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Abstract

In this review, we aimed to synthesize the current knowledge on the observed and projected effects of climate
change on the ecosystems of Korea (i.e, the Republic of Korea (ROK) or South Korea), as well as the main causes of
vulnerability and options for adaptation in these ecosystems based on a range of ecological and biogeographical
data. To this end, we compiled a set of peer-reviewed papers published since 2014. We found that publication of
climate-related studies on plants has decreased in the field of plant phenology and physiology, whereas such
publication has rapidly increased in plant and animal community ecology, reflecting the range shifts and
abundance change that are occurring under climate change. Plant phenology studies showed that climate change
has increased growing seasons by advancing the timing of flowering and budburst while delaying the timing of
leafing out. Community ecology studies indicated that the future ranges of cold-adapted plants and animals could
shrink or shift toward northern and high-elevation areas, whereas the ranges of warm-adapted organisms could
expand and/or shift toward the areas that the aforementioned cold-adapted biota previously occupied. This review

provides useful information and new insights that will improve understanding of climate change effects on the
ecosystems of Korea. Moreover, it will serve as a reference for policy-makers seeking to establish future sectoral

adaptation options for protection against climate change.
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Background

Climate change has a wide range of continuous reper-
cussions on ecosystems. Importantly, if the biodiversity
of an ecosystem, i.e., the presence of a wide variety of or-
ganisms, were lost, this loss would be permanent. How-
ever, unlike situations in other socioeconomic fields,
climate change-related effects on ecosystems may be
beyond the public interest since the difficulties they
cause may not directly damage or inconvenience humans
(Park et al. 2019). However, it is commonly accepted
knowledge that ecosystems are currently experiencing
burdensome and disturbing situations.
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More than many other parts of the world, Korea has
been greatly affected by climate change mainly due to its
higher consumption of fossil fuels that support rapid
urbanization and industrialization (Korea Meteorological
Administration (KMA) 2012). The most distinct change
in the Korean climate is an increase in the range of
temperature fluctuations throughout the seasons (Chung
et al. 2004; National Institute of Meteorological Sciences
(NIMS) 2018). The number of record minimum
temperature days has decreased rapidly, whereas the max-
imum precipitation during the summer has increased
(Jung et al. 2004; Kim et al. 2007; National Institute of
Meteorological Sciences (NIMS) 2018). Up to now, the
ministry of Environment of Korea has published two
volumes of the Korean Climate Change Assessment
Report in 2011 and 2015 which covered the ecological
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responses related with climate change up to the year of
2013. The Korean Climate Change Assessment Report
2020 (KCCAR 2020; Bae et al. 2020), the third report of
its kind, was published as a compilation of studies
accumulated over the past 6 years from various sectors
including water resources, ecosystem services, forestry,
and agriculture industries as well as from the fields of
energy, health, human settlement, and welfare, and from
adaptation policies and plans. Here, we revise the
ecosystem chapter of the Climate Change Impact and
Adaptation in KCCAR 2020.

This review synthesizes the current knowledge on the
observed and projected effects of climate change in
Korean ecosystems, as well as on the main causes of
vulnerability and options for adaptation in these ecosys-
tems, from a wide range of ecological and biogeograph-
ical data. Our aim was to provide useful information and
new insights that improve understanding of the effects
of climate change on Korean ecosystems and supply a
reference for policy-makers with which to establish
future sectoral adaptation options to protect against
climate change.

Materials and methods

To address our aims, we reviewed the observed changes
in biota, including phenology, distribution change, diver-
sity change, species composition, and physiological or
genetic change, as well the vulnerability of ecosystems to
climate change and the effects of change determined via
modeling, along with future prospects. Specifically, to as-
sess observed climate change effects in Korea and help
to avoid possible negative consequences from climate
change on Korean ecosystems, as well as establish adap-
tation strategies suited to Korea, we compiled a set of
peer-reviewed papers and reports published since 2014.
Consequently, we were able to summarize the results of
the latest domestic and overseas research on the climate
change effects related to the Korean peninsula and
possible adaptations to these effects. Furthermore, we
created a database using the compiled results on effects
and adaptations.

Results and discussion

Ecosystems: habitat

The threat factors of climate change against biota were
selected for the subalpine region, inland wetland, and
coastal ecosystems, which are the major ecosystems in
Korea vulnerable to climate change.

Terrestrial area

The climate zone of the Korean peninsula was classified
by applying the warmth index and Koppen climate clas-
sification based on electromagnetic climate data from
30-year normal climate data of the entire region; future
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changes to climate zone were predicted under the Rep-
resentative Concentration Pathway (RCP) 8.5 scenario
(Kim et al. 2017a). The subtropical zone is predicted to
expand northward and upward dramatically whereas the
alpine belt will shrink substantially. In addition, ~ 75%
of Korea is expected to belong to the dry-winter humid
subtropical climate zone (Koppen climate zone of Cwa)
while ~ 25% will belong to the humid subtropical cli-
mate zone (Koppen climate zone of Cfa). These results
were obtained under a rather extreme scenario of RCP
8.5, but they indicate that climate patterns that vary by
region can gradually be simplified (Kim et al. 2017a).

