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Abstract To facilitate the adaptive management of sub-
alpine ecosystems in the Korean Peninsula under climate
change conditions, we identified the climatic factors that
determine the distribution of two dominant subalpine
firs (Abies koreana and A. nephrolepis). We also identi-
fied sustainable and vulnerable habitats for these species
inside and outside of current protected areas under cli-
mate change scenarios. The minimum temperature of
the coldest month, and the amount of precipitation in
the warmest quarter were the most important climatic
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variables that determined the distribution of these two
Abies species. Potential habitats for 4. koreana and A.
nephrolepis were predicted to decrease to 3.3% and
36.4% of the current areas due to climate change, irre-
spective of whether inside or outside the protected areas.
It was predicted that the potential habitats for 4. ne-
phrolepis would be maintained in the northern part of
the Korean Peninsula, and sustainable potential habitats
outside the protected areas were predicted in central
parts of the Korean Peninsula. The potential habitats
for A. koreana were predicted to disappear from Is. Jeju
and shrink significantly in the Korean Peninsula. These
results suggest that, in central parts of the Korean
Peninsula, revision of protected areas would be effective
in preserving A. nephrolepis under conditions of future
climate change. In contrast, revision of protected areas
would be insufficient to conserve A. koreana due to their
high vulnerability and limited populations. Active
management is required to ensure the survival of A.
koreana under future climate conditions.

Keywords Active management - Protected area -
Sustainable habitats - General circulation models
(GCM) - Vulnerability

Abbreviations DPRK Democratic People’s Republic of
Korea - MTCM The minimum temperature of the
coldest month - MTWQ The mean temperature of the
warmest quarter - PRWQ The precipitation level in the
warmest quarter - PRCQ The precipitation level in the
coldest quarter - PHs Potential habitats - ROK
Republic of Korea

Introduction

The Intergovernmental Panel on Climate Change
(IPCC) report projects that atmospheric temperatures
will rise by 1.8-4.0 °C globally by 2100 (IPCC 2007).
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Climate change is predicted to cause substantial changes
to the structure and function of terrestrial ecosystems
(Hannah et al. 2002). Cold temperate ecosystems, which
are composed of cold-adapted organisms, are particu-
larly sensitive to global warming (Koérner 1999).

The Korean Peninsula is part of the Sino-Japanese
forest region, which has various vegetation zone types,
from a warm-temperate forest zone to a subarctic forest
zone (Takhtajan 1986). In the Peninsula, subalpine for-
est areas are located in high mountains and are isolated
from each other. Within the subalpine zone in the
Peninsula, Abies koreana and Abies nephrolepis are
dominant tree species (Yun et al. 2008, 2011a). Abies
koreana, which is a Korean endemic species, occurs only
in the high mountains, Mt. Jiri, Mt. Deukyu, and Mt.
Gaya in the south of the mainland and Mt. Halla on Is.
Jeju and this species has very small-scale spatial distri-
bution (Yun et al. 2011a; Kong 2006). Abies nephrolepis
occurs in high mountains of the Korean Peninsula,
Northeast China, and in the extreme southeast of Russia
at elevations varying from 500 to 700 m near its north-
ern range limits, to 750-2000 m near its southern range
limits (Kong 1989). The distribution of these two species
only overlaps on Mt. Jiri, Mt. Deukyu, and Mt. Gaya.
Two Abies species forms one of the key types of old-
growth forest in the subalpine ecosystems of the Korean
Peninsula, because they are dominant and climax species
in the Korean Peninsula subalpine forests. Accordingly,
assessing the impact of climate change and conservation
planning for two Abies species should provide a useful
milestone for planning the adaptive management of
subalpine ecosystems in the Korean Peninsula.

Predicted future climate change would shift the areas
of the subalpine zone upwards, and habitats for the two
Abies species may decrease or disappear from relatively
lower mountain areas. Regional population of A4. kore-
ana in Mt. Halla, Is. Jeju was found to be declining, and
it was speculated that recent climate change has affected
the growth of the tree (Koo et al. 2001). In addition,
thermal potential habitat of A. koreana is predicted to
dramatically decrease under two degrees increase sce-
nario (Koo et al. 2017). Therefore, assessment of the
impact of climate change on these Abies species is nec-
essary to reveal the magnitude of the potential risks for
the subalpine ecosystem in the Korean Peninsula.

Protected areas, including national parks, nature re-
serves, and multiple-use conservation areas, form the
basis of modern conservation systems (Rodrigues et al.
2004), and are expected to remain an important con-
servation strategy under future climate change condi-
tions (Heller and Zavaleta 2009). However, range shifts
due to climate change may cause species to leave current
protected areas. For instance, in Europe, 58% of species
are projected to lose suitable climate conditions within
protected areas (Aratjo et al. 2011). The need for
additional protected areas in anticipation of species
range shifts due to climate change has been considered in
many countries (Hannah et al. 2007).

Understanding the impact of climate change on spe-
cies distribution is necessary to determine the potential
ecological risk, and for the design of appropriate con-
servation strategies for adaptive management (Hannah
et al. 2002). For studies aiming to assess these impacts,
species distribution models (SDMs) are useful statistical
tools (Elith and Leathwick 2009). Many studies have
assessed the impacts of climate change on the distribu-
tion of forest plants in Europe and the United States
using SDMs (Iverson and Prasad 1998; Thuiller et al.
2005; Benito et al. 2008). In East Asia, some predictions
on the impacts of climate change using SDMs have been
published (Matsui et al. 2004; Nakao et al. 2013, 2014;
Tsuyama et al. 2011, 2012; Yun et al. 2011b, 2014). As
for alpine and subalpine zones, previous studies have
shown that the potential habitats would decrease or
disappear (Guisan and Theurillat 2000; Benito et al.
2008; Horikawa et al. 2009; Tanaka et al. 2009, 2012;
Tsuyama et al. 2015). It was also suggested that changes
in current vegetation patterns as well as impacts on the
stability of high mountain ecosystems, might occur due
to climate change.

