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Abstract: After the Korean War, human access to the Korean Demilitarized Zone (DMZ) was highly
restricted. However, limited agricultural activity was allowed in the Civilian Control Zone (CCZ)
surrounding the DMZ. In this study, land cover and vegetation changes in the western DMZ and CCZ
from 1919 to 2017 were investigated. Coniferous forests were nearly completely destroyed during
the war and were then converted to deciduous forests by ecological succession. Plains in the DMZ
and CCZ areas showed different patterns of land cover changes. In the DMZ, pre-war rice paddies
were gradually transformed into grasslands. These grasslands have not returned to forest, and this
may be explained by wildfires set for military purposes or hydrological fluctuations in floodplains.
Grasslands near the floodplains in the DMZ are highly valued for conservation as a rare land type.
Most grasslands in the CCZ were converted back to rice paddies, consistent with their previous
use. After the 1990s, ginseng cultivation in the CCZ increased. In addition, the landscape changes
in the Korean DMZ and CCZ were affected by political circumstances between South and North
Korea. Our results provide baseline information for the development of ecosystem management
and conservation plans for the Korean DMZ and CCZ. Given the high biodiversity and ecological
integrity of the Korean DMZ region, transboundary governance for conservation should be designed.

Keywords: Korean DMZ; ecological succession; wildfire; temperate grassland; old map; South Korea;
North Korea; Korean war; transboundary ecosystem; conservation

1. Introduction

Transboundary frontiers are areas artificially defined by international political cir-
cumstances rather than ecological grounds. Many transboundary areas include high
biodiversity and various landscape components [1]. Of mammal species in the Americas,
62% are distributed in transboundary regions [2]. The region between China and Russia is
an essential refuge for endangered Amur tigers (Panthera tigris altaica) and Amur leopards
(Panthera pardus orientalis) [3,4]. However, since borderlines are often politically sensi-
tive, proper governance may not be arranged, resulting in indiscriminate poaching, and
militarized frontiers may affect the ecosystem through military activities. In this context,
close cooperation on the national and international levels was emphasized for habitat
connectivity and ecological integrity [5-7].

The Korean Demilitarized Zone (DMZ) forms a unique transboundary ecosystem
across the middle of the Korean Peninsula, dividing it into South and North Korea. As
established by the Korean Armistice Agreement in 1953, the DMZ is 4 km wide (2 km to
the south and 2 km to the north of the military demarcation line) and 248 km long at a
latitude of roughly 38° N. At the same time, the South Korean military established the
Civilian Control Zone (CCZ), a concordant area 5-10 km to the south of the DMZ. Access
to the DMZ has been strictly prohibited for nearly seven decades, since the end of the
Korean War, except for certain members of the military defense force, including soldiers
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posted in the Panmunjom Joint Security Area, and a few authorized civilians, such as the
residents of the villages of Daeseong-dong and Kijong-dong in South and North Korea,
respectively. Limited agricultural activity is permitted in the CCZ, and this limited access
has resulted in exceptionally high biodiversity in the region [8]. The DMZ and CCZ have
drawn international attention due to both military tension from the Cold War, and for their
remarkably high biodiversity and unique ecosystem.

The landscapes of the whole DMZ are classified according to three major features [9].
The eastern region of the DMZ is best characterized as rugged mountains, and the central
part is wide open plains. The western region of the DMZ and CCZ is characterized by
particularly high biodiversity due to the heterogeneous landscapes with rolling topography,
estuaries, floodplains, and traditional agricultural areas (Figures 1 and 2). While the DMZ
remains inaccessible, agriculture has been promoted in the CCZ of South Korea since the
1970s with the establishment of the village of Tongilchon, just 4.5 km south of the Military
Demarcation Line. The inhabitants built the village from scratch, cultivating fields of beans,
ginseng, and rice. Even though the agricultural system in Korea has been modernized, the
traditional landscape in the CCZ has been preserved [10] including the dumbeong system
(Figure 2b), which irrigates 89% of the rice paddies in the western CCZ, thus helping
to maintain its biodiversity [11-13]. The Korean dumbeong system provides shelter for
wildlife even under extreme conditions [13,14]. The traditional landscape elements that
make up the western region of the DMZ and the CCZ include small hills, wide plains,
nonconcrete waterways, groves, forests, and streams flowing into brackish water (Figure 2).
The Hangang and Imjingang riversides, with a huge tidal marsh consisting of emergent
plants (e.g., reeds), Salix sp., mixed forests, and broadleaf forests are principal wintering
and stopover sites for migratory birds, and a vast sanctuary for invertebrates (Figure 2c).