Using the basic statistical data from national parks and
the RCP 8.5 scenario, a climate change vulnerability assess-
ment was conducted for 21 national parks nationwide;
types of vulnerability were evaluated and classified based
on climate exposure, sensitivity, and adaptability (Kim and
Kim 2016). The findings suggest that it is desirable to
prepare adaptation measures that reflect the climate char-
acteristics of each region because differences in climate ex-
posure, sensitivity, and adaptation capacity exist according
to the regional climate environments of national parks.

By analyzing 10-year (2003—2012) meteorological ob-
servation data and future climate change scenario data
obtained from high-resolution regional climate models,
forecasts for change until the late twenty-first century
(2071-2100) in the Mt. Hallasan alpine area, where cli-
mate change caused by anthropogenic effects appears
vertically, were analyzed (Choi 2017). Results indicate
that the subtropical climatic zones will be extended to
mid-altitudes by the end of the twenty-first century due
to decreased cold stress in winter, with the possibility
that the range of subtropical climatic zones will expand
because of increased high-temperature stress in summer
in mountainous regions. This finding is meaningful be-
cause it complements limited data from automatic wea-
ther observation networks by suggesting the possibility
of continuous climate zone movement through analysis
of high-resolution modeling data. In addition, it implies
that increased effort to preserve the species diversity of
subalpine ecosystems will be necessary in the late
twenty-first century and that continuous research on cli-
mate factors other than temperature and changes in cli-
mate phenomena are required.

Rivers and wetlands

Urban rivers, which are in a poor environmental condi-
tion due to overpopulation and industrialization, are
more vulnerable to internal and external factors (Lee
et al. 2017). Research indicates that environmental dis-
turbance caused by local climate change-related drought
and torrential rain negatively affects water quality and
diatom communities in urban rivers, as well as the struc-
ture and function of aquatic ecosystems.
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The land cover change in areas of mountainous
wetland was confirmed using multitemporal aerial
photographs and climate data from 1975 to 2012, with
results showing that anthropogenic effects, such as golf
course construction, and a rapid increase in mean an-
nual temperature since 1980 had altered flora distribu-
tion and reduced wetland area (Jang and Kim 2013). In
particular, it was judged that the increase in the average
temperature in spring caused the drying of the soil mois-
ture in the study area, which affected the incubation of
the wetland.

Coastal region

The coastal region is a vulnerable ecosystem that will be
directly affected by sea level rise from climate change
(Lee et al. 2006; Yu et al. 2016; Moon et al. 2017). The
effects of climate change on coastal and island areas can
be organized based on climate change scenarios as follows
(Choi and Park 2018): (1) lowland flooding due to sea level
rise, wetland loss, inflow of seawater, and collapse of the
living quarters of inhabitants; (2) physiological characteris-
tics of organisms and behavior, ocean acidification, and
coral reef destruction that affect population dynamics, and
economic damage to local residents due to reduced levels
of fish and shellfish; and (3) reduction of available water
resources due to increased salt concentrations such as
penetration of groundwater by saltwater.

The salt marsh, which has a mixture of terrestrial and
marine ecological characteristics, has a unique ecosystem
with environmental value and limited distribution of
plants due to high salt concentrations (Kim and Myeong
2014). Changes in climate and soil environments were
traced in the halophyte habitats of Suncheon Bay, and
basic monitoring data on the characteristics of halophyte
habitats and changes in environmental factors were ob-
tained. Comparison of the environmental variables
(temperature, precipitation, relative humidity, and sun-
shine duration) between data from the past 40 years
(1973-2013) and the last 4 years (2010 through 2013)
showed that despite temperature increasing significantly
and relative humidity and precipitation decreasing sig-
nificantly, there was no significant change in sunshine
duration. Among the soil environment factors that were
affected by climate, pH, soil moisture content, salinity,
and electrical conductivity all significantly increased
whereas organic matter content significantly decreased.
In a simulation using the Intergovernmental Panel on
Climate Change (IPCC)’s sea level rise scenario, the area
of salt marshes is predicted to decrease by 20-45% in
2100 compared with the present area. Such changes
in ecosystems are expected to have negative effects
not only on biodiversity but also on ecosystem
services; thus, appropriate responses and management
measures are essential.
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Ecosystem: biota in the current state