SDMs are not only useful for predicting future
potential habitat shifts, but also for conservation plan-
ning and adaptation policymaking. Gap analyses over-
lay potential habitats and protected areas, and identify
the gaps between them. This method is useful to assess
the efficiency of existing protected area networks and to
identify conservation priorities (Scott et al. 1993; Han-
nah et al. 2007; Nakao et al. 2013; Tsuyama et al. 2015).

Assessing the impact of climate change and current
conservation planning for the two target species should
provide useful information for planning the adaptive
management of subalpine ecosystems on the Korean
Peninsula. To achieve these objectives, this study aimed
to address the following points: (1) to clarify climate
factors that determine the distribution patterns of A.
koreana and A. nephrolepis in the Korean Peninsula; and
(2) to identify locations of sustainable and vulnerable
habitats for the two Abies species inside and outside of
current protected areas.

Materials and methods
Study area and plant distribution data

The study area was the Korean Peninsula in East Asia,
which is comprised of Democratic People’s Republic of
Korea (DPRK) and Republic of Korea (ROK), and is
bordered by China to the northwest and Russia to the
northeast (Fig. S1 in ESM). Distribution data for two
target species were extracted from the Korean Atlas of
Vegetation Records (KAVeR; https://sites.google.com/
site/kaveryun/). The KAVeR is composed of relevé data
collected throughout Korea using the phytosociological
method (Braun-Blanquet 1964). The relevé data were
digitized into KAVeR from various sources including
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published and unpublished literature, and original data
collected in the field. As of 2012, KAVeR included 5539
relevés digitized from all over Korea Peninsula by 30”
latitude x 30” longitude resolution. However, the relevé
data in DPRK were difficult to collect due to political
reason. Alternatively, Kong’s distribution records
(Kong 1989) was used as the distribution data of 4.
nephrolepis in DPRK. This distribution records have the
lower and upper limits of the vertical range of each
mountain where A. nephrolepis are distributed in Kor
ean Peninsula. Based on their geographical information,
30 arc-seconds grid cells that did overlap with the
Kong’s distribution records were defined as presence.
Presence was recorded in 117 records for 4. koreana and
436 for A. nephrolepis.

Climate data

Climatic factors were taken into account to build SDM:s.
Plant distribution is influenced by climatic factors as
well as other factors such as soil and topography
(Woodward 1996). Although, previous studies have
shown that both the precipitation of warmest quarter
and the minimum temperature of coldest month have
mainly affected the distribution of A. nephrolepis on an
East Asian scale (Tanaka et al. 2012). Data on the
current climate were collected from WorldClim (http://
www.worldclim.org/). This dataset was developed based
on meteorological observations collected from 1950 to
2000 (Hijmans et al. 2005).

Considerable variation in climate simulations is
caused by the difference in computational algorithms of
climate phenomena among general circulation models
(GCMs) (Meehl et al. 2007). Therefore, for more accu-
rate and detailed assessments of the impact of climate
change on species distributions, the use of multi-climate
simulation data sets is necessary to assess SDM predic-
tion uncertainty. To assess the impact of climate change,
we used the World Climate Research Program’s
(WCRP) Coupled Model Intercomparison Project Phase
3 (CMIP3) multi-model data set (Meehl et al. 2007) as
the future climate data set. The CMIP3 multi-model
data set contains climate simulation data sets from 12
experiments (scenarios) generated by 24 GCMs from 21
climate research institutes. The A1B scenario (720-ppm
stabilization experiment) from the Special Report on
Emission Scenario (SRES) was used for future climate
simulation, and the climate of the twentieth century
experiment (20c3m) was used as the baseline for the
current climate. The climate simulation data sets of these
two experiments for the 20 GCMs were obtained from
the Earth System Grid data portal site (http://esg.
linl.gov:8443/, last accessed 01 June 2012) for the
CMIP3 multi-model data sets. Differences in the means
and minimum daily temperatures, and ratios of precipi
tation flux between 1961 and 1980 of 20c3m and
2081-2100 of Special Reports on Emission Scenarios
(SRES) A1B were spatially interpolated into 30 arc-sec
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onds. Next, these differences and ratios for the two cli
mate data sets were overlaid onto current climate data
and used to represent future climate data.

The dataset was resolved at 30 arc-seconds, which
was the same resolution of the KAVeR used for the
explanatory variables of the SDMs. The following four
climate variables, which are important for plant survival
and growth, were used as explanatory variables in the
species distribution model: The minimum temperature
of the coldest month (MTCM), the mean temperature of
the warmest quarter (MTWQ), the precipitation level in
the warmest quarter (PRWQ), and the precipitation le-
vel in the coldest quarter (PRCQ). MTCM indicates
extreme cold. MTWQ indicates heat in the growing
season. PRWQ indicates water supply during the
growing season. PRCQ indicates water supply during
the winter season, and partly indicates the accumulation
of snow in cool temperate areas.

Protected area data set

Data showing the location of the existing protected area
in ROK were obtained from the Korea National Park
service (http://www.knps.or.kr). These data comprise
the boundaries of natural park areas. These comprise 17
parks founded by national administrations before 2010,
with a total area of approximately 3214 km? (Fig. S2).