Civilian Control Zone
Demilitarized Zone
=== Military Demarcation Line

Figure 1. Location of study site in the Demilitarized Zone (DMZ) and Civilian Control Zone (CCZ) of
Korea. Red- and yellow-green regions indicate the study site, including Paju-si city and Yeoncheon-
gun county. The study site is surrounded by large cities of North and South Korea, such as Seoul,
Goyang, Paju, and Kaesong.
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Figure 2. Landscape of western DMZ and CCZ in Paju. Typical topography and composition
of vegetation. (a) Grassland and forest areas in western DMZ (photograph by Seung Ho Kim).
(b) Agricultural landscape, including dumbeong, a traditional irrigation pond, in western CCZ
(photograph by Jae Hyun Kim). (c) Topographical map of the western CCZ. Landscape mainly
consists of emergent plants and Salix species in the riverside, rice paddies, and forests.

However, biodiversity in the DMZ and CCZ is threatened by the intense demand for
commercial development owing to their proximity to Seoul, the metropolitan capital city of
South Korea (Figures 1-3) [15,16]. In addition, improvements in inter-Korean relations may
encourage property speculation [17]. Because Kaesong, the flagship city for inter-Korean
exchange, and Pyongyang, the capital city of North Korea, are located in the western
region of the Korean Peninsula, efforts to connect the cities with cites in South Korea have
been growing (Figure 3). In addition, because Paju has long cultivated Korean ginseng,
a widely known traditional medicine, the cultivation of cash crops is another threat to
regional biodiversity [18-20]. Despite the ecological value of the Korean DMZ, military
activity, geopolitical factors, and economic feasibility have made it challenging to design
conservation plans for the western DMZ and CCZ.
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Figure 3. Residential population by administrative district near the DMZ. The population of Paju has increased rapidly
since the 2000s.

Given the decades of limited access, the biological features of the Korean DMZ and
CCZ should be explored in detail. However, studies focused on the flora and fauna of the
DMZ and CCZ ecosystems, and are typically limited to species inventories and habitat
descriptions [21-23]. Restrictions of access to the Korean DMZ have enabled a wide range
of species to flourish; however, ecological research is limited. From basic genetic studies
of the DMZ ecosystem to complex studies considering various biological factors, it is
necessary to characterize the ecosystem by multiple approaches.

Considering that it is impossible to enter the DMZ, remote-sensing methodology that
does not require physical access to the region is a promising approach. Remote sensing can
be used to investigate long-term changes in a specific region and over vast geographical
ranges [24]. In particular, LANDSAT imagery has been available since 1972, and most land
covers on Earth have been recorded. Thus, it is possible to track anthropogenic effects
on ecosystems over five decades [25,26]. More recently, remote sensing in combination
with geographical information systems (GIS) has been increasing to allow for long-term
monitoring and finding factors associated with changes in land cover [27].

Long-term analyses of land cover could help to explore changes in ecosystems over
extended periods, and results could yield important information about ecological parame-
ters [28] and targets for restoration [29]. Additionally, the long-term tracking of landscape
changes is an integral part of conservation planning and the maintenance of biodiversity.

However, very little is known about temporal and spatial changes in the landscape
of the Korean DMZ and CCZ. Natural succession over several decades in these regions
is worth exploring to investigate changes in temperate biomes in the absence of human
interference. To characterize the Korean DMZ ecosystem, investigations of landscape
structures in the Korean DMZ area are essential. Understanding land use and cover
changes can clarify factors affecting changes in the Korean DMZ ecosystem.
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This study investigated landscape changes in the Korean DMZ and CCZ during
the last 100 years. The DMZ and CCZ are in an ecological zone; however, the Korean
DMZ ecosystem is exclusively off-limits to people, whereas the CCZ has allowed for
some civilian activities. Thus, we examined the CCZ ecosystem by biota surveys, and the
DMZ ecosystem on the basis of satellite images and supplementary observations via the
CCZ. From a map made during the Japanese colonial period to satellite images from the
2010s, changes in landscape elements were tracked, and natural and artificial factors that
contributed to these changes were evaluated.