Phenology

Many studies have focused on how climate change af-
fects the growing season and phenology of plants (Hur
et al. 2014; Hur and Ahn 2015; Ahn et al. 2016; Choi
et al. 2016; Lee et al. 2018). Plant phenology studies have
been mainly conducted at the monitoring level at the
long-term ecology research sites of national research in-
stitutes. A few studies conducted correlation analyses
between plant phenology and temperature, such as cor-
relations between temperature and temporal changes in
the timing of flowering and budburst. In one study, the
timing of budburst was estimated over an entire Korean
forest using satellite imaging; the timing was highly cor-
related with April mean temperature and the average
temperature of the budburst date (3 °C, 12 days) (Choi
et al. 2016). The timing of flowering and leafing out of
five subalpine plant species, Lilium cernuum, Primula
modesta var. hannasanensis, Trientalis europaea subsp.
arctica, Ligusticum tachiroei, and Disporuum ovale, was
investigated in Mt. Gayasan for 5 years from 2012 to
2016, and the flowering time of these five plant species
was highly correlated with the daily maximum
temperature and the daily mean temperature (Sung and
Kim 2018).

The change in the growing season was analyzed at a
national scale with data collected at 19 meteorological
stations in Korea from 1970 to 2013 (Jung et al. 2015).
These analyses showed that the length of the growing
season increased by an average of 4.2 days/10 years due
to advance of budburst timing (an average of 2.7 days/10
years) and leafing out was delayed by an average of 1.4
days/10 years (Jung et al. 2015).

On the other hand, a local scale study conducted in an
urban area, Suwon City, reported an increase in the
growing season of approximately 6.8 days/10 years due
to the advanced timing of budburst (~ 4.1 days/10 years)
and a delay in the timing of leafing out (~ 2.7 days/10
years) (Jung et al. 2014). Another local scale study con-
ducted on a spruce community in a mountains area, Mt.
Gyebangsan, also showed that climate change between
1972 and 2006 advanced the start date of spruce growth
and delayed the end date, resulting in an increase in the
growing season of spruce; however, this increase in
growing season was not statistically significantly corre-
lated with spruce growth (Jang et al. 2015).

The effects of climate change on plant growth and
physiology have been predicted by exploring changes in
the growth of plants under increased CO, and
temperature in conjunction with other environmental
factors such as soil moisture and nutrients. Sarcandra
glabra showed an increased resistance to soil organic
matter content and moisture conditions in a warming
environment, suggesting that these factors do not limit
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the growth of this species under these conditions (Lee
et al. 2018). The growth of Bupleurum latissimum was
more sensitive to the increased CO, and temperature
than to other environmental conditions, e.g., light,
moisture, and nutrients; its maximum growth increase
occurred when nutrients, CO,, and temperature were
increased (Ahn et al. 2016).

Changes in diversity and distribution range

Plants Species range shifts have been analyzed accord-
ing to elevational gradient; such analysis provides funda-
mental data for predicting climate change effects on
species compositions and range dynamics. Climate
change-related range shifts in plants were mostly pre-
dicted at the regional scale, i.e., the Korean peninsula,
but rarely at local scales, e.g., mountain areas. Such pre-
dictions have been made for climate change-sensitive
species (Shin et al. 2018; Koo et al. 2015; Koo et al.
2016; Park et al. 2016b; Koo et al. 2017b; Koo et al
2017c; Koo et al. 2018; Park et al. 2019).

Using time-series satellite image analysis for 20 years
since the mid-1990s, long-term area changes of
coniferous forests in subalpine regions nationwide were
considered according to climate change data (Kim et al.
2019a). The area of coniferous forests decreased by
about 25% over 20 years; thus, the fragility of highland
ecosystems was particularly high. According to climate
factors, annual average temperature had a greater effect
than other factors on changes in the coniferous forest
area.

The proportion of cold-adapted plants, such as alpine
and subalpine plants, distributed in high-elevation areas
of Mt. Jirisan and Mt. Gayasan increases at higher eleva-
tions, whereas rare and endemic plants decrease (Kim
et al. 2018a; Kim et al. 2017b). The species diversity of
vascular plants generally decreases as elevation increases
at Mt. Taebaeksan (An et al. 2019). When considering
human disturbances, the proportion of forest-growing
plants increases as elevation increases but the number of
plants growing in disturbed areas decreases (An et al.
2019). Cold-adapted evergreen broad-leaved trees, which
mainly inhabit alpine and subalpine areas, have been
predicted to decrease under climate change and could
only remain in alpine regions of the Democratic People’s
Republic of Korea (DPRK) or North Korea (Fig. 1; Koo
et al. 2015).

Most studies related to growth change under climate
change were conducted for Abies koreana, a subalpine
coniferous species that may be highly sensitive to climate
change. Dendroecological studies showed that the
growth of A. koreana was negatively correlated with
drought stress during spring in Mt. Hallasan, suggesting
that such stress (caused by decreasing precipitation and
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increasing temperature in winter and spring) would be a
major driver of growth decline and death of the species
(Seo et al. 2019b). Additionally, studying other climate
change-related events, such as typhoons, strong winds,
and soil erosion, could also be important for under-
standing the effects of climate change on A. koreana
growth (Kim et al. 2019b; Seo et al. 2019a; Seo et al.
2019b).

Few studies have focused on the effects of climate
change on the dynamics of population genetics (Kim
et al. 2015a). Understanding population genetic diversity
and its change in relation to climatic factors is funda-
mentally important for determining the adaptation abil-
ity of plants to climate change. Data were collected
through amplified fragment length polymorphism ana-
lysis of 12 populations of Sasa borealis nationwide (Kim
et al. 2015a). The genetic diversity of S. borealis popula-
tions decreased as latitude increased, suggesting that
climatic warming has negative effects on the species.
The effects of climate change on the production of sec-
ondary metabolites and gene expression have been
mostly investigated by national research institutes, such
as the National Institute of Ecology and National Insti-
tute of Forest Science; however, results have yet to be
published in related journals. Indeed, research into
climate change effects on the production of secondary
metabolites has only recently been initiated.

Animals Many studies have estimated climate change-
related population changes (increases or decreases) in
invertebrate and vertebrate animals. With global warm-
ing, many animal species have shown changes in popula-
tion abundance or range expansion. Climate factors are
major drivers of diversity changes in arthropods (Lee
et al. 2016). Additionally, in studies from forest areas,
elevation was found to be a strong explanatory variable
for changes in diversity. Since Korea is a peninsula, the
decreasing rate of the northern species was much higher
than the increasing rate of southern species. It could be
postulated that global warming will decrease total spe-
cies diversity and abundance in Korea over time.

Kwon et al. (2014a) compared the distribution range
of butterfly species before (1938—1950) and after (1996—
2011) the Korean War. They found that the northern
border line of southern species moved northward as well
as southward of the southern border line of northern
species. In addition, the distribution range had moved
1.6 km per year during the last 60 years. The authors
concluded that this expansion of northern species was a
result of warming as well as forest growth.

In high-elevation areas in Mt. Hallasan, Yeongsil (1280
m) to Baengnokdam (1950 m), the alpine and subalpine
belt of the mountain has a large number of northern
butterflies (Kim et al. 2014). The largest number of
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Fig. 1 Prediction of the future habitat suitability for cold-adapted evergreen broadleaf trees under climate change (Koo et al. 2015). The future
habitat suitability in 2050 were predicted under RCP4.5 (a) and RCP8.5 (c) and in 2070 under RCP4.5 (b) and RCP8.5 (d) scenarios
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butterfly species and populations was observed at 1665—
1700 m above sea level, indicating that the open grass-
land space under Baengnokdam is the main habitat for
butterflies. By comparing the past monitoring of species
such as Hipparchia autonoe, Aphantopus hyperantus,
Oeneis urda, and Plebejus argus, which are butterflies
living in alpine regions, with the present situation, it was
confirmed that the distribution of species is changing
from inhabiting alpine regions to inhabiting higher alti-
tude regions, whereas species living in low mountain re-
gions are beginning to be observed in alpine regions.

In addition to temperature increases, habitat is another
important variable to consider. Bird species such as Strix
uralensis, Dryocopus martius, and Strix aluco favor low
temperature conditions; they are now mainly distributed
in the continuous forest region of the Baekdudaegan
Mountain ranges, which runs from Mt. Soraksan to Mt.
Juryman on the Korean peninsula. The change in forest
area caused by global warming should be considered
when planning management strategies for endangered
species living in this environment (Kim et al. 2018b).
Park et al. (2018) compared the distribution range of six
bird species, namely Pycnonotus sinensis, Sturnus
sericeus, Pitta nympha, Hydrophasianus chirurgus,
Rostratula benghalensis, and Terpsiphone atrocaudata,
between 1997-2005 and 2005-2014; they found that dis-
tribution ranges had expanded and moved northward
over time. They divided these six species into two cat-
egories based on their relationship to climatic factors:
climate-change sensitive species (i.e., T. atrocaudata, H.
chirurgus, and P. nympha) and climate-change insensi-
tive species (P. sinensis, S. sericeus, and R. benghalensis).
Climate-change sensitive species are summer migrants;
observation records for these species are closely related
to temperature data. Distribution range changes include
breeding sites moving northward (Choi et al. 2018a). As
temperature increases, these species will be found in
their main distribution area, such as Jeju-do and south-
ern parts of Korea, as well as the middle and northern
areas of Korea. Two opposing estimates have been made
for summer migrant birds (e.g., Gallicrex cinerea, Ixobry-
chus eurhythmus, and P. mympha): reduction in their
population size due to warming and heat waves but ex-
pansion of their distribution range due to breeding suc-
cess in tropical regions (Park et al. 2018).

Climate-change insensitive species have also expanded
their range in Korea. Although observation records for
these species are not strongly correlated with
temperature, their distribution has expanded in Korea
because of reductions in suitable habitats in neighboring
China. Two birds, P. sinensis and S. sericeus, are com-
mon in urban and rural areas of China. They were first
recorded in Korea in the 2000s, but they are now found
all over the country where they even breed and
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overwinter. In this relatively short time span (within 20
years of the first observation record), these birds are
now recognized as residents in Korea.

Choi et al. (2018b) monitored the population of two
amphibian species, Rana huanrenensis and Hynobius lee-
chi, from 2005 to 2012; they found that the populations
had fluctuated over a 3—4-year period and that the
population of H. leechi had steadily declined. It was re-
vealed that climate change affected the microclimate of
this valley habitat, especially by reducing the daily
temperature change in spring, which was closely related
to the population size of H. leechi. The decrease in
temperature change in spring would likely increase the
energy consumption of H. leechi by reducing breeding
time, which would in turn continuously reduce the
breeding rate of the species and the survival rate after
breeding. On the other hand, the decrease in mean an-
nual maximum temperature affected the breeding suc-
cess and survival rate of R huanrenensis; thus, local
microclimate change affected this amphibian species, al-
though the exact mechanism by which the temperature
change and population of R. huanrenensis were associ-
ated is uncertain (Choi et al. 2018b).

Oriental moth species are increasingly being reported
in Korea, e.g., a large Uraniid moth, Lyssa zampa, was
collected in Seoquipo, Jeu-do (Jeong et al. 2016); three
Gelechiid moths previously known to be distributed only
in southern China and Taiwan were found in Jeju-do
(Kim and Park 2017); and two southern epiplemid
moths were also found in the country (Sohn et al. 2019).
However, it is unclear whether these species arrived due
to global warming or whether they were accidently in-
troduced into Korea.

The following subtropical birds have also been ob-
served in the southern and western islands of Korea:
Culicicapa ceylonensis calochrysea (Park and Oh 2018),
Cacomantis merulinus querulous (Kim et al. 2018c¢), and
Laysan albatross (Yang et al. 2018). However, it is cur-
rently unclear whether this recent increase in subtropical
birds in Korea was caused by climate change.

The future direction of biota
Phenology
Climate change effects on flowering time have been pre-
dicted for Prunus yedoensis, Pyrus pyrifolia, and Prunus
persica (Hur et al. 2014; Hur and Ahn 2015). The flow-
ering timing of P. yedoensis is predicted to advance by
6.3 and 11.2 days in 2090 under the RCP 4.5 and RCP
8.5 climate change scenarios, respectively, whereas re-
spective predicted timings for P. pyrifolia are 6.1 and
10.7 days, and those for P. persica are 7.0 and 12.7 days.
To analyze the impact of climate change on forest
vegetation, an evaluation index based on satellite images
was developed and predictive models were constructed
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(Choi 2015). The correlation between total primary
productivity of forests and meteorological factors
showed that the growing season was predicted to begin
earlier under the RCP 4.5 and 8.5 scenarios. However,
total primary production was predicted to decrease, es-
pecially in alpine and subalpine regions. These results
suggest that the responses of an ecosystem to climate
change appear to differ spatially; thus, factors such as cli-
mate zone and vegetation should be considered when
evaluating the impact of climate change (Table 1).

Diversity and distribution range
Plants The geographical range of plants and their

climate-related range shifts have been investigated for
plant species at local and regional scales. Studies have
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provided range shift predictions under climate change
based on the climatically suitable habitat conditions for
individual plant species (Shin et al. 2018; Koo et al
2015; Koo et al. 2016; Park et al. 2016b; Koo et al
2017a; Koo et al. 2017b; Koo et al. 2017c; Koo et al
2018; Park et al. 2019) as well as changes in the species
composition and diversity of plant communities accord-
ing to elevational gradient (Kim et al. 2018a; An et al
2019).

Plant species that are considered vulnerable to climate
change were selected from the peaks of Mt. Baekdusan,
Mt. Soraksan, Mt. Juryman, and Mt. Hallasan to investi-
gate the impact of global warming on alpine plants
(Kong et al. 2014). These vulnerable species were se-
lected based on various factors including species com-
position, flora, rarity, endemicity, and distribution

Table 1 Future changes of abundance or distribution of species or higher category in Korea

Change Kingdom Organism

Future Refs.

Abundance Plants Abies koreana, Abies nephrolepis

Abies koreana

Primula farinosa subsp. modesta
Juniperus chinensis var. sargentii

Animals  Aranea (Lycosidae, Ctenidae, Salticidae)
Crustacea

Oniscomorphia

Gryllidae

Hemiptera

Diptera (Dolichopodidae)

Coleoptera (Scarabaeidae)

D Park et al. 2015; Koo et al.
2017a

| Koo et al. 2016

D Kim et al. 2016a
Lee et al. 2016

Aranea (Theridiidae, Linyphiidae, Agelenidae, Hahniidae, Clubionidae, Gnaphosidae, D

Thomisidae)

Juliformia

Archaeognatha
Homoptera

Formicidae (Hymenoptera)
Diptera

Lepidoptera

Coleoptera (Hydrophilidae, Silphidae, Melolonthidae, Elateridae, Tenebrionidae,

Curculionidae)
Diptera (Anisopodidae)

Ephemeroptera,
Plecoptera,
Trichoptera

Odonata

Cervus nippon, Moschus moschiferus, Plecotus ognevi, Hyla suweonensis, Acoptolabrus D

D Li et al. 2013; Li et al. 2014

Kim et al. 2018b

mirabilissimus mirabilissimus, Lethocerus deyrolli, Parnassius bremeri

Pteromys volans, Strix uralensis, Dryocopus martius, Strix aluco, Gallicrex cinerea, D

Ixobrychus eurhythmus, and Pitta nympha

Distribution  Plants
umbellata, Eurya emarginata, Hedera japonica

Kadsura japonica, Neolitsea sericea, llex integra,

Dendropanax morbifera
Animals  Ursus thibetanus ussuricus

Sibynophis chinensis

Machilus thunbergii, Castanopsis cuspidate, Pittosporum tobira, Raphiolepis indica var.  E

Park et al. 2016b: Koo et al.
2017b: Koo et al. 2017c

S Koo et al. 2017c: Koo et al.
2018

E Kim et al. 20163, b, ¢

E Koo et al. 2019

Abundance: D decreasing, | increasing
Distribution: E expand, S shrink
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pattern. Although the future ranges of cold-adapted
plants, i.e., those distributed in high mountainous areas
such as alpine and subalpine belts, were mostly pre-
dicted to shrink and shift to northern and high-elevation
areas (Koo et al. 2015; Koo et al. 2017a), the ranges of
warm-adapted plants, i.e., those that inhabit low land
areas, were mostly predicted to expand and shift to
northern areas (Park et al. 2016a, 2016b; Koo et al.
2017b; Park et al. 2019). However, the level of change in
future ranges was species-specific, suggesting the need
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for species-specific predictions and management prac-
tices (Koo et al. 2016).

Populations of Abies koreana and Abies nephrolepis,
which are cold-adapted subalpine fir species in Korea,
were predicted to decrease under climate change at a
local scale (Mt. Hallasan) and national scale (Fig. 2; Park
et al. 2015; Koo et al. 2017a). However, one study sug-
gested that increased precipitation would possibly in-
crease the climatically suitable habitats of A. koreana
under the RCP 4.5 and 8.0 scenarios predicted by the
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general circulation model (GCM) of the Hadley Center,
UK (Koo et al. 2016; Koo et al. 2017¢; Koo et al. 2018).
Assessment of flora on some islands on the southern
coast of Jeollanam-do (Kim et al. 2016a) showed that the
ranges of species that prefer cool climates, e.g., Primula
farinosa subsp. modesta, and Juniperus chinensis var.
sargentii, could rapidly decrease under climate change
conditions. In addition, ~ 69% species inhabited fewer
than seven islands with ~ 25% species found on one is-
land, which highlights the biogeographical importance of
the southern coastal islands. Most islands have a unique
ecosystem due to their geographical isolation and nar-
row area; hence, they may be particularly vulnerable to
rapid climate change.

Changes in the ranges of warm-adapted broad-leaved
plants were species-specific (Park et al. 2016a, 2016b).
The future ranges of Machilus thunbergii, Castanopsis
cuspidata, Pittosporum tobira, Raphiolepis indica var.
umbellate, Eurya emarginata, and Hedera japonica,
which currently have wide ranges, were predicted to ex-
pand further under climate change (Park et al. 2016b;
Koo et al. 2017b). However, species such as Kadsura ja-
ponica, Neolitsea sericea, Ilex integra, and Dendropanax
morbifera with narrow current ranges, i.e., those distrib-
uted only in specific areas such as the coast, were
predicted to lose their habitats (Koo et al. 2017¢; Koo
et al. 2018). In addition, when adaptation capacity, such
as dispersal capacity, was considered, the degree of
expansion decreased (Park et al. 2017; Park et al. 2019).

Animals Lee et al. (2016) modeled the changes of diver-
sity and abundance of arthropods from 2056 to 2065
using the RCP 4.5 and RCP 8.5 scenarios in Korea. They
concluded that diversity and abundance would decrease
by 13-36% and 5-13%, respectively as global
temperature increased. Lee et al. (20153, 2016) estimated
the changes at higher taxonomic levels such as family or
order and found no consistent pattern across all arthro-
pods (Table 1).

Among dipterans, the Anisopodidae would decrease
substantially under climate change. They are detritivores
or fungi-feeders living in humid forests; they are cur-
rently found in Gangwon province but will disappear
within 50 years. Numbers of Anisopodidae are closely
related to climatic factors: negatively with temperature
and positively with precipitation. Dolichopodidae, small
predatory flies living in open habitats, would increase in
number by 17.5-54.3%; their abundance is closely
associated with the minimum temperature. Currently,
Dolichopodidae are common in Gyungnam Province,
but they will spread to southern areas in 50 years.

Kwon et al. (2014b), Kwon and Lee (2015), and Kwon
et al. (2015) estimated changes in the abundance of spi-
ders (Kwon et al. 2014b), ants (Kwon and Lee 2015), and
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beetles (Kwon et al. 2015); they found that the numbers
of species with decreasing abundance (69 spider, 32 ant,
and 77 beetle species) would be higher than those of
species with increasing abundance (9 spider, 15 ant, and
57 beetle species) as temperature increases. In particular,
ants were affected by maximum and average tempera-
tures (Kwon et al. 2015).

Distribution of aquatic insects such as Ephemeroptera,
Odonata, Plecoptera, and Trichoptera were examined to
estimate future distribution in 501 study sites across
Korea (Li et al. 2013; Li et al. 2014). In these studies,
most aquatic insects, except Odonata, would be decreas-
ing in abundance continuously by the 2040s and be
extinct by the 2060s. In high mountain streams, bio-
diversity will be decreased by the extinction of 20% of
species by the 2080s (Li et al. 2013). Plecoptera would
be most severely affected (62.1% decrease) relative to
Trichoptera (17.8%) and Ephemeroptera (15.2%). As
temperature increases, aquatic insects that favor low
temperatures will move to higher elevations or latitudes.
Plecopterans will be most vulnerable since their flight
ability was at < 60 m, whereas dragonfly numbers will
increase as temperature increases (Table 1).

Analysis of species composition by elevation showed
that species were likely to be more similar in the future
(Li et al. 2014). The distribution of fish species in the
Geum River basin according to climate change was pre-
dicted using the MaxEnt model (Bae and Jung 2015).
The distribution of fish species in 2050 and 2100 was
predicted assuming the RCP 8.5 scenario and variables
including water depth, precipitation, and minimum
water temperature strongly contributed to these predic-
tions. In addition, regions with high species abundance
in the watershed moved north, while some fishes were
expected to disappear in the Geum River watershed by
2100, confirming that climate change could greatly dis-
turb this aquatic ecosystem. The streams are ecologically
and biologically similar in their characteristics, but the
organisms living in this ecosystem will adapt differently
because of species-specific characteristics.

Species of great concern (current and future directions)
Endangered species
Plants that are endangered by climate change were iden-
tified at Mt. Gayasan (Kim et al. 2017b) and classified
into three types: lowland, subalpine, and widespread dis-
tribution. Lowland and widespread species are predicted
to be relatively less affected by global warming or to ex-
pand their vertical distribution, whereas subalpine types
are expected to be sensitive to climate change due to
their narrow distribution range and small population
sizes.

Seven endangered animal species, three mammals
(Cervus nippon, Moschus moschiferus, and Plecotus ognevi),
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one amphibian (Hyla suweonensis), and three insects (Acop-
tolabrus mirabilissimus mirabilissimus, Lethocerus deyrolli,
and Parnassius bremeri), are vulnerable to climate change
mainly due to their adaptations to low temperature and
narrow distribution.

Endangered species with narrow distribution ranges
are generally predicted to be more susceptible to climate
change. Kim et al. (2018b) examined the change in dis-
tribution of endangered species after climate change
using the RCP 4.5 and 8.5 scenarios; they found that
species such as Pteromys volans, Strix uralensis, Dryoco-
pus martius, Strix aluco, Gallicrex cinerea, Ixobrychus
eurhythmus, and P. nympha will be vulnerable in the
2070s. Kim et al. (2016b) also estimated the distribution
of another endangered species, Ursus thibetanus ussuri-
cus, after climate change; forest cover and precipitation
were found to be more important to the distribution of
U. thibetanus than temperature. In future, the distribu-
tion range of this species could be increased 10-fold by
2050 and 15-fold by 2070.

Koo et al. (2019) investigated the habitat requirements
of an endemic species, Sibynophis chinensis, and pre-
dicted its future distribution range. This species is cur-
rently protected under endangered species regulation
and law because it is endemic in Jejdu-do, whereas other
species are widely distributed in Southeast Asia includ-
ing China, Hong Kong, and Vietnam. Precipitation dur-
ing the monsoon season was the major variable for the
distribution of S. chinensis and its future distribution
range could differ depending on the area: it might de-
crease in the western and high mountain region while
increasing in the eastern part of the island.

Invasive and pest species

The climate-related range shifts of invasive plant species,
Paspalum distichum var. indutum, Conyza bonariensis,
and Amaranthus viridis, were predicted for management
(Cho and Lee 2015; Lee et al. 2015b, 2016). The poten-
tial distribution of A. viridis was predicted to increase of
110% under RCP 4.5 and 470% under RCP 8.5 in 2090
(Lee et al. 2016). The range of P. distichum var. indutum
was predicted to expand further inland and shift to
northern areas (Cho and Lee 2015). The potential distri-
bution of C. bonariensis was predicted to increase of
338% under RCP 4.5 and 769% under RCP 8.5 in 2100s
(Lee et al. 2015b).

The distributions of disease vectors, such as mosqui-
toes and mites, could change in the Korean peninsula
because of climate change given the changes to warming
and wetness. Lee et al. (2017) estimated that insect dis-
ease vectors could move northward due to global warm-
ing. For example, the Asian tiger mosquito Stegomyia
albopicta, a vector of Dengue fever and Zika virus, could
be found in Korea when the mean winter temperature is
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> 10 °C in the 2050s. Vectors of scrub typhus, namely
Leptotrombidium pallidum and Leptotrombidium scutel-
lare, are currently distributed in different parts of Korea:
L. pallidum in the midlands and L. scutellare in the
southern parts including Jeju-do Island.

The Asian hornet, Vespa velutina nigrithorax, is an in-
vasive wasp species that has widened its distribution
range since 2003. It was first found in Busan in 2003
and gradually expanded to other parts of Korea: 103
counties in 2014 and 155 counties in 2015. This spread
was the result of climatic factors such as a shortened
monsoon period and increased summer temperature,
which increased the rate of overwintering and the number
of honeybee colonies (Park and Jung 2016). In the RCP
8.5 scenario, the potential distribution of the Asian hornet
could cover the entire country and this expansion would
change the wasp community by transforming species in-
teractions among wasp species (Park and Jung 2016).

Another invasive pest species, the brown winged ci-
cada Pochazia shantungensis, has severely affected trees
in orchards and on roadsides since 2010. This species of
Chinese origin was first found in midwest Korea, for ex-
ample Gongju and Yesan, Chungchungnam-do (Kim
et al. 2015b). Environmental factors for the distribution
of this species were mainly climatic factors, i.e., precipi-
tation and mean temperature during the summer, with
forest cover and plant species type being the other fac-
tors. Based on the current distribution of P. shantungen-
sis, its range could be confined to the midwest region,
i.e., ~ 34% of the total area of Korea. However, its host
plants comprise > 138 species including deciduous, con-
iferous, and grass varieties. Thus, its wide range of host
plants may accelerate the spread of this pest species in
the near future.

It has been shown that temperature increase can con-
trol the development rate of some insects that are sus-
ceptible to high temperatures. Kim et al. (2016c)
investigated the cause of changes in the seasonal occur-
rence of two moth species, Plutella xylostella and
Spodoptera exigua, both of which are major cabbage pest
species by considering high-temperature susceptibility
above 40 °C. They found that P. xylostella was more sen-
sitive than S. exigua to high temperature because heat-
shock protein coding genes such as Hsp70, Hsp74, and
Hsp83 in P. xylostella were translated into proteins in-
volved in the control of temperature stress and the syn-
thesis of glycerol (i.e., blood sugar). However, global
warming could affect populations of pest species
whether or not they have physiological mechanisms to
protect against temperature change.

Conclusion
Throughout the present review, we observed that plants
and animals in Korea face climate change by extending
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or shifting their ranges toward the north and popula-
tions have been migrating, developing, or reproducing
earlier than their previous growing or breeding time.
This will bring asynchronies in food web and this even-
tually increases species and ecosystem vulnerability.
About 20-30% of the plant and animal species including
species that are climate sensitive and/or are adapted to
alpine or subalpine habitats are at risk of extinction in
the end of this century (Settele et al. 2015). Climate
change is ongoing and this change coupled with human
disturbances has led to biodiversity loss and ecosystem
degradation. Korea is not an exception. The continuous
monitoring of ecosystem change to track phenology,
population fluctuation, and pest outbreak should be im-
plemented at the local, regional, national, and global
scales, and the appropriate conservation management
and practices at the genetic and population levels also
should be followed.
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