Species distribution models

SDMs of the target species were developed by multi-
variate regression trees (MRT) using the “MVPART”
package (De’ath 2002) in R.2.11.1 (R Development Core
Team 2011). MRTs are based on the same principles as
classification and regression trees (CART), but are ex-
tended to include more than one response variable
(De’ath 2002). MRT can be used to explore, describe,
and predict relationships between multispecies data and
environmental characteristics and can be viewed as a
constrained clustering methodology that can explain as
well as predict. Data regarding the presence of the target
species were used as response variables and the four
climate variables were used as explanatory variables.
The most appropriate tree size in the MRT was obtained
after estimate performance by cross-validation to avoid
either under-fitting or over-fitting of the model (Clark
and Pregibon 1992). Deviance-weighted scores (DWS)
were defined as the sum of the reduction of deviance
between parent nodes and children nodes (Matsui et al.
2004). Thus, DWS was calculated to evaluate the
importance of each explanatory variable.

Assessing the impact of climate change and uncertainty

The area under the curve (AUC) value, which was ex-
tracted from the receiver operating characteristic anal-

www.manaraa.com


http://www.worldclim.org/
http://www.worldclim.org/
http://esg.llnl.gov:8443/
http://esg.llnl.gov:8443/
http://www.knps.or.kr

344

ysis (Zweig and Campbell 1993), was used for assessing
the prediction accuracy of the model. In this study, AUC
value of target species was calculated based on the pre-
dicted presence/absence data and the validation data
from presence/absence of the training data which were
randomly selected from the training data with 100 rep-
etitions (i.e. bootstrap method) (Efron 1979). Every
bootstrap sample used for testing has the same number
of presence as the training data.

Potential habitats of the target species under current
climate conditions and 20 GCMs were predicted using
the MRT. In this study, the inter-whisker range (IWR)
was used as a measure of prediction variability. We
calculated the median and variability of the occurrence
probability among the future climate scenarios of 20
GCMs. To minimize the false-negative rate, we defined a
threshold value by assigning a cutoff sensitivity 95%, as
recommended by Pearson et al. (2004). The threshold
was defined based on model predictions for the entire
training data set. We defined areas with probabilities
greater than or equal to the threshold probability as
potential habitat and areas with probabilities smaller
than the threshold value as non-habitat. Using these
potential habitat maps, we calculated a proportion (%)
of the areas under both current and future climate
conditions. We calculated the median and variability
among these proportions of all GCMs. In this study,
area of one 30 arc-seconds grid cell (ca. 1 km x 1 km)
was defined as 1 km? for convenience.

Results

Prediction accuracy and threshold probability for po-
tential habitats

The MRT model had an AUC of 0.99 and 0.95 for A.
koreana and A. nephrolepis, respectively. This value
considered as ‘excellent’ according to the criteria estab-
lished by Swets (1988).

The threshold of occurrence probability, defined by a
sensitivity value of 95%, of A. koreana and A. ne-
phrolepis was 0.268 and 0.005, respectively (Table 1). We
defined the areas with probabilities larger than or equal
to 0.268 and 0.005 as potential habitats of A. koreana
and A. nephrolepis; areas with probabilities smaller than

0.268 and 0.005 were defined as non-habitats. The DWS
were as follow: MTCM (0.45), MTWQ (0.22), PRWQ
(0.30), and PRCQ (0.03) (Table 1). The MTCM
accounting for DWS was the largest climate variable.

Climatic factors and threshold controlling two target
species

The tree diagram for A. koreana and A. nephrolepis
showed 14 terminal nodes (Fig. 1). In general, the cli-
matic condition of potential habitats for these target
species were distinguished depending on the magnitude
of MTCM. The top-level node was split into two groups
by a decision rule defined by MTCM.

Areas where A. nephrolepis was present were gener-
ally obtained on the right branch of the tree, on which
MTCM was < — 19.7 °C. The terminal node number
14 was predicted as the highest occurrence probability,
which was obtained when MTCM was < — 19.7 °C,
PRWQ > 652.0 °C, and MTWQ > 17.3 °C. On the
other branch, the terminal node number 9 was the lowest
occurrence probability for potential habitats that have:
MTWQ < 17.2 °C and MTCM = — 13.0 °C. Squares
with predicted values of < 0.005 were classified as
potential habitats of A. nephrolepis in the tree (terminal
node numbers 2, 3, 4, 6, 7, 8, 9, 10, 12, 13, 14). The
records of these squares were 95.0% (472/497 records).

Potential habitats under current climatic conditions

The distribution of predicted potential habitats of A.
koreana was similar to the actual distribution, which
occur in high mountains in the southern part of the
Korean Peninsula and on Is. Jeju. Empty habitats, areas
where current climatic conditions suggested potential
habitats but where the species was not present (Ar-
monies and Reise 2003; Tsuyama et al. 2014), were only
identified on Mt. Odae, Mt. Gariwang, Mt. Cheongok,
and Mt. Yukbaek in the central part of the Korean
Peninsula. Under current climatic conditions, potential
habitats of A. koreana were predicted to occur in the
high altitude regions of Mt. Deukyu, Mt. Gaya, Mt. Jiri,
and Mt. Halla. The areas of potential habitats of A.
koreana were predicted at 329 km? accounting for 0.1%
of the Korean Peninsula’s total land area.

Table 1 Area under the curve (AUC), thresholds of probabilities of potential habitat (PH) and deviance weighted score (DWS) of climatic

variables in multivariate regression trees (MRT)

AUC Thresholds DWS
PH MTCM MTWQ PRWQ PRCQ
Abies koreana 0.99 0.268 0.455 0.215 0.303 0.027
Abies nephrolepis 0.96 0.005

MTCM the minimum temperature of the coldest month, MTWQ the mean temperature of the warmest quarter, PRWQ the precipitation
level in the warmest quarter, PRCQ the precipitation level in the coldest quarter
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Fig. 1 Multivariate regression trees (MRT) for Abies koreana and
Abies nephrolepis based on the four climatic variables. Climatic
conditions, occurrence probabilities of two target species and
number of records (n) are shown at all nodes. If the condition
shown at the top of a branch is met, follow the left branch;
otherwise follow the right branch, resulting in 14 terminal nodes

The distributions of predicted potential habitats of A.
nephrolepis were almost consistent with the actual dis-
tribution, and were located in high mountains within the
Korean Peninsula. The exception was Mt. Halla on Is.
Jeju that was predicted as an empty habitat. The areas of
potential habitats of A. nephrolepis were predicted to
cover 82,496 km? accounting for 24.9% of the Korean
Peninsula’s total land area. The potential habitats of A.
koreana and A. nephrolepis were projected to occur to-
gether on Mt. Gaya, Mt. Jiri, and Mt. Halla according
to node numbers 3, 8, 9 of the MRT model (Fig. 2).

Potential habitat and prediction uncertainty
under the climate change scenario

Potential habitats of two target species under 20 climate
change scenarios (2070-2099) were predicted based on
the MRT model (Fig. 2). The area of potential A.
koreana habitats as predicted by the median value of the
occurrence ?robability based on twenty GCMs (Mako)
was 10 km“ (Table 2). Potential Mako habitats were
identified in a few places in the central region of the
study area, but were very limited in the Korean Penin-
sula (Fig. 2). The areas of potential Mako habitats de-
creased to 3.3% of the current available area (Table 2).
The areas of potential 4. koreana habitat including in-
ter-whisker range (IWRako) value were found at the top

8

from 1 to 14. Terminal node enclosed by the solid line show
potential habitats, and all others are non-habitats. MTCM the
minimum temperature of the coldest month, MTWQ the mean
temperature of the warmest quarter, PRWQ the precipitation level
in the warmest quarter, PRCQ the precipitation level in the coldest
quarter (color figure online)

of Mt. Jiri, Mt. Taebaek, Mt, Odae, Mt. Seorak, and
Mt. Geumgang in central and southern parts of the
Korean Peninsula and on Mt. Halla on Is. Jeju.

The area of potential A. nephrolepis habitats pre-
dicted by the median of the occurrence probability based
on twenty GCM (Mane) was 30,014 km? (Table 2).
These areas were found at high altitudes in mountains,
which located in southern parts of the Korean Peninsula
(e.g. Mt. Deukyu, Mt. Gaya, Mt. Jiri) and Mt. Halla on
Is. Jeju. The areas of potential A. nephrolepis habitats
decreased to 36.4% of the current areas, which accounts
for 9% of the Korean Peninsula’s land area (Table 2).
The areas of potential 4. nephrolepis habitat including
inter-whisker range (IWRane) value were found mainly
along high mountains over latitude N39°30” in northern
parts of the Korean Peninsula and areas predicted to
IWRako value in northern parts of the Korean Penin-
sula (Fig. 2). The IWRane values for A. nephrolepis were
also high in Mt. Sungjeok, Mt. Maengbu, Mt. Yeonhwa,
Mt. Munam, and Mt. Buksubaek projected at high
probability for Mane (Fig. 2).

Gap analysis between potential habitats of two Abies
species and protected areas in Korea

The potential habitats of two Abies species within the
protected areas in ROK are predicted to decrease from
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A. koreana

s
-

A. nephrolepis

1.00C
0.75¢
0,500
0.400
0300
0.200
0.100
0.05¢
0.00¢
0.00C

Fig. 2 Actual distributions (a, e) and potential habitats (b, f) for Abies koreana and A. nephrolepis under the current climate conditions in
the Korean Peninsula. Median (¢, g) and inter whisker range (IWR) (d, h) of potential habitats for two target species under 20 future
climate simulations. TH threshold values dividing potential habitat and non-habitat (color figure online)

Table 2 The area of potential habitats (km?) under current and future climate in the Korean Peninsula, and the area change rates (%)
from current to future (future/current)

Plant species Climate condition (km?) Future/current
Current Future (%)

Abies koreana 329 10 33

Abies nephrolepis 82,496 30,014 36.4

The area of potential under future climate is median of probability based on 20 General circulation models (GCM). In this study, area of
one 30 arc-seconds grid cell (ca. 1 km x 1 km) was defined as 1 km? for convenience

Table 3 The area of potential habitats (PH) inside and outside of protected area in ROK under current and future climate

Plant species Protected area Area of each climate condition (km?)

Current Future

Inside Outside Inside Outside
Abies koreana 241 83 7 3
Abies nephrolepis 914 3047 27 10

In this study, area of one 30 arc-seconds grid cell (ca. 1 km x 1 km) was defined as 1 km? for convenience

241 km? at present to 7 km” in the 2080 s for A. kore- area of potential habitats within the protected areas of
ana, and from 914 km? at present to 27 km? in the A. koreana and A. nephrolepis were 7 and 27 km?,
2080 s for A. mephrolepis (Table 3). Accordingly, the respectively, most of which were predicted to be on Mt.
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Seorak, Mt. Odae, in central parts, Mt. Jiri in southern
parts of the Korean Peninsula, and on Mt. Halla on Is.
Jeju (Fig. 3). Potential habitats 4. koreana and A. ne-
phrolepis without protected areas were predicted to de-
crease from 83 to 3 km?, and from 3047 to 10 km?,
respectively (Table 3), while potential habitats in
unprotected areas of these two Abies species were pre-
dicted on Mt. Gariwang, Mt. Balwang, Mt. Hambacek,
and Mt. Taebaek in central parts of the Korean Penin-
sula (Fig. 3).

Discussion

Climatic controls and potential habitats of two target
species under current climatic conditions

We identified the most important climatic variables and
their thresholds values of the distribution of 4. koreana
and A. nephrolepis using a nationwide relevé database,
high-resolution (ca. 1 km) climatic data and the MRT

A. koreana

kY]
o8

Prob.

@- 0.050
Y [] Protected area o000

Y

Prob.

Q 0.050
™
Y [ Protected area y

Fig. 3 Potential habitats inside and outside of the protected area in
ROK for Abies koreana and A. nephrolepis, the current climate
conditions (a, d), median of potential habitats for two target species
under 20 future climate simulations (b, €). As visual aid, potential
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model. Abies koreana occurs only within the Korean
Peninsula, and the southern limit of A. nephrolepis is
within Korean Peninsula. Thus, the model for two target
species based on Korean distribution data is appropri-
ate. In addition, high accuracy of the model suggested
that the distribution of two target species on a national
scale could be explained by four climatic variables.

The MRT model and DWS revealed that MTCM
contributed the most to the distribution of two target
species, followed by PRWQ. In the model, the first
divergence occurred at MTCM = — 19.7 °C, which was
the most important explanatory variable, and divided
the distribution of two target species. A. koreana oc-
curred in areas where the MTCM was higher than
— 19.7 °C. The summer precipitation affected the dis-
tribution of A. koreana positively in lower temperature
areas. The distribution of A. koreana was limited to
areas where the MTWQ was 18.6 °C, which defined the
higher limit of temperature (Fig. 1), and where PRWQ
was approximately 800 mm as the lower limit of pre-
cipitation (Fig. S3). The distribution of A4. nephrolepis

(c)

Mt. Halla 0.100

e Mt. Seorak
< [
Mt. Odae
> o~ .
4 Mt. Gariwang
Prob. Rt 74
0750 Mt. Hambaek —

0.400 Ve 7’(;&; /
g~ Mt. Taebaek

0,050
[] Protected area 2;‘0’32 .
(e) ®

Mt. Seorak

S~
Mt. Gariwang

Prob. R 7

0750 Mt. Hambaek —

-/
Y Mt. Taebaek

0.100
0.050

TH
[] Protected area 0.000

habitats inside and outside of the protected area of two target
species in central parts were enlarged, and the mountains names
were written (¢, f). TH threshold values dividing potential habitat
and non-habitat (color figure online)
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mostly covered the same distribution conditions as A.
koreana (Fig. 1; Fig. S3), which suggests that A4. ne-
phrolepis has greater resistance to low temperature and
precipitation than A4. koreana. The distribution of A.
nephrolepis was controlled by a MTWQ of 19.5 °C,
which was higher than that of 4. koreana (Fig. 1; S2).
These results support the hypothesis that A. nephrolepis
is more able to adapt to cold and dry climates than A.
koreana, which is associated with the process of specia-
tion (Eo and Hyun 2013).

The potential habitats for two target species were
similar to their actual distributions at present. However,
the presence of empty habitats was projected at high
elevations on Mt. Seorak, Mt. Odae, Mt. Gariwang, Mt.
Cheongok, and Mt. Yukbaek in central parts of the
Korean Peninsula for A. koreana and Mt. Halla on Is.
Jeju for A. nmephrolepis. According to phylogenetics
studies, Abies species, including two target species, be-
came both southward shifts and extinction from north-
ern parts of the Northern Hemisphere during the LGM
or former glacial periods due to cold and arid climate
conditions (Xiang et al. 2015). Thus, even after mini-
mum temperature and summer precipitation increased in
the interglacial periods, A. koreana may have been un-
able to disperse to high mountain areas in central parts
of the Korean Peninsula from the main habitat areas
such as the tops of Mt Jiri and Mt. Halla on Is. Jeju as
these areas are far from the empty habitat under current
climate conditions.

Predicting changes in potential habitats of two target
species for future conservation planning in the Korean
Peninsula

Changes from the current climate to 20 climate change
scenarios for 2070-2099 (20 GCMs), potential habitats
of two target species were predicted to decrease or shift
to higher elevations with lower uncertainties (Fig. 2).
Our results show that potential habitats of A. koreana
and A. nephrolepis will decrease to 3.3 and 36.4% of the
current habitable areas due to climate change, respec-
tively (Table 2). The potential habitats of 4. koreana
were predicted to disappear from Is. Jeju. The potential
habitats of A. nephrolepis were predicted to be main-
tained in the northern part of the Korean Peninsula.
These results suggest that 4. koreana is more vulnerable
to climate change than A. nephrolepis. However, it is
highly possible that the actual migration rates during
future climate change will be slower than the speed of
the potential habitats change due to their dispersal
abilities (Corlett 2009) and landscape fragmentation
(Nakao et al. 2011). Therefore, we need to preserve ac-
tual habitats of the species under current conditions.
We suggest that optimum adaptive management of
these two Abies species in ROK, and their geographical
layout, should differ for each species. Certainly, sus-
tainable habitats for 4. koreana and A. nephrolepis are
mostly designated as protected areas (Table 3; Fig. 3),

such as Mt. Jiri. These areas are considered as future
refugia for subalpine conifers and are highly valuable
areas for conservation. Intensification of monitoring is
important to preserve these populations in the future
refugia for each species. In addition, the areas of sus-
tainable potential A. nephrolepis habitats outside pro-
tected areas were 10 km? (Table 3), and those were
mainly predicted to occur on Mt. Balwang, Mt. Gari-
wang, Mt. Hambaek, and Mt. Taebaek (Fig. 3e, f).
These sustainable potential habitats are preferred can-
didates to be designated as additional protected areas
under climate change conditions. Most candidates for
additional protected areas were within the boundary of
national forests, which are directly managed by the na-
tional government. Thus, revision of management pol-
icy, including reallocating management resources,
raising the current protection level, and establishing
surveillance programs, are required to reduce the impact
of climate change on these species and their habitats.

Our results show that a large proportion of vulnera-
ble A. koreana habitats are found within their current
habitats, irrespective of whether these located within
protected areas or not (Fig. 3). Active management
including assisted regeneration and ex situ conservation
may be required in the case of highly vulnerable habi-
tats. If stakeholders (e.g., the government) have suffi-
cient capacity to provide investment in ecological
conservation, adaptive management may be conducted
throughout the candidate areas. However, investment in
all candidate areas is impractical due to socioeconomic
constraints. Consequently, we must prioritize resource
allocation between the candidate areas (Murdoch et al.
2007). In our case, if resources are insufficient, 4. kore-
ana populations identified as necessary for active man-
agement, especially the southern populations should be
considered high-priority candidates for investment in
climate adaptation practices due to their endemism and
limited population size.

Acknowledgements This research was supported by grants from the
species distribution prediction research project of the National
Institute of Biological Resources, and by a long-term ecological
research project of the National Institute of Ecology of the Min-
istry of the Environment, Korea and the Environmental Research
and Technology Development Fund (S-14) of the Ministry of the
Environment, Japan.

References

Aratjo MB, Alagador D, Cabeza M, Nogués-Bravo D, Thuiller W
(2011) Climate change threatens European conservation areas.
Ecol Lett 14:484-492. https://doi.org/10.1111/5.1461-0248.2011.
01610.x

Armonies W, Reise K (2003) Empty habitat in coastal sediments
for populations of macrozoobenthos. Helgol Mar Res
56:279-287. https://doi.org/10.1007/s10152-002-0129-8

Benito G, Sanchez de D, Sainz O (2008) Effects of climate change
on the distribution of the Iberian tree species. Appl Veg Sci
11:169-178. https://doi.org/10.3170/2008-7-18348

www.manaraa.com


https://doi.org/10.1111/j.1461-0248.2011.01610.x
https://doi.org/10.1111/j.1461-0248.2011.01610.x
https://doi.org/10.1007/s10152-002-0129-8
https://doi.org/10.3170/2008-7-18348

Braun-Blanquet J (1964) Pflanzensoziologie, 3rd edn. Springer,
New York

Clark LA, Pregibon D (1992) Tree-based models. In: Chambers JM,
Hastie TJ (eds) Statistical models in S. Wadsworth & Brooks/
Cole advanced books & software, Pacific Grove, pp 377-419

Corlett RT (2009) Seed dispersal distances and plant migration
potential in tropical East Asia. Biotropica 41:592-598.
https://doi.org/10.1111/j.1744-7429.2009.00503.x

De’ath G (2002) Multivariate regression trees: a new technique for
modeling species-environment relationships. Ecology
83:1105-1117. https://doi.org/10.1890/0012-9658(2002)083[1105:
MRTANT]2.0.CO;2

Efron B (1979) Bootstrap methods: another look at the jackknife.
Ann Stat 7:1-25

Elith J, Leathwick JR (2009) Species distribution models: ecologi-
cal explanation and prediction across space and time. Ann Rev
Ecol Evol Syst 40:677-697. https://doi.org/10.1146/annurev.
ecolsys.110308.120159

Eo JK, Hyun JO (2013) Comparative anatomy of the needles of
Abies koreana and its related species. Turk J Bot 37:553-560.
https://doi.org/10.3906/bot-1201-32

Guisan A, Theurillat JP (2000) Assessing alpine plant vulnerability
to climate change: a modeling perspective. Integr Asses
1:307-320. https://doi.org/10.1023/A:1018912114948

Hannah L, Midgley GF, Millar D (2002) Climate change-inte-
grated conservation strategies. Glob Ecol Biogeogr 11:485-495.
https://doi.org/10.1046/.1466-822X.2002.00306.x

Hannah L, Midgley GF, Andelman S, Araujo MB, Hughes G,
Martinez-Meyer E et al (2007) Protected area needs in a
changing climate. Front Ecol Environ 5:131-138. https://doi.
org/10.1890/1540-9295(2007)5[131:PANIAC]2.0.CO;2

Heller NE, Zavaleta ES (2009) Biodiversity management in the fact of
climate change: a review of 22 years of recommendations. Biol
Conserv 142:14-32. https://doi.org/10.1016/j.biocon.2008.10.006

Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis A (2005)
Very high resolution interpolated climate surfaces for global
land areas. Int J Climatol 25:1965-1978. https://doi.org/10.
1002/joc.1276

Horikawa M, Tsuyama I, Matsui T, Kominami Tanaka N (2009)
Assessing the potential impacts of climate change on the alpine
habitat suitability of Japanese stone pine (Pinus pumila). Land
Ecol 24:115-128. https://doi.org/10.1007/s10980-008-9289-5

Intergovernmental Panel on Climate Change (IPCC) (2007). In:
Solomon S, Qin D, Manning M, Chen Z, Marquis M, Averyt
KB, Tignor M, Miller HL (eds) Climate change 2007: the
physical science basis, contribution of working group I to the
fourth assessment report of the intergovernmental panel on
climate change. Cambridge University Press, Cambridge

Iverson L, Prasad A (1998) Predicting abundance of 80 tree species
following climate change in the eastern United States. Ecol
Monogr 68:465-485. https://doi.org/10.1890/0012-
9615(1998)068[0465:PAOTSF]2.0.CO;2