2. Materials and Methods
2.1. Study Area

Our study area covered the western DMZ and CCZ (6,987 ha and 10,427 ha), corre-
sponding to the city of Paju-si and parts of Yeoncheon-gun county of Gyeonggi-do province
in the middle of the Korean Peninsula (38°00" N 126°51’ E, 37°49' N 126°40’ E; Figure 1).
The range of altitude in the study area is 3 to 264 m (Appendix A). The Korean Peninsula
has a typical monsoon climate; June-August is a warm season with frequent torrential
rains, and November—February is mostly below 0 °C, with low precipitation (Appendix B).

Since the establishment of the DMZ, the north and south have gradually invaded the
DMZ. Thus, the DMZ boundary has changed. Therefore, Google Earth’s high-resolution
satellite images and field visits were used to examine the current western DMZ boundaries
in our study site. The western DMZ boundary of North Korea was determined on the basis
of high-resolution images from Google Earth. The DMZ was identified along North Korea’s
guard post within the DMZ on the basis of the lack of clear fences along the Northern Limit
Line from the demarcation line.

2.2. Data Collection, Preprocessing, and Analysis

The record of the landscape 100 years ago exploited in this study was reconstructed
from an old map of the Japanese colonial period before the Korean War. A map from
1919, before the Korean War, was vectorized from old maps, which were drawn in 1919
(1:50,000) in the Japanese colonial era (Appendix C). The old maps were downloaded from
the National Geographic Information Institute [30]. Since 1984, when the oldest imagery
of the research site had been produced, the changes in the landscape were tracked over a
10 year period. We searched the imagery between May and September of the given years,
and inspected the data before and after the year when the thick clouds covered the study
sites. Lastly, we used images of 1984, 1994, 2006, and 2017. Maps generated from 1980
to 2017 were built on the basis of Landsat satellite images from Thematic Mapper (TM)
(1984, 1994), Enhanced Thematic Mapper (ETM+) (2006), and Operational Land Imager
(OLI) (2017) (see Table 1). Satellite images were downloaded in orthorectified form from
Earth Explorer [31]. Region-of-interest (ROI) data were referenced with the high-resolution
Google Earth images (1984, 1994, 2006, and 2017) and confirmed through field studies in
2017. After we had obtained ground-truth points of the corresponding years, we randomly
selected 70% of the points for training and 30% for validation. In addition, calibration
type was radiance, output interleave was BIL, and scale factor was 0.1. After radiometric
calibration, the FLAASH Atmospheric Correction Model was applied to Landsat data
according to the ENVI manual (ENVI ver. 5.3) [32].

Table 1. Landsat image properties.

Satellite Sensor Date Resolution
Landsat TM5 3 July 1984 30 m
Landsat ™5 12 September 1994 30m
Landsat ETM 5 September 2006 30m

Landsat OLI 26 August 2017 30m
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Pre- and post-war maps were then analyzed within eight landscape categories: built-
up structure (buildings, houses, shelters, ginseng fields, and agricultural facilities), paddy
field, coniferous forest, deciduous forest, vegetation (grassland), water body, bare ground,
and floodplain.

We then performed supervised classification employing the neural-net method using
ENVI ver. 5.3 and an accuracy test [33,34].

Vegetation vitality was determined by the normalized difference vegetation index
(NDVI; Equation (1)) and normalized difference moisture index (NDMI; Equation (2))
according to the following formulae:

NDVI = (NIR — Red)/(NIR + Red) 1)

NDMI = (NIR — SWIR)/(NIR + SWIR) @)

NDVT s relevant to plant productivity, and is highly correlated with the vegetation
community and plant biomass [35]. It is also related to the amount of water absorbed
by plants and provides information about the extent of water stress in plants. The SWIR
correction factor was applied to increase the correlation between NDVI and leaf-area
index [36]. NDMI is more sensitive to moisture stress than NDVI is [37]. Changes in the
NDVI and NDMI values in the DMZ and CCZ were evaluated by the Kruskal-Wallis
rank-sum test using the nparcomp package in R ver. 1.1.447 [38].

