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Abstract

Landforms determine the locations of particular biological communities based on their com-
ponents and spatial positions. This study hierarchically classified the topographic spaces
serving as habitats for biological communities in the Korean Peninsula and established the
habitat types that occur on the classified landform types. We classified landform types by
applying cell-based modeling, map algebra, and spatial query techniques to spatial data,
including digital elevation model (DEM), Sentinel 2 image, land use, and field survey data to
model their ecological characteristics. Landforms were classified into four categories (desig-
nated Category 1 through 4) according to their spatial scale based on topographical charac-
teristics such as mountains, plains, alluvial landforms, coastal landforms, islands, and
special areas (Baekdudaegan, DMZ), which are found throughout the Korean Peninsula.
The landforms of the Korean Peninsula were classified into 47 subcategories in Category 1,
16 in Category 2, 36 in Category 3, and 63 in Category 4. There were 62 main types of habi-
tats that were classified based on their topographic spatial units, and there were 437 types
of sub-habitats, for which soil weathering, biodiversity, and geodiversity were combined with
the main habitat types. When factor analysis was conducted for the environmental factors
used to determine the main and sub-habitats, the first primary components were tempera-
ture-related factors, followed by biodiversity, geodiversity, aspect, and slope. When the indi-
cator species were analyzed by habitat type, indicator species diversity was high in Jeju
Province, Gangwon Province, and Gaema Plateau. Based on these results, landform ele-
ments for species habit conservation were assigned conservation values and classified into
(I) absolute conservation areas, (ll) transition areas, and (lll) areas for coexistence with
humans. Topographic spaces are being degraded as biological habitats as a result of cli-
mate change and human development; our proposed classifications can be applied to the
conservation of landforms and biodiversity.

Introduction

Earth is composed of various types of geomorphological landscapes. Geomorphological land-
scapes are formed by morphogenic and pedogenic processes [1-3]. Although they may be per-
ceived as static because the timescales over which landforms change are much longer than
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those of biological elements, landforms are constantly being formed and altered over geologi-
cal time through weathering, erosion, and sedimentation [4, 5]. Landforms are not only
formed by abiotic processes, but also by the eco-dynamic equilibria among their structural
(soil, landforms, and geology), biological (plant, animals, and microorganisms), and circular
components (wind, water) [6].

The geomorphological landscape underlying a terrestrial ecosystem shapes the abiotic envi-
ronment and determines which organisms can live there. Damage to landforms caused by con-
tinuously increasing anthropogenic land use and climate change is disrupting ecosystems and
threatening the survival of species. The importance of habitat conservation is increasingly
being recognized, and attempts to introduce geomorphological knowledge into ecological
research are gradually expanding [7].

The Korean Peninsula contains unique natural environments because of its locational char-
acteristics; as a peninsula located at the eastern edge of the continent of Asia, it experiences
both continental and maritime climate characteristics. Moreover, cultural and historical fac-
tors, such as the importance and appreciation of the Baekdudaegan mountains in Korean cul-
ture and thought [8], the geopolitical specificity of the division of Korea into north and south,
and rapid urbanization, combined with its natural environments, shape the unique biogeo-
graphic features of the Korean Peninsula. The Korean Peninsula is a region that has small ele-
vational differences and a small spatial scope in which various landforms and biota exist. To
establish a framework for the biological conservation of the Korean Peninsula, basic research
on its ecosystems with respect to their biogeographic characteristics is necessary.

Therefore, this study classified landforms to identify biological habitat systems at the level
of the Korean Peninsula, from broad biota distribution trends to microclimates appropriate
for biological communities [9]. To that end, topographic spaces were hierarchically classified
into biological habitats using satellite images, geology, digital topographic map, weather data,
and biological survey data, and a digital elevation model (DEM) was generally used for land-
form classification. The habitat types were classified based on the classified topographic spaces,
and the major indicator species of each habitat were derived.

Materials and methods
Description of study area

The Korean Peninsula, the target area of this study, spans from 33°05'32" to 43°00'52.67" N in
latitude and from 124°40'30.77" to 131°55'45" E in longitude (Fig 1). Geographically, the
Korean Peninsula is located in the easternmost part of the Asian continent in the mid-latitude
region of the Northern Hemisphere. Due to these geographic characteristics, it is subject to the
simultaneous influences of continental and maritime climates. The annual average tempera-
ture is 10-15°C, and the annual average precipitation is 1,000-1,900 mm.

Altitudes on the Korean Peninsula range from 0-2,750 m above sea level. High altitude
areas are asymmetrically located to the east and north of the peninsula. The areas have more
active morphogenic processes and less humus in their soils. By contrast, environments in the
southern region are characterized by higher chemical weathering and pedogenic activities,
more rapid plant litter decomposition rates, and as a result, humus-rich soils. Soil depths (to
bedrock) vary among soils with different parent materials but tend to be larger among the pre-
dominantly granitic soils of the south.

The forests of the Korean Peninsula are dominated by deciduous broadleaved forests, and
coniferous forests have developed mainly in the lowlands following afforestation. Furthermore,
there are evergreen broadleaved forests around the southern coast and evergreen coniferous for-
ests in some subalpine areas. Specific habitat environments formed by topographic and geological
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Fig 1. Diagram of geomorphic milieu in Korean Peninsula (base map data source: Https://gadm.org/).

https://doi.org/10.1371/journal.pone.0259651.g001

conditions, such as algific talus slope and limestone field, serve as major habitats for the unique
species of the Korean Peninsula [10, 11] (Table 1). The islands on the southwest coast, which
were geographically isolated by a sea level rise in the 4th Cenozoic era, provide a habitat for ter-
restrial endangered species as well as rare and endangered migratory birds [12, 13].

Data acquisition and preprocessing

For the DEM, a shuttle radar topography mission (SRTM) DEM with 30-m resolution was
downloaded and used (https://earthexplorer.usgs.gov/). Since the DEM was produced by
image analysis, not by terrestrial measurements, it includes errors such as contour line breaks
and twists due to the irregularities of sinks, peaks, and elevation points [14, 15]. Thus, 10 x 10
low pass filtering correction was performed for the DEM data [16]. The corrected DEM was
resampled to 60-m resolution to classify geomorphological landscapes of medium or larger
sizes and resampled to 30-m resolution for small-scale landform classification.

The digital geology map was downloaded from the website of the Korea Institute of Geosci-
ence and Mineral Resources (https://data.kigam.re.kr/). It was used to extract the distributions
of geomorphological landscapes, such as mountains, riverbeds, riverbed structures, sand
beaches, and dunes, that are formed by weathering, erosion, and uplift due to the characteris-
tics of bedrocks and faults, as well as the distributions of river sediments, coastal sand beaches
and tidal flats. Since the digital geology map is a vector map, it was transformed into raster
maps of 60- and 30-m spatial resolutions according to the DEM resolutions.
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Table 1. Major ecosystems and biota of the Korean Peninsula (sources: National Ecosystem Survey and DPRK
Flora and Fauna of Coreana).

Ecosystems

Mountains

Disjunct Distribution
Mountain

Algific talus slope
(wind hole)

Limestone fields

Wetlands and Bogs

Tidal flat

Sand dune

Ridges and south-facing
slopes

Fluvial landform

Lagoon
Plateau
Island

Biota

Panthera tigris altaica (TEMMINCK), Panthera pardus, Ledum palustre var. maximum,
Betula microphylla var. coreana

Abies koreana, Vaccinium vitis-idaea L., Diapensia lapponica var. obovata F. Schmidt

Diplazium sibiricum (Turcz. ex Kunze) Sa Kurata, Lycopodium selago L., Cystopteris
fragilis (L.) Bernh.

Mitella nuda L., Morus mongolica (Bureau) C. K. Schneid, Arenaria stricta var.
uliginosa (Schleicher ex Lam. & DC.) B. Boivin

Astilbe koreana Nakai., Trientalis europaea subsp. arctica (Fisch. ex Hook.) Hultén,
Falco subbuteo, Naemorphedus caudatus, Pelophylax chosenicus, Ranunculus kazusensis
Makino, Ranunculