, Daejeon,
South Korea) with 2 ng/µL gDNA, 10 pmol/µL primer, and sterile tertiary distilled water
to achieve a final volume of 20 µL.

Table 2. ISSR primers analyzed for R. sobayakiense examined in this study and the sequences and
annealing temperatures for polymerase chain reaction (PCR).

Primer Annealing Temp. (◦C) Sequence (5′–3′)

UBC#809 50 AGA GAG AGA GAG AGA GG
UBC#811 52 GAG AGA GAG AGA GAG AC
UBC#813 50 CTC TCT CTC TCT CTC TT
UBC#817 52 CAC ACA CAC ACA CAC AA
UBC#825 48 ACA CAC ACA CAC ACA CT
UBC#826 50 ACA CAC ACA CAC ACA CC
UBC#834 50 AGA GAG AGA GAG AGA GYT

The PCR conditions were as follows: an initial denaturation at 94 ◦C for 2 min, 35 cycles
of 94 ◦C denaturation for 45 s, 48–52 ◦C annealing for 45 s, extension at 72 ◦C for 90 s,
and final extension at 72 ◦C for 5 min. The amplified PCR products were electrophoresed
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in 1.5% agarose gel (w/v) for 2 h 30 min, and after UV imaging (Gel Doc XR+, Bio-Rad,
Hercules, CA, USA), the data were used in subsequent analyses.

The data were scored as 1 for the presence (dominant type) or 0 for the absence
(recessive type) of a DNA band in each locus and then used for further analyses. All
genetic analyses were carried out based on the presence frequency of the aforementioned
marker bands. The method of Kim et al. [46] was followed for categorization. The Popgene
software v.1.32 [47] was used to analyze the percentage of polymorphic bands (P0.95), the
mean number of alleles per locus (A), the effective number of alleles per locus (Ae), and
Shannon’s information index (S.I.) [48]. For comparison with other studies, Nei’s [49] gene
diversity (h) was calculated by estimating the frequency of the recessive alleles under the
assumption of the H-W equilibrium. Gene flow (expected as Nm) was estimated from the
GST value (Nm = 0.5(1 − GST/GST)) [50].

To examine the correlation between genetic differentiation and geographic distance
among populations, Mantel tests [51] were conducted using the computer program IBD
(isolation by distance) ver. 1.52 [52]. To determine the genetic differentiation in each popu-
lation, GenAlEx 6.5 [53] was used, and the PCoA was conducted to identify the connections
across genetically similar populations. Additionally, dendrograms were obtained from
Nei’s genetic distance [54] across populations using the MEGA X program [55]. In addition,
STRUCTURE ver. 2.3.4 software [56] was used to identify distinct subpopulations and
determine fractions of the haplotype for each strain that belongs to each population. The
simulations were run 10 times for each K value (1–7) and 100,000 iterations after a burn-in
period of 50,000, using the admixture model and under the assumption of correlated allele
frequencies [56,57].

2.3. Germination Tests and Statistical Analysis

To identify the seed dormancy status and optimal germination temperature, the seed
activity was tested (35 ◦C, 24 h) after applying a tetrazolium solution to the stored seeds [58].
No disinfection was carried out to examine the germination status as it would be in the wild.
The selected seeds were placed in a Petri dish (SPL, 90 × 15 mm) with two layers of filter paper
(Whatman International Ltd., Maidstone, UK) at four repetitions per 25 seeds. The temperature
treatment for germination involved constant temperature conditions (5, 10, 15, 20, 25, and 30 ◦C)
and variable temperature conditions (15/6, 20/10, 25/15, and 30/20 ◦C). All experimental
groups received the same light treatment with 14 h light (190 µmol· m−2·s−1) and 10 h dark
periods. Additionally, an adequate amount of water was supplied to ensure efficient seed
germination in the Petri dish during the study period. All experiments were conducted in a
plant growth chamber (JSPC-300C, JS Research Inc. Gongju, South Korea).

To determine seed germination, the germination status was examined each day based
on radicle length at ≥1 mm. For the seeds that remained ungerminated for 60 days after
the last day of monitoring, no further experiments were carried out.

In the statistical analysis, the percent germination [59] and mean germination time
(MGT; [60]) estimated for each experimental group were analyzed using GraphPad Prism
9 and SigmaPlot program ver. 13.0 (SPSS Inc., Chicago, IL, USA) with respect to the
correlations between the two populations (GY and JR) during the study period, for which
graphs were drawn.

2.4. Spatiotemporal Prediction of Habitat Changes in Rhododendron sobayakiense

To predict the change in the spatiotemporal threat of climate change, an SDM was
used to estimate the potential change in plant distribution. The distribution data for R.
sobayakiense comprised the plant community data collected during the field investigation
in this study and the KNA reference data. The KNA reference data contain the data of
artificially planted trees; thus, only the data collected from the forests with the potential
natural distribution of R. sobayakiense were extracted. Thirty-four sites of natural growth of
R. sobayakiense were identified, which were distributed in high-altitude mountainous areas
at latitudes between 35◦4.166′ and 35◦59.116′.
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The model variables were analyzed based on the SSP climate change scenarios sug-
gested by the AR6 of the IPCC. The SSP3 and SSP5, which assume an increase in CO2
emissions compared to the current level, were used. The adopted climate model was the
MRI-ESM2-0 (Meteorological Research Institute, Japan Meteorological Agency—Japan,
1.125◦ × 1.125◦), which is known to have the highest accuracy [61]. For the climate vari-
ables as the main cause of the ensemble model output, those that affect the distribution of
alpine plants were applied with the exclusion of those showing high autocorrelation [62].
The resulting eight applied variables included climate-related factors, such as annual mean
temperature, extreme temperatures (maximum temperature of the warmest month and
minimum temperature of the coldest month), trend of change in annual temperatures
(mean diurnal range and temperature seasonality), and physical factors that affect the
distribution of R. sobayakiense, such as elevation and percent tree cover (Table 3). The forests
in South Korea were assumed to maintain the current percent tree cover in the future as
they are in regions that are strictly regulated in terms of tree loss caused by forest growing
stock, for which continuous management has been conducted to predict consistent tree
cover irrespective of climate change [63].

Table 3. Information on spatial variables. Environmental data used to predict the occurrence of
habitat suitable for R. sobayakiense in South Korea.

Variables Variables’
Contribution Scenarios Spatial

Resolution Data Source

Annual Mean Temperature 7.8

SSP 3, 5
(present,

2040s,
2060s, and

2080s)

1 km × 1 km
Worldclim

https://www.worldclim.org
(accessed on 1 October 2023)

Mean Diurnal Range 11.6

Temperature Seasonality 15.0

Max Temperature of Warmest
Month 4.2

Min Temperature of Coldest
Month 5.0

Precipitation of Wettest
Quarter 9.1

Precipitation of Driest Quarter 5.4

Elevation 34.1 - 30 m × 30 m Created by the author using a
topographical map.

Percent Tree Cover 7.8 - 500 m × 500 m

Geospatial information
authority of Japan, China

University, and collaborating
organizations.

An ensemble SDM was developed in this study to predict the change in R. sobayakiense
habitat in the future according to climate change. An ensemble model that integrates the
output of each component model was used to resolve the limitations of each model and
increase scientific validity [64]. The ensemble model in this study was developed to increase
the power of explanation on the change in the distribution of R. sobayakiense according to
climate change. The models constituting the ensemble model were the generalized linear
model (GLM; [65]), the generalized boosted model (GBM; [66]), the generalized additive
model (GAM; [67]), classification tree analysis (CTA; [68]), an artificial neural network
(ANN; [69]), a surface range envelope (SRE; [70]), flexible discriminant analysis (FDA; [71]),
multivariable adaptive regression splines (MARS; [72]), and random forest (RF; [73]). For
the ensemble model, the R software ver. 4.2.2 [74] was used to construct 90 models based on
10 repeated analyses of each of the 9 different models. The models with a true skill statistics
(TSS) value of ≥0.8 were integrated [75,76]. Although the AUC or TSS of the receiver
operating characteristic (ROC) curve is generally used to test the model performance, the
models in this study were analyzed based on the TSS with conservative values to avoid
overestimation [77,78]. To construct the SDM, 70% of the distribution data were used
according to random selection; the remaining 30% were used in testing the TSS [79]. The
probability range applied in the analysis was 0–1000, and the threshold suggested for the

https://www.worldclim.org
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model was applied. The spatiotemporal distribution range and probability change were
analyzed in accordance with the natural break classification [80].

3. Results
3.1. Analysis of Genetic Variation (Diversity, Differentiation, and Structure)

The result of analyzing the allele frequency and genetic variations for 158 loci (in-
cluding null alleles) identified using seven primers is as follows: For the frequency of the
observed alleles, excluding nine loci, there were 108 alleles commonly detected across the
seven populations, 39 alleles detected at ≥30% frequency, and 3 alleles detected at <30%
frequency. Meanwhile, a rare allele was detected in the ND population, and the percentage
with a score of 1 or 0 per locus indicated that the GW population had the largest number of
fixed alleles in 29 loci and the ND population had the least number of fixed alleles in 13
loci. The percentage of polymorphic bands (P0.95) was 88.6% at the species level, with a
mean of 66.0% across the seven populations. The GY population was the highest at 74.7%,
and the BU and JR populations was the lowest at 62.0%. The effective number of alleles
per locus (Ae/L) was 1.45 at the level of species, with a mean of 1.37 across the seven
populations. The ND population was the highest at 1.45, and the GW population was the
lowest at 1.33. Shannon’s information index (S.I.) and gene diversity (h) regarding the
genetic variability were 0.435 and 0.282, respectively, at the species level, with a mean of
0.344 and 0.225, respectively, across the seven populations, which showed a slight reduction.
The genetic diversity per population was the highest at 0.404 and 0.267, respectively, in
the ND population and the lowest at 0.309 and 0.201, respectively, in the GW population
(Table 4). The inter-population gene flow (Nm) was 1.22.

Table 4. Genetic variability in seven populations of R. sobayakiense estimated by 79 ISSR loci. (N,
number of individuals analyzed; A, number of alleles; P0.95, percent of polymorphic bands; Ae/L,
effective of alleles per locus; S.I, Shannon and Weaver information index; h, Nei’s (1973) gene diversity;
G, number of individuals with different genotypes identified within a given population; Nm, estimate
of gene flow from Gst or Gcs, e.g., Nm = 0.5 ((1 − Gst)/Gst)).

Population N A P0.95 (%) Ae/L S.I h G Nm

ND 50 145 68.4 1.45 0.404 0.267 1.0
GW 20 129 63.3 1.33 0.309 0.201 1.0
GB 40 135 65.8 1.35 0.333 0.216 1.0
GY 60 141 74.7 1.34 0.341 0.216 1.0
WD 35 133 65.8 1.36 0.337 0.221 1.0
BU 28 131 62.0 1.42 0.361 0.243 1.0
JR 24 134 62.0 1.34 0.326 0.211 1.0

Mean 36.7 135.4 66.0 1.37 0.344 0.225 1.0 1.22

Total 257 151 88.6 1.45 0.435 0.282 1.0

The inter-population genetic differentiation was caused by 19% of genetic variability
across the seven populations analyzed in this study, with 81% attributed to variability
across individuals in populations (Table 5).

Table 5. Analysis of molecular variance (AMOVA) at the ISSR loci in a total of seven populations of
R. sobayakiense.

Source of Variation d.f SS MS Percentage of
Variation (ΦST)

Among Pops 6 547.940 91.323 19.363
Within Pops (Ind.) 250 2339.865 9.359 80.637

Total 256 2887.805 100
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The level of inter-population genetic differentiation was the lowest at 3.5 for the BU
and ND populations, which are located furthest south, and the highest at 29.9 for the BU
and GY populations. Upon analyzing the correlation between inter-population genetic
differentiation and geographical distance, the result was found to be insignificant (r = 0.421,
p > 0.05) (Table 6).

Table 6. Correlation coefficients between all of the combinations of between-population geographic
range (km; below) and genetic differentiation (ΦST; top) parameters.

Population ND GW GB GY WD BU JR

ND - 5.7 7.9 14.3 14.4 3.5 22.5
GW 12.5 - 15.28 15.9 17.9 29.0 29.6
GB 9.4 2.8 - 2.9 20.9 4.7 26.8
GY 40.3 32.0 33.4 - 7.7 29.9 27.3
WD 33.2 27.7 24.2 10.2 - 28.5 23.2
BU 70.0 70.6 68.2 90.2 69.2 - 21.9
JR 58.9 52.3 51.0 71.2 24.3 25.2 -

PCoA was conducted to analyze the genetic similarity across the individuals dis-
tributed within each of the seven populations and revealed that the level of total genetic
variability was 58.2% along the three axes. Although the level was not high with the blend
of the seven populations, a clustering effect was observed at each axis; the GY and WD
populations clustered at axis I, the ND and GB populations clustered at axis II, and the
BU and JR populations clustered at axis III. The GW population appeared at each axis but
mostly belonged to axis II (Figure 2a). Notably, among the five populations clustered at
axis III with high variability, two categories of clusters could be defined based on genetic
similarity: the ND, GW, and GB populations with close geographical proximity in one
group and the BU and JR populations in the other. As a result, the genetic distance was
shown to be the closest across the ND, GW, and GB populations, followed by the GY and
WD populations. The BY and JR populations were shown to be the most distant genetically
from the other five populations (Figure 2b). To determine the genetic structure formed
within each population, Bayesian clustering analysis was performed, and the optimal
cluster number (∆K) was n = 3. The trend up to K = 7 with a steady increase in mean
L(K) was examined (Figure 3). For the optimal structure at ∆K = 3, the ND, GW, and GB
populations were assigned to cluster 1, the GY and WD populations to cluster 2, and the
BU and JR populations to cluster 3. The complexity of the genetic structure increased
based on the within-population genetic variability and neighboring populations as clusters
increased, but the categorization of the three clusters at ∆K = 3 remained unaltered. This
genetic structure was also reflected in the assemblage (UPGMA) analysis calculated from
the genetic distance between groups (Figure 4).
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in Figure 2a, revealed by principal coordinate analysis (PCoA) performed on genetic similarities
calculated from alleles of 79 loci.
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Figure 3. (a) Values of the log-likelihood of the data mean L(K) as a function of the number of clusters
(K) resulting from the simulation using the STRUCTURE method, and ∆K based on the rate of change
in mean L(K) between successive K values. (b) Classification of individuals from seven populations
of R. sobayakiense into several assumed clusters (K = 3, 5, 7) identified using the STRUCTURE method.
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Figure 4. A phylogenetic tree constructed in MEGA X using the neighbor-joining method with
1000 bootstrap replicates of ISSR 79 loci of R. sobayakiense.

3.2. Seed Characteristics and Germination

The seeds of the GY and JR populations varied in size and weight. The mean seed size had
a length of 1.18 ± 0.13 mm (0.95–1.52 mm) and a width of 0.43 ± 0.06 mm (0.31–0.58 mm) in the
GY population, and a length of 1.13 mm (0.93–1.49 mm) and a width of 0.41 mm (0.25–0.53 mm)
in the JR population. The seed weight (1000 seeds) was higher in the GY population at 0.062 g
than in the JR population at 0.060 g (Table 7).

Table 7. Seed size (value of mean) and weight of two populations.

Population
Seed Size (mm) Weight

(1000 Seeds, g)Length Width

GY 1.18 ± 0.13 0.43 ± 0.06 0.062 ± 0.23

JR 1.13 ± 0.14 0.41 ± 0.08 0.060 ± 0.15

The conditions for the highest PG varied slightly between the two populations. For
the GY population, the PG was 68% in the constant temperature condition of 15 ◦C with
27.2 days of MGT and 52% in the variable temperature condition of 25/15 ◦C with 16.7 days
of MGT. For the JR population, the PG was 68% in the constant temperature condition of
20 ◦C with 16.5 days of MGT and 48%, the highest in the variable temperature condition,
at 25/15 ◦C with 16.9 days of MGT. Meanwhile, no germination was observed in either
population in the 5 ◦C condition (Figure 5). Furthermore, the conditions that elicited
temperature-dependent responses in the two populations were analyzed. At 10 ◦C in the
constant temperature condition, PG and MGT were 46% and 45.3 days in the GY population
and 44% and 47.9 days in the JR population, thereby demonstrating the lowest PG and
an increased MGT. Meanwhile, at 30 ◦C, PG was 56% in both populations, with 13.7 days
of MGT in the GY population and 14.3 days of MGT in the JR population, demonstrating
increased PG and a relatively reduced MGT compared to that seen in low temperature
conditions. A similar trend was found in the variable temperature condition; the PG and
MGT were 45% and 34.5 days at 15/6 ◦C and 45% and 16.5 days at 30/20 ◦C in the GY
population, and 39% and 35.2 days at 15/6 ◦C and 42% and 17.2 days at 30/20 ◦C in the JR
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population (Figure 5). In general, the GY population displayed higher PG and a shorter
MGT than the JR population, with the MGT being more advanced by 0.78 days compared
to that at all other temperatures. Seed germination in the GY and JR populations tended to
show increased PG and a reduced MGT with increasing temperature, but no significant
between-group difference was observed (p > 0.05). Therefore, the dormancy type was
identified as non-deep physiological dormancy [81], whereby germination is set off based
on the temperature condition.
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R. sobayakiense.
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3.3. Changes in Potential Habitats for Rhododendron sobayakiense

For the ensemble model applied in this study, the TSS was tested on testing data
at a value of 0.976, sensitivity of 100, and specificity of 97.638 (Table 8). The weights on
the climate variables for R. sobayakiense were as follows: elevation (34.1) > temperature
seasonality (15.0) > mean diurnal range (11.6), with the lowest weight on max temperature
of the warmest month (4.2) (Table 3).

Table 8. Statistics of the fitted values obtained with the ensemble model for the prediction of
habitat for R. sobayakiense in South Korea. (ANN, artificial neural networks; CTA, classification
and regression trees; FDA, flexible discriminant analysis; GAM, generalized additive models; GBM,
boosted regression trees; GLM, generalized lineal models; MARS, multivariate adaptive regression
splines; RF, random forests; SRE, surface range envelop. Accuracy, sensitivity, and specificity are the
average of 10 projections for 9 single-model SDMs).

Model Accuracy Testing Data Sensitivity Specificity

ANN
TSS 0.898 92.308 97.491

AUC 0.969 93.077 96.949

CTA
TSS 0.918 94.615 97.186

AUC 0.960 94.615 97.186

FDA
TSS 0.866 94.616 49.153

AUC 0.954 92.308 95.797

GAM
TSS 0.781 82.308 78.305

AUC 0.890 80.000 98.068

GBM
TSS 0.977 98.462 96.881

AUC 0.952 98.462 96.746

GLM
TSS 0.899 93.077 78.203

AUC 0.963 94.615 96.508

MARS
TSS 0.913 93.846 88.373

AUC 0.962 94.615 97.051

RF
TSS 0.923 98.462 93.830

AUC 0.989 98.462 94.508

SRE
TSS 0.824 8.3846 98.576

AUC 0.912 83.846 98.576

Ensemble
TSS 0.976 100 97.638

AUC 0.999 100 97.638

The estimation of potential habitats for R. sobayakiense using the ensemble model
demonstrated a decreasing trend in the frequency of high probability domains in the future
compared to that seen currently (Figure 6). A feature of SDMs is the change in distribution
area according to the probability range criteria. In this study, the model presents a slightly
reduced threshold value at 580, indicating an increase in areas with a probability ≥580
in the future when compared to that seen currently. For the probability domain of ≥800,
however, the distribution area decreases in the future as climate change becomes more
severe. Considering that the distribution of R. sobayakiense is limited to specific habitats in
the mountaintop regions, the result may be interpreted as a fall in the stability of potential
habitats. Areas showing the probability domain of 580–800 are characteristically located in
geographically distanced regions from the current habitats. These regions are conjectured
to have the potential to serve as an alternative habitat with a low probability of shift in the
natural distribution.
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scenarios and (b) area change in probability value according to the SSP climate scenarios for the years
2040, 2060, and 2080.
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Based on a ≥800 probability with a similar spatial distribution to the current habitats
of R. sobayakiense, the number of potentially suitable habitats in the future tends to decrease
from the SSP3 to the SSP5 (Table 9). A trend of a slight increase in area compared to the
current area is found in the 2040s in the SSP3; however, considering the reduced areas of a
≥950 probability from 7.2 km2 to 0 km2, the decreasing trend may be taken as universal
across the two scenarios. The predicted maximum probability in each climate change
scenario in the 2060s is 943 in the SSP3 and 841 in the SSP5. For the 2080s, the predicted
maximum probability is 924 in the SSP3 and 823 in the SSP5, which shows a decreasing
trend of maximum probability distribution in all scenarios. The difference between the
maximum probability in the 2080s in the SSP3 and that of the current climate (990) may be
viewed as insignificant; however, as the probability domain of ≥850 is found only for the
0.6 km2 area, the distribution area is determined to decrease when compared to the current
potential habitat area of 37.1 km2 (Figure 6).

Table 9. Area of probability area and increase/decrease rate compared to those at present according to
climate change scenarios and future periods: an analysis was conducted on areas suitable as potential
habitats as the distribution probability was higher than 800.

Range of
Probability Value

Present 2040s (SSP 3) 2040s (SSP 5)

Area (km2) Area (km2)
Rate of Change

Compared to
Present (%)

Area (km2)
Rate of Change

Compared to
Present (%)

801–850 11.7 23.7 +102.5 28.2 +141.0
851–900 16.4 21.3 +29.8 1.3 −92.0
901–950 13.5 15.5 +14.8 0.7 −94.2
951–1000 7.2 0 −100 0 −100

Range of
probability value

Present 2060s (SSP 3) 2060s (SSP 5)

Area (km2) Area (km2)
Rate of change

compared to
present (%)

Area (km2)
Rate of change

compared to
present (%)

801–850 11.7 27.8 +137.6 19.7 +68.3
851–900 16.4 6.8 −58.5 0 −100
901–950 13.5 5.0 −62.9 0 −100
951–1000 7.2 0 −100 0 −100

Range of
probability value

Present 2080s (SSP 3) 2080s (SSP 5)

Area (km2) Area (km2)
Rate of change

compared to
present (%)

Area (km2)
Rate of change

compared to
present (%)

801–850 11.7 22.3 +90.5 9.8 −16.2
851–900 16.4 0.4 −97.5 0 −100
901–950 13.5 0.2 −98.5 0 −100
951–1000 7.2 0 −100 0 −100

4. Discussion
4.1. Genetic Variation (Diversity, Differentiation, and Structure)

Genetic variability indicates the level of environmental adaptation in an individual
and it allows for a temporal progression in a spatial dimension, such as natural selection
and gene flow [82,83]. For a population of plant species, genetic variability decreases in-
evitably when it is constrained by a small or discontinuous number of effective individuals
in the population or the gene flow is under an environmental or geographical influence. In
contrast, reproductive factors, such as period of survival, cross-fertilization, seed produc-
tion, and germination capacity, and seedling survival could contribute to a stable level of
genetic variability even if a population inhabits a limited area or the number of effective
individuals is small. Genetic diversity in plants significantly depends on the method of
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reproduction; it is high in perennial plants involving cross-fertilization [84]. For the R.
sobayakiense populations analyzed in this study, the genetic diversity at the species level
(S.I. = 0.435 and h = 0.282) was considerably similar or lower than that for the same genus
species, R. aureum (S.I. = 0.459) [85], R. calophytum (S.I. = 0.520 and h = 0.361) [86], R. fortunei
(S.I. = 0.432 and h = 0.285) [87], and R. triflorum (S.I. = 0.509 and h = 0.338) [88]. This was also
slightly higher or at a similar level as compared with other endemic or endangered shrub
species, Abelia tyaihyoni (S.I. = 0.392 and h = 0.254) [89], Deutzia pdaniculata (S.I. = 0.508 and
h = 0.343) [90], Forsythia ovata (S.I. = 0.243 and h = 0.158) [91], Lonicera caerulea var. edulis
(S.I. = 0.252) [92], and Vaccinium uliginosum (S.I. = 0.470) [93]; therefore, the genetic diversity
of R. sobayakiense was confirmed to be stably maintained. Nevertheless, the genetic diversity
was relatively low in the GW and JR populations in small distribution areas as they were
environmentally isolated among the seven analyzed populations (Table 4). Notably, the
frequency of fixed alleles was high in the GW population, which implies a high probability
of genetic drift in the future.

The flow and dispersal of genes based on factors including population density, pol-
linator richness, and environmental response are simultaneously affected by genetic di-
versity [94–96], while the genetic differentiation data are critical in determining the con-
servation measures according to the current status and predicted change in a given plant
population. The level of genetic differentiation is determined by the gene flow across
individuals or populations [97–100], and gene flow in plants is, in fact, the pollen and seed
dispersal distance [101]. For the seven populations analyzed in this study, the level of
genetic differentiation was 19%, which is a lower level than other perennial (ΦST = 0.25)
and cross-fertilizing (ΦST = 0.27) species [84]. Compared to other species of the same genus,
R. aureum (ΦST = 38%) [85], R. calophytum (ΦST = 9%) [86], R. fortune (ΦST = 40%) [87], and R.
triflorum (ΦST = 25%) [88], the level of genetic differentiation was similar or slightly lower.
This suggests that the level of genetic differentiation in R. sobayakiense is not yet high, with
a relatively stable level of gene flow at 1.22 (Nm < 1, [102]) (Tables 4 and 5).

Analyzing the structure regarding the gene flow in the R. sobayakiense populations led
to three clusters as follows: ND, GW, GB and GY, WD and BU, and JR, with the regions
in each cluster connected through a mountain range (∆K = 3, Figure 3). However, no
significant correlation with the genetic distance based on the geographical distance of each
population was found (Mantel tests). Nevertheless, the cluster distinction became clearer as
∆K increased, which is presumably because genetic differentiation in a population reflects
the geographical distance of the population and the range of insect pollinator activity. It
should also be noted that for the BU population located furthest south and for the small,
isolated JR population, gene flow occurred within the population.

Approximately 87.5% of flowering plants are estimated to involve animal pollinators
for reproduction, most of which are known to be insects [103]. For the plants inhabiting
alpine regions, flowering in late spring or early summer with higher activities of insect pol-
linators rather than in early spring is advantageous in terms of survival strategy [104,105].
For the Rhododendron species that involves cross-fertilization, the pollinators are birds,
butterflies, and honeybees. Studies have pointed out the need to verify the potential of
effective pollinators based on the pistil-to-stamen contact in the flower structure [106–115].
The Rhododendron species distributed in South Korea mostly flower between April and July
despite slight regional differences [116]. The flowering times of R. sobayakiense are when the
insect activity is the highest; the flowers begin to open in mid-May and reach full bloom in
June. Bumblebees have been suggested as an insect pollinator for R. sobayakiense [34]. Of the
seven populations investigated in this study, the BU population located furthest south had
an apiary in the vicinity, and from the apiary, honeybees were seen to visit R. sobayakiense
flowers (Figure 7). In the case of honeybees, the general activity range is approximately
within a 2 km radius of the habitat [117,118]. Honeybees are likely to visit a single plant
species consistently in areas of higher density of the individual source of honey [119]. The
flowers of R. sobayakiense are small at approximately 1 cm with an open corolla, and the
pistil and stamen heights are similar. The main insect pollinator allowing for the most
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advantageous contact for fertilization in R. sobayakiense is likely to be honeybees. Thus,
taking into account the activity range of honeybees from the apiary, the genetic diversity
and inter-population genetic differentiation observed in this study suggest that individuals
within each population are exchanging their genes. Additionally, with increasing summer
precipitation, future climate change will affect the insect pollinators’ visits to R. sobayakiense.
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4.2. Seed Characteristics and Germination

Seeds play a role in securing genetic diversity and passing it on to the next genera-
tion [120,121]. The transmission of genetic diversity from seeds can vary depending on the
species [122]. In the case of anemophily, there may be higher genetic diversity than the
parent population owing to the wide migration distance of pollen [123,124]. However, for
cross-fertilized plants, low genetic diversity in the parental population reduces seed produc-
tion and quality, and it negatively impacts population survival and maintenance [125–127].
Therefore, the opportunity to increase genetic diversity arises from seed dispersal and
subsequent ontogeny. The genetic diversity of R. sobayakiense sufficiently supports the sur-
vival and adaptation of seeds. However, because they inhabit environmentally unfavorable
alpine regions, seed germination is an important, critical factor in determining whether a
population will be sustained or perish in the face of environmental change [128].

The Rhododendron genus species studied in South Korea were found to have high
germination rates at 25 ◦C or 25/15 ◦C and do not germinate at low temperatures below
5 ◦C [129,130]. Additionally, the average germination days (MGT) tended to decrease as
the temperature increased [130]. The seeds of R. sobayakiense are categorized into the dwarf
type with a thin coating and mature embryo [131]. In this study, the rate of germination
was ≥60% at 15–25 ◦C and ≥50% even at 30 ◦C. The PG decreased in variable tempera-
ture conditions as opposed to in constant temperature conditions; it was <50% in most
temperature treatment groups. Outside the range of optimal germination temperature,
the MGT was slightly prolonged, and the PG was shown to decrease with a deviation in
temperature in the high-temperature conditions, while the response was more rapid to
high temperatures than low temperatures. It is possible that low-temperature treatment is
not essential for some alpine species [132–134]; R. brachycarpum, R. micranthum, and R. mu-
cronulatum of the same genus were shown to be insignificantly affected by low-temperature
treatments regarding dormancy release and germination was facilitated [129]. Hence,
the low-temperature treatment is not likely essential for raising the PG in R. sobayakiense.
Most (≥70%) alpine plants show physiological dormancy (PD) [135,136]. The seeds of
R. sobayakiense exhibited non-deep PD [81] without germination at a low temperature of
5 ◦C. It is presumed that the PD at low temperatures is a response of plants to survive in
alpine conditions. In the natural climate conditions of alpine regions, small seeds may
require higher germination temperatures than large seeds [137]. The temperature at which
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the highest germination rate was observed differed between the two populations. The
JR population exhibited a higher germination rate at 20 ◦C, which was 5 ◦C higher than
the GY population. It can be predicted that the JR population, which inhabits a relatively
poor environment, requires stable temperature conditions for germination. Thus, the seed
germination characteristics of R. sobayakiense are conjectured to be a part of environmental
adaptation to minimize the frost or drought stress in the early or late season [128,138–140].

The dry dehiscent fruit of R. sobayakiense is in a capsular form with a water drop
shape [141]. Each fruit contains at least a hundred granular seeds and divides into four
parts upon maturation. The seeds at the top part of the fruit are likely to disperse further
from the parent plant via the pod cracking force, and the seeds remaining at the mid
to bottom parts of the pod with reduced opening are likely to scatter around the parent
plant via the strong wind in alpine regions. The dispersal type of individual plants in
their natural habitats can be used to predict how far a given population may extend [142].
Seedlings were extremely rare and observed only in some populations showing large plant
size and a greater number of individuals. This suggests that it may be difficult for even
successfully germinated plants to settle in alpine regions against the harsh climate and
hostile conditions, while most populations are distributed in an area of rock exposure at
the mountain top. Nonetheless, the production of many seeds and simple germination
conditions could be viewed as a form of adaptation to the alpine environment to maximize
the probability of individual survival [143–150].

Furthermore, the differences in seed weight should reflect the genetic correlations
across populations inhabiting similar environments [151]. The seed weight was relatively
low in the JR population with low genetic diversity and a small population size compared
to the GY population with high genetic diversity and a large population size. The JR
population showed not only a small population size but also mostly long-lived individuals.
The seeds produced by more aged individuals tend to have an increased MGT compared
to those produced by younger individuals [152,153], which may account for the longer
MGT in the JR population than in the GY population. Moreover, an increase in CO2 or
temperature was shown to affect the MGT but not the PG of the seeds of R. sobayakiense [154].
The seeds in the two populations did not vary in terms of germination capacity (p > 0.05);
from an ecological perspective, the result may be attributable to the competition with other
vegetation in the vicinity [155,156].

According to Moles [149], higher seed weights are more advantageous for seedling
survival, as it was shown that approximately 8% of seedlings survived for small seeds of
an average size of 0.1 mg. However, the seed weights for R. sobayakiense were lower, which
predicted a lower rate of survival than reported. Hence, in an environment that allows for
the reliable settlement of germinated plants, the survival rate is likely to be higher [157,158]
The rock environment where the plants are located drives them to avoid competition
with other vegetation [159]; this can be interpreted as a survival strategy to ensure safe
germination in rock crevices (Figure 8). However, considering that R. sobayakiense habitats
are distributed on high mountain tops with climate variations and more frequent extreme
climate conditions, the soil temperature may decrease further because of reduced snowfall
and insulation properties upon temperature rise at high altitudes [160,161]. Thus, it is
predicted that stronger constraints would be placed on seed germination for individuals
located in soil-rich areas. Further studies should be conducted to investigate the seed
productivity and survival of germinated plants according to the individual characteristics
and the environment of each R. sobayakiense population.
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4.3. Changes in Potential Habitats for the Conservation of R. sobayakiense

The temperature rise caused by global warming suggests the possibility of plant mi-
gration to colder regions at higher altitudes [162]. The prediction models on climate change
demonstrated the potential extension of the current distribution range, as many species
migrate hundreds of kilometers [163,164]. Thus, it is predicted that R. sobayakiense popula-
tions in alpine regions would be driven by temperature rises to compete fiercely with the
species of southern lineage with a high potential to extend the distribution range [64,165].
In most natural habitats of R. sobayakiense populations investigated in this study, seedlings
were rarely found, which suggests a low probability of population expansion with the
plants on the losing side of the inter-species competition; therefore, the distribution range
would steadily decrease in the future. This was also reflected in the climate change sce-
narios, wherein the habitat distribution decreased, and the stability of potential habitats
concurrently decreased in the future. Among the variables of the 90 models, the highest ex-
planatory power (34.1) was exhibited by elevation, a non-climate variable. While there was
a concern for increased summer precipitation with the effect of current climate change [166],
this was not the main cause of the reduction in the potential habitats of R. sobayakiense.

There are 19 species of Rhododendron that grow naturally in South Korea, of which
9 species fall under the South Korea IUCN red list categories and criteria, of which one
species falls into the threatened category [33]. R. sobayakiense is an NT taxon and is not
currently threatened. However, as it was discovered to be a new variety native to Korea,
conservation measures must be established for in situ conservation and protection against
future threats. What is crucial in designing a system of protection areas for the conservation
of species, such as R. sobayakiense, that are sensitive to global warming is to recruit ecolog-
ical specialists and to incorporate the biological interactions of species that are strongly
dependent on other species. In the spatial analysis data presented in this study, the areas
of the low probability domain (580–800) could be considered as potential habitats for R.
sobayakiense. These areas were predicted to increase as time passes while being geographi-
cally isolated from current habitats by ≥100 km. Taking into account the high possibility
of extinction of R. sobayakiense in their actual habitats and the increasing probability of
inhabitation in other specific regions, both in situ and ex situ conservation measures should
be developed. Therefore, in-depth analyses should be conducted regarding the ecological
impact of climate change on the habitat conditions for R. sobayakiense.

5. Conclusions

The genetic variations across the R. sobayakiense populations investigated in this study
were shown to be stable at present. Nevertheless, climate change will have a negative im-
pact on the insect pollinators in mutual relationships with the species. It is thus foreseeable
that the genetic variability will decrease in each population, with an increased level of



Forests 2024, 15, 224 20 of 25

inter-population genetic differentiation and a reduction in seed production and quality.
Considering the seed germination characteristics, the temperature rise in the future will,
despite a transient increase in PG, reinforce the harsh conditions in the natural habitats of
R. sobayakiense and exert a negative impact on the survival of seedlings. The predicted fall
in potential habitats based on climate change implies an urgent need for relevant measures.
Hence, the conditions in the natural habitats should be complemented for reliable activities
of insect pollinators to ensure in situ conservation. Furthermore, seeds of individuals in
each different population should be obtained to promote the growth of each individual,
to ensure the collection of genetic resources of each population, and to reduce the level of
genetic differentiation. This will contribute to the development of efficient conservation
measures in creating a blended composition for ex situ conservation. Overall, for in situ
and ex situ conservation through climate change measures, environment assessments on
potential habitats with conditions that resemble the respective environment are necessary,
in addition to ecological studies, while cultivation techniques should be simultaneously
established to enhance the understanding of the growth of each plant species.
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