In addition, wildfires are frequent in the DMZ due to landmine explosions caused
by wild animals and military activities. Thus, wildfire analysis was carried out for spring
and autumn, the driest seasons during which fires are most frequent in Korea. From
1985 to 2017, Landsat images were normalized by the Normalized Burn Ratio Thermal
(NBRT; Equation (3)) to cover fires [39]. NBRT consists of a combination of NIR and MidIR
(midinfrared: 2215 nm) and thermal bands (TB). While visually checking satellite images,
the extent of fires was evaluated. All processes were performed using NBRT of the Landsat
dataset (LANDSAT/LT05/C01/T1_8DAY_NBRT) obtained by Google Earth Engine. The
following equation was used:

NBRT = (NIR — MidIR x TB)/(NIR + MidIR x TB) @)

Statistical data for population growth in Paju and CCZ were obtained from the Korean
Statistical Information Service (Accessed on 11 April 2018) [40]. Prewar administrative
districts were ascertained with old maps, and population statistics were obtained with
names consistent with those in the current CCZ (our study site).

3. Results
3.1. Land-Use and -Cover Changes

Overall accuracy rates and kappa coefficients were 95% and 0.94, 85% and 0.81, 95%
and 0.92, and 93.8% and 0.92 for 1984, 1994, 2006, and 2017 maps, respectively.

The landscape of the western DMZ and CCZ within the study area changed signifi-
cantly from the end of the Korean War until 2017 (Figure 4, Appendix D). Before the war,
according to the 1919 map, forests covered approximately 51% and 45% of the DMZ and
CCZ, respectively (Figures 4 and 5a). In the DMZ, the proportion of forests gradually
increased to 60% in 2017, while the forest area of the CCZ gradually decreased, accounting
for 41% of the total land in 2017. In both the DMZ and CCZ, the forest composition differed
before and after the war, with coniferous forests being predominant before the war (1919)
(coniferous, 52%, and deciduous, 1% in the CCZ; coniferous, 49%, and deciduous, 2.5%, in
the DMZ), and deciduous forests were predominant from the 1980s to the 2010s (coniferous,
1.6-4%, and deciduous, 33-49%, in the CCZ; coniferous, 0.1-5.3%, and deciduous, 44-60%,
in the DMZ).
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Figure 4. Maps of land-use types in western DMZ and CCZ in Paju-si and Yeoncheon-gun over 100 years (1919-2017) in
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Figure 5. Changes in land-use patterns in western DMZ and CCZ in Paju-si and Yeoncheon-gun over 100 years (1919-2017)
in Korea. (a) Changes in forest area. Forests classified as coniferous and deciduous, and relative area of total forest is
indicated. (b) Changes in areas of vegetation, rice paddies, and bare soil. (¢) Changes in areas of artificial structures,
including built-up (such as roads) and agricultural (such as ginseng fields) facilities. (d) Changes in water bodies and
floodplain (lacking vegetation).



Land 2021, 10, 708

8 of 18

30,000

25,000

20,000

15,000

10,000

Residential Population in CCZ

5,000

0

Rice paddies were the second most common landscape component in 1919 within
the study area (30% in the DMZ and 19% in the CCZ; Figure 5b). However, in the 1980s,
when satellite images were available for the first time after the war, the area of rice paddy
fields was reduced (i.e., 9.5% of the CCZ and 7.6% of the DMZ). Since then, the area of rice
paddies gradually increased in the CCZ, reaching around 17% in 2017 (Figure 5b), while
rice paddies accounted for 8% of the total area of the DMZ.

The DMZ and CCZ grassland within the study area increased after the Korean War
from 3% and 5% in 1919 to 33% and 21% in the 1980s, respectively (Figures 4 and 5b).
CCZ vegetation remained at around 20% in the 1990s, 2000s, and 2010s. DMZ vegetation
remained at around 25-35% from the 1980s to 2010s. Rice fields in the DMZ region shifted
to grassland (Figure 4).

Bare grounds within the study area, mainly consisting of residential and community
yards, and streamsides were not abundant in 1919, accounting for approximately 12%
and 13% of the DMZ and CCZ, respectively. These land types decreased to 8% in the
1980s. Since then, they shrank steadily over the past three decades, representing 2% of
the total DMZ land in 2017, as grassland vegetation increased. Bare ground in the CCZ
was maintained at 12% until the 1980s and was used for military activity after the war, but
gradually decreased to 2.4% in 2017. This reduction was largely due to the expansion of
rice paddies (Figures 4 and 5).

Built-up areas within the study area occupied approximately 1% of total lands in 1919.
Due to postwar restrictions, the number of residents in the CCZ plummeted (Figure 6),
and 0.2% of the built-up structures were in use in the 1980s. Upon relaxed access and
permission for cultivation with the expectation of rapprochement between the two Koreas,
the cover of built-up land, including ginseng fields, increased rapidly to 2% in the 1990s and
7.9% in the 2010s (Figures 4 and 5¢). Compared to the 1980s, when agricultural activities
had been permitted, the number of artificial structures in the CCZ region increased by
46 times in 2010, and the proportion of artificial structures in 2010 was about 6.6 times
higher than that in 1919 when civilians occupied the area. In the DMZ, the built-up area
increased owing to the construction of roads to the Kaesong Industrial Region. The area of
artificial structures was 0.03% in the 1980s and increased to 1.74% in the 2010s. It rose by
about 58 times compared with estimates for 30 years ago, and 1.5 times compared with
estimates for 100 years ago.

Korean War (1950-1953)

.

1925

1935 1945 1955 1965 1975 1985 1995 2005 2015

Year

Figure 6. Population change in western CCZ in Paju. Since the division, a limited number of people have lived in civilian

control areas.



Land 2021, 10, 708

90f 18

The Imjingang River was affected by the rise and fall of tides. Due to these fluctuations,
floodplain areas (i.e., riverbeds) were exposed or inundated (Figures 4 and 5d).

3.2. Wildfires and Changes in NDVI and NDMI

Over the past 35 years, 28 fires have been reported in the western DMZ, including in
Paju-si and Yeoncheon-gun. The fires occurred more frequently and extensively on the
north side (toward Yeoncheon). The southern part, Paju (Figure 7b), had 9 fires, while the
northern part, Paju and Yeoncheon, had 15 fires (Figure 7c). Yeoncheon-gun county had
20 fires in the last 35 years (Figure 7d). Region b (the southern part of Paju) had 44% of
fires breaking out in grassland and 100% in forests (Figure 7e). Region c (the northern part)
had 60% of fires breaking out in grassland and 100% in forests. Region d had 95% of fires
breaking out in grassland and 100% in forests. Despite the different land-use compositions,
differences in NDVI and NDMI values between the DMZ and CCZ were not statistically
significant (p > 0.05, Kruskal-Wallis test, Appendix E).
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Figure 7. Wildfire outbreaks in western DMZ and CCZ from 1985 to 2017. (a) Cumulative map of
number of wildfires. (b) Wildfires from 1985 to 2017 in Region b. Fires in Region b mainly occurred
in forests, followed by grasslands. Note: 1, fire outbreak. (c) Wildfires from 1985 to 2017 in Region
c. This area is inland and, unlike Region b, wetlands were not developed. (d) Wildfires from 1985
to 2017 in Region d. Region belongs to Yeoncheon-gun, and fires were frequent. (e) Frequency of
wildfires on different vegetation types in Regions b—d.
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4. Discussion

In the western DMZ and CCZ, our study area, the most prominent landscape changes
after the Korean War were found in forests. Forests were drastically diminished dur-
ing the war [41]. Forests in the region were predominantly coniferous before the war,
but showed succession to broadleaf forests of oak trees (Quercus spp.). During the
Japanese colonial period and the Korean War, forests in the Korean Peninsula were mostly
devastated [41,42]. Forest reconstruction involved ecological succession to deciduous
forests by the predominance of oak trees over coniferous trees. Forests entirely destroyed
by fire are likely to more quickly form oak forests [43]. When a forest consisting of 70%
coniferous, 3% deciduous, and 28% mixed forests recovered after fire loss, its composition
was quickly altered to 71% deciduous trees [43]. This could also probably be attributed to
the strong reproductive capacity of oak trees. Oak population growth may be explained by
the strong propagation ability of oak by bud and seed germination [44]. This corresponds
with the general forest-succession trend in South Korea [43].

Grasslands were a major element of the regional landscape. In this study, rice fields
within the DMZ turned into grassland after the war. This grassland area was sustained
for nearly 70 years after the establishment of the DMZ (Figures 4 and 5). This observation
contradicts a previous study showing that abandoned rice paddies became grasslands
and eventually forests in South Korea within a decade [45]. Two factors may have ar-
rested succession. First, fires prevent the establishment of trees and shrubs in temperate
regions [46—49]. Fires occur around the DMZ due to spontaneously or by anthropogenic
factors, such as the deliberate ignition of fires by soldiers for sight clearance or accidental
fires by landmine explosions. Owing to the military confrontation between North and
South Korea, it is nearly impossible to instantly extinguish fires. We identified at least 28
instances of wildfire in the western DMZ and CCZ over the past 35 years. Fires may play a
significant role in landscape changes, maintenance, and biodiversity in the region.

Second, periodic flooding could impede the transition from grasslands to
forests [50,51]. The response of vegetation in wetlands to hydrological fluctuations can
vary [52-54]. When wetlands experience fluctuations such as floodplains, the establishment
of terrestrial plants or trees could be hampered by the maintenance of a certain water level
and inundation in wetlands [55-57]. Grassland areas in the southern part of the DMZ
within the study area are adjacent to a stream, and could have thus been subjected to
periodic flooding (Appendix F). Most of the Korean wetlands along rivers and estuaries
have been converted into agricultural land due to its high productivity. The conversion
of grasslands into agricultural lands is globally common [58]. Therefore, the temperate
grassland in the DMZ region within the study area could be considered to be a very scarce
ecosystem without human intervention, and with valuable wildlife habitats [59-61]. Our
study identified that the grassland was maintained without wildfire outbreaks within the
DM?Z, indicating that DMZ conservation planning should be based on regional properties
and long-term land-cover changes.

There has been a substantial increase in built-up structures since the 1990s in Paju and
Yeoncheon in the CCZ. This can mainly be explained by the conversion of rice paddies into
ginseng cultivation fields. Ginseng, a valued cash crop for Asian medicine, needs shading
facilities for cultivation. These shading facilities were classified as built-up structures in
this study, and these structures reduce habitat quality for wildlife [19]. The conversion of
rice paddies into ginseng fields is a primary factor threatening regional biodiversity [19].
Thereby, a decrease in rice paddies and seminatural wetlands exploited by many animals,
such as birds, amphibians, reptiles, and insects may affect the regional ecosystem. Land-use
changes driven by commercial value likely pose a threat to regional biodiversity. However,
the conservation and revitalization of traditional agricultural landscapes, such as rice
paddies and small forest patches, can help to maintain biodiversity in regional land-use
plans [10]. Moreover, in the 2000s, pressure for commercial development on western
CCZ, including the study area, increased as political tensions between the two Koreas
loosened [62]. A train station, railroads, storage buildings, power lines, and roads to
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the Kaesong Industrial Region were built in the CCZ. Recently, the Republic of Korea
government presented a plan to build a huge distribution center and a highway through
the CCZ in our study area. The current peace dialog, along with cooperative economic-
development plans, between the two Koreas places further pressure on the land in the DMZ
and CCZ at the expense of regional biodiversity [63]. A long-term plan for the conservation
of biodiversity is needed for the DMZ and CCZ.

As there is still a strong military tension around the Korean DMZ, ecosystem char-
acteristics are dependent on political circumstances. As such, the ecological integrity of
the Korean DMZ and CCZ has intentionally not been maintained. Aside from the land-
scape elements that we analyzed, there are many other factors affecting the DMZ and
CCZ ecosystem. If the CCZ is kept under high development pressure for tourism and
speculation, it is difficult to expect its role as a buffer zone for biodiversity in the DMZ.
Foreign troops, which are one of the channels for introducing exotic species to Korea, are
also stationed in the CCZ, and invasive alien plants, such as giant ragweed (Ambrosia trifida)
and white heath aster (Aster pilosus), which are presumed to have been introduced while
attached to military supplies, flourish around the DMZ region [64,65].

Considering biodiversity conservation as the primary goal for sustainable develop-
ment [66], transboundary conservation across one or more international boundaries is
essential [1]. The Korean DMZ region with high biodiversity should be respected as a
vital ecosystem rather than a base for military confrontation. However, there is still no
clear conservation plan in the Korean DMZ. Since the Korean DMZ is officially under
UN control, we should call on transboundary conservation for the DMZ. As the IUCN
guideline and case studies indicate, many actors for transboundary governance should
also be involved in the cooperative management of the DMZ ecosystem [1,5]. Monitoring
the ecosystem, and enhancing the ecological awareness of residents and farmers in the
CCZ area should be accompanied by cooperation.