Kong WS (1989) The biogeographic divisions of Korea and their
past and present environments, with special reference to arctic-
alpine and alpine floras (PhD thesis), The University of Hull,
England, UK

Kong WS (2006) Biogeography of native Korean Pinaceae.
J Korean Geogr Soc 41:73-93

Koo KA, Park WK, Kong WS (2001) Dendrochronological anal-
ysis of Abies koreana W. at Mt. Halla, Korea: effects of climate
change on the growths. Korean J Ecol 24:281-288

Koo KA, Kong WS, Park SU, Lee JH, Kim J, Jung H (2017)
Sensitivity of Korean fir (dbies koreana Wils.), a threatened
climate relict species, to increasing temperature at an island
subalpine area. Ecol Model 353:5-16. https://doi.org/10.1016/j.
ecolmodel.2017.01.018

Korner C (1999) Alpine plant life: functional plant ecology of high
mountain ecosystems. Springer, Berlin

Matsui T, Yagihashi T, Nakaya T, Taoda H, Tanaka N (2004)
Climatic controls on distribution of Fagus crenata forests in
Japan. J Veg Sci 15:57-66. https://doi.org/10.1111/j.1654-1103.
2004.tb02237.x

349

Meehl GA, Covey C, Delworth T, Latif M, MaAvaney B, Mitchell
JFB et al (2007) The World Climate Research Program
(WCRP) CMIP3 multimodel dataset: a new era in climate
change research. Bull Am Meteorol Soc 88:1383-1394

Murdoch W, Polasky S, Wilson KA, Possingham HP, Kareiva P,
Shaw R (2007) Maximizing return on investment in conserva-
tion. Biol Conserv 139:375-388. https://doi.org/10.1016/j.bio
con.2007.07.011

Nakao K, Matsui T, Horikawa M, Tsuyama I, Tanaka N (2011)
Assessing the impact of land use and climate change on the
evergreen broad-leaved species of Quercus acuta in Japan. Plant
Ecol 212:229-243. https://doi.org/10.1007/s11258-010-9817-7

Nakao K, Higa M, Tsuyama I, Matsui T, Horikawa M, Tanaka N
(2013) Spatial conservation planning under climate change:
using species distribution modeling to assess priority for
adaptive management of Fagus crenata in Japan. J Nat Conserv
21:406-413. https://doi.org/10.1016/j.jnc.2013.06.003

Nakao K, Higa M, Tsuyama I, Lin CT, Sun ST, Lin JR et al (2014)
Changes in the potential habitats of 10 dominant evergreen
broad-leaved tree species in the Taiwan-Japan archipelago.
Plant Ecol 215:639-650. https://doi.org/10.1007/s11258-014-
0329-8

Pearson RG, Dawson TP, Liu C (2004) Modelling species distri-
butions in Britain: a hierarchical integration of climate and
land-cover data. Ecography 27:285-298. https://doi.org/10.
1111/5.0906-7590.2004.03740.x

R Development Core Team (2011) R: A language and environment
for statistical computing. R Foundation for Statistical Com-
puting, Vienna, Austria. http://www.R-project.org/

Rodrigues ASL, Andelman SJ, Bakarr M1, Boitani L, Brooks TM,
Cowling RM et al (2004) Effectiveness of the global protected
area network in representing species diversity. Nature
428:640-643. https://doi.org/10.1038/nature(02422

Scott JM, Davis FW, Csuti B, Noss R, Butterfield B, Groves C et al
(1993) Gap analysis: a geographic approach to protection of
biological diversity. Wildl Monogr 123:1-41

Swets J (1988) Measuring the accuracy of diagnostic systems. Sci-
ence 240:1285-1293

Takhtajan A (1986) Floristic regions of the world. University of
California Press, Berkley

Tanaka N, Nakazono E, Tsuyama I, Matsui T (2009) Assessing
impact of climate warming on potential habitats of ten conifer
species in Japan. Glob Environ Res 14:153-164

Tanaka N, Nakao K, Tsuyama I, Higa M, Nakazono E, Matsui T
(2012) Predicting the impact of climate change on potential
habitats of fir (4bies) species in Japan and on the East Asia
continent. Proc Environ Sci 13:455-466. https://doi.org/10.
1016/j.proenv.2012.01.039

Thuiller W, Lavorel S, Araujo M, Sykes M, Prentice 1 (2005) Cli-
mate change threats to plant diversity in Europe. PNAS
102:8245-8250. https://doi.org/10.1073/pnas.0409902102

Tsuyama I, Nakao K, Matsui T, Higa M, Horikawa M, Kominami
Y et al (2011) Climatic controls of a keystone understory spe-
cies, Sasamorpha borealis, and an impact assessment of climate
change in Japan. Ann For Sci 68:689-699. https://doi.org/10.
1007/s13595-011-0086-y

Tsuyama I, Horikawa M, Nakao K, Matsui T, Kominami Y,
Tanaka N (2012) Factors controlling the distribution of a
keystone understory taxon, dwarf bamboo of the section
Crassinodi, on a national scale: application to impact assess-
ment of climate change in Japan. J For Res 17:137-148.
https://doi.org/10.1007/s10310-011-0283-4

Tsuyama I, Nakao K, Higa M, Matsui T, Shichi K, Tanaka N
(2014) What controls the distribution of the Japanese endemic
hemlock, Tsuga diversifolia? Footprint of climate change in the
glacial period on current habitat occupancy. J For Res
19:154-165. https://doi.org/10.1007/s10310-013-0399-9

Tsuyama I, Higa M, Nakao K, Matsui T, Horikawa M, Tanaka N
(2015) How will subalpine conifer distributions be affected by
climate change? Impact assessment for spatial conservation
analysis. Reg Environ Change 15:393-404. https://doi.org/10.
1007/s10113-014-0641-9

www.manaraa.com


https://doi.org/10.1111/j.1744-7429.2009.00503.x
https://doi.org/10.1890/0012-9658(2002)083[1105:MRTANT]2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083[1105:MRTANT]2.0.CO;2
https://doi.org/10.1146/annurev.ecolsys.110308.120159
https://doi.org/10.1146/annurev.ecolsys.110308.120159
https://doi.org/10.3906/bot-1201-32
https://doi.org/10.1023/A:1018912114948
https://doi.org/10.1046/j.1466-822X.2002.00306.x
https://doi.org/10.1890/1540-9295(2007)5[131:PANIAC]2.0.CO;2
https://doi.org/10.1890/1540-9295(2007)5[131:PANIAC]2.0.CO;2
https://doi.org/10.1016/j.biocon.2008.10.006
https://doi.org/10.1002/joc.1276
https://doi.org/10.1002/joc.1276
https://doi.org/10.1007/s10980-008-9289-5
https://doi.org/10.1890/0012-9615(1998)068[0465:PAOTSF]2.0.CO;2
https://doi.org/10.1890/0012-9615(1998)068[0465:PAOTSF]2.0.CO;2
https://doi.org/10.1016/j.ecolmodel.2017.01.018
https://doi.org/10.1016/j.ecolmodel.2017.01.018
https://doi.org/10.1111/j.1654-1103.2004.tb02237.x
https://doi.org/10.1111/j.1654-1103.2004.tb02237.x
https://doi.org/10.1016/j.biocon.2007.07.011
https://doi.org/10.1016/j.biocon.2007.07.011
https://doi.org/10.1007/s11258-010-9817-7
https://doi.org/10.1016/j.jnc.2013.06.003
https://doi.org/10.1007/s11258-014-0329-8
https://doi.org/10.1007/s11258-014-0329-8
https://doi.org/10.1111/j.0906-7590.2004.03740.x
https://doi.org/10.1111/j.0906-7590.2004.03740.x
http://www.R-project.org/
https://doi.org/10.1038/nature02422
https://doi.org/10.1016/j.proenv.2012.01.039
https://doi.org/10.1016/j.proenv.2012.01.039
https://doi.org/10.1073/pnas.0409902102
https://doi.org/10.1007/s13595-011-0086-y
https://doi.org/10.1007/s13595-011-0086-y
https://doi.org/10.1007/s10310-011-0283-4
https://doi.org/10.1007/s10310-013-0399-9
https://doi.org/10.1007/s10113-014-0641-9
https://doi.org/10.1007/s10113-014-0641-9

350

Woodward F (1996) Climate and plant distribution. Cambridge
University Press, Cambridge

Xiang QP, Wei R, Shao YZ, Yang ZY, Wang XQ, Zhang XC
(2015) Phylogenetic relationships, possible ancient hybridiza-
tion, and biogeographic history of Abies (Pinaceae) based on
data from nuclear, plastid, and mitochondrial genomes. Mol
Phylogenet Evol 82:1-14. https://doi.org/10.1016/j.ympev.2014.
10.008

Yun JH, Hukusima T, Kim MH, Yoshikawa M, Homma H (2008)
The comparative studies on the species composition and dis-
tribution of forest communities in the Korean Peninsula,
northern Kyushu and the satellite islands. J Veg Sci 25:75-93.
https://doi.org/10.15031/vegsci.25.75

Yun JH, Hukusima T, Kim MH, Yoshikawa M (2011a) The
comparative studies on the distribution and species composition
of forest community in Korea and Japan around the East sea.
Korean J Environ Ecol 25:327-357 [in Korean with an English
abstract]

Yun JH, Nakao K, Park CH, Lee BY, Oh KH (2011b) Change
prediction for potential habitats of warm-temperate evergreen
broad-leaved trees in Korea by climate change. Korean J
Environ Ecol 25:590-600 [in Korean with an English abstract]

Yun JH, Nakao K, Tsuyama I, Higa M, Matsui T, Park CH et al
(2014) Does future climate change facilitate expansion of
evergreen broad-leaved tree species in the human-disturbed
landscape of the Korean Peninsula? Implication for monitoring
design of the impact assessment. J For Res 19:174-183.
https://doi.org/10.1007/s10310-013-0401-6

Zweig MH, Campbell G (1993) Receiver-operating characteristic
(ROC) plots: a fundamental evaluation tool in clinical medi-
cine. Clin Chem 39:561-577

www.manaraa.com


https://doi.org/10.1016/j.ympev.2014.10.008
https://doi.org/10.1016/j.ympev.2014.10.008
https://doi.org/10.15031/vegsci.25.75
https://doi.org/10.1007/s10310-013-0401-6

Reproduced with permission of copyright owner. Further reproduction
prohibited without permission.

www.manaraa.com




	Vulnerability of subalpine fir species to climate change: using species distribution modeling to assess the future efficiency of current protected areas in the Korean Peninsula
	Abstract
	Introduction
	Materials and methods
	Study area and plant distribution data
	Climate data
	Protected area data set
	Species distribution models
	Assessing the impact of climate change and uncertainty

	Results
	Prediction accuracy and threshold probability for potential habitats
	Climatic factors and threshold controlling two target species
	Potential habitats under current climatic conditions
	Potential habitat and prediction uncertainty under the climate change scenario
	Gap analysis between potential habitats of two Abies species and protected areas in Korea

	Discussion
	Climatic controls and potential habitats of two target species under current climatic conditions
	Predicting changes in potential habitats of two target species for future conservation planning in the Korean Peninsula

	Acknowledgements
	References