5. Conclusions

The strict restriction of human access to the DMZ has enabled its vegetation to undergo
natural succession. For instance, cut and burned coniferous forests in the western DMZ
were naturally transformed into broadleaf forests, and prewar DMZ rice paddies were
converted into grassland with some forest succession. The maintenance of grasslands
can be explained by both natural (water) and artificial (wildfire) factors. Grasslands have
changed substantially in the DMZ and CCZ. However, much CCZ vegetation has been lost
or altered for human use (e.g., commercial development and infrastructure construction).
Pressure for such development, which is likely to increase under the current political
climate of reduced tension between South and North Korea, poses a major threat to the
conservation of biodiversity in the region. Given the high biodiversity and ecological
integrity of the Korean DMZ region, transboundary governance for conservation should
be designed. We suggest a conservation plan for the DMZ region. The Korean DMZ,
which is included rare and recovered grasslands, should be protected as a core area. The
CCZ around the DMZ should remain as a buffer or transitional area for ecological reasons.
Without a buffer region, the DMZ with a disparate ecosystem from the neighboring cities
may not maintain its own ecosystem, and may be vulnerable to drastic changes.
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Figure A1. Digital elevation model (DEM) of the study site. ASTER GDEM was used, which was
downloaded from USGS (https:/ /earthexplorer.usgs.gov/, accessed on 1 June 2021).
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Figure A2.  Characteristics of study-site climate from 1907 to 2017. (a) Monthly average temperature;
(b) monthly accumulated precipitation. Data were downloaded from the Korea Meteorological Administration website
(https:/ /www.weather.go.kr/, accessed on 15 August 2019).
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Figure A3. Old map drawn during the Japanese colonial era (1919).
Appendix D
Table Al. Land-use and -cover transition matrix in this study. Deci, deciduous forest; Vege, vegetation; Water, water body
and floodplains.
DMZ 1984 2006
Bare Deci  Built Conifer Paddy Vege Water Bare Deci Built Conifer Paddy Vege Water
Bare  8.14% 41.43% 0.01% 2.28% 12.05% 35.99% 0.09%
Deci  8.38%  66.57% 0.00% 4.56% 3.83%  16.66% 0.00%
Built  6.73%  59.62% 0.00% 0.94% 9.39%  23.32% 0.00%
19" Conifer 1120% 5811% 006%  7.44%  476% 18.38% 0.05%
Paddy 4.07% 27.33% 0.01% 4.50% 10.28% 52.73% 1.09%
Vege  12.43% 51.42% 0.00% 0.53% 8.18%  27.35% 0.09%
Water 5.01%  10.50% 0.14% 4.07% 4.07%  38.01% 38.21%
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Table A1. Cont.

DMZ 1984 2006
Bare Deci  Built Conifer Paddy Vege Water Bare Deci Built Conifer Paddy Vege Water
Bare  2136% 153% 1111% 127%  1.02% 092% 030% 31.09% 1611% 4.10% 194%  950% 33.38% 3.89%
Deci  2556% 81.07% 11.11% 72.46%  5344% 3817% 142% 1.08% 70.07% 037% 617%  161% 19.69% 1.06%
Built 2.68% 026% 29.63% 247%  0.36% 046% 294% 531% 879% 23.63% 6.59%  13.74% 15.93% 26.01%
1994 " Conifer 0.05% 005% 0.00%  0.89%  0.02% 0.06% 254% 3.09% 1340% 4.12% 21.65% 18.56% 10.31% 28.87%
Paddy 858% 3.07% 1481% 556%  27.74% 7.94% 579% 198% 370% 1.56% 142%  73.31% 1558% 2.44%
Vege 4155% 13.89% 14.81% 1430%  17.35% 51.60% 173% 3.64% 1890% 0.66% 0.88%  5.86%  68.03% 2.04%
Water 021% 0.13% 1852% 3.05%  0.08% 0.86% 8528% 092% 0.77% 4.06% 0.46%  544% 8.50% 79.86%
Bare 35.44% 0.40% 1173% 031%  045% 1.12% 2.14%
Deci 2.32% 93.18% 279% 80.00% 3.61%  3632% 5.64%
Built 451% 0.01% 33.87% 0.16%  0.28% 0.05% 4.96%
2017 Conifer 000% 0.01% 015% 4.66%  0.48% 0.01% 0.17%
Paddy 381% 039% 9.53% 831%  7890% 2.56% 11.35%
Vege 53.46% 6.01% 3622% 647%  1584% 59.90% 32.76%
Water 046% 0.00% 572% 0.09%  0.45% 0.05% 42.98%
ccz 1984 2006
Bare Deci  Built Conifer Paddy Vege Water Bare Deci Built Conifer Paddy Vege Water
Bare  19.12% 33.67% 0.63%  0.60%  11.67% 32.33% 1.97%
Deci  1448% 50.75% 232%  243%  6.03% 19.35% 4.64%
Built 22.23% 4381% 0.00%  0.82%  6.32% 26.83% 0.00%
19 " Conifer 13.40% 6597% 0.06%  229%  321% 1484% 0.23%
Paddy 9.96% 30.30% 0.03%  123%  2645% 29.46% 2.57%
Vege 1201% 5633% 030%  111%  374% 21.87% 4.64%
Water 135% 247% 0.07%  0.32%  545% 9.44%  80.90%
Bare  22.89% 3.23% 13.02% 1.68%  229% 513% 0.68% 2472% 11.18% 12.11% 11.72% 090% 34.06% 5.30%
Deci  23.86% 70.28% 4.69%  73.52%  1570% 2693% 051% 3.36% 60.65% 349% 536%  7.67% 17.37% 2.11%
Built  4.82% 1.04% 2448% 149%  0.84% 1.69% 4.88% 13.35% 6.06% 20.00% 9.80%  126% 21.93% 27.60%
194 " Conifer 1145% 699% 2240% 83%%  6543% 2279% 5.12% 177% 1593% 4.42% 21.24%  12.39% 8.85% 35.40%
Paddy 0.02% 005% 000% 025%  0.06% 015% 024% 6.65% 178% 628% 6332% 155% 15.63% 4.79%
Vege 3588% 1831% 17.71% 13.49%  1539% 4141% 4.16% 8.62% 17.20% 6.51% 1926% 171%  43.38% 3.32%
Water 1.08% 0.10% 17.71% 118%  029% 190% 8442% 092% 0.29% 450% 1.66%  0.35% 2.38% 89.90%
Bare 1611% 0.57% 503% 035%  1.03% 3.53% 0.57%
Deci 422% 88.86% 4.19% 67.97%  3.86%  20.26% 2.00%
Built 14.60% 040% 2236% 193%  426% 2.67% 1.20%
2017 Conifer 12.63% 125% 1443% 1096%  67.98% 10.56% 1.80%
Paddy 024% 017% 031% 684%  191% 021% 0.07%
Vege 4961% 874%  43.62% 1153%  2037% 62.52% 8.85%
Water 259% 0.00% 10.07% 0.42%  0.60% 0.25% 85.52%
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Appendix E

Table A2. Average NDVI and NDMI values depending on plant types of corresponding years
(Mean =+ SD). There were no significant differences between CCZ and DMZ within a year.

NDVI NDMI
Plant Type Year
CCz DMZ CcCz DMZ

1984 0.78 £ 0.11 0.79 £ 0.1 0.32 +0.08 0.33 + 0.08
. 1994 0.79 £ 0.07 0.78 £ 0.05 0.27 £ 0.08 0.26 £+ 0.06

Deciduous
2006 0.84 +0.03 0.84 £ 0.03 0.31 £0.03 0.29 £ 0.03
2017 0.89 + 0.02 0.88 + 0.02 0.33 + 0.04 0.31 +0.03
1984 0.79 £ 0.11 0.79 £0.11 0.32 £ 0.08 0.32 £ 0.09
1994 0.74 £ 0.06 0.73 £0.07 0.37 £ 0.04 0.37 £ 0.03

Conifer

2006 0.84 + 0.04 0.84 + 0.03 0.35 + 0.04 0.33 +0.03
2017 0.91 +£0.03 0.89 £+ 0.04 0.43 £+ 0.06 0.41 £ 0.05
1984 0.79 £0.1 0.8+0.1 0.32 £ 0.08 0.33 £0.08
. 1994 0.75 + 0.08 0.75 £+ 0.07 0.27 +0.07 0.27 + 0.07

Vegetation
2006 0.78 £ 0.05 0.79 £ 0.06 0.28 £+ 0.05 0.27 £ 0.06
2017 0.79 £ 0.09 0.81 £ 0.08 0.29 £ 0.06 0.29 £ 0.06

Appendix F
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Figure A4. Time-series pattern of NDMI in the DMZ. Red line, NDMI of Region b in Figure 7b; wetland was maintained by
water fluctuation. Yellow line, NDMI of Region c in Figure 7c; frequent fires occurred in the grassland. Blue line, NDMI of
Imjingang River, which is the baseline. Data were analyzed from 1999 to 2020 using Landsat 7. NDMI of wetlands appeared
to be affected by flooding caused by river overflows. NDMI was calculated using the Google Earth Engine.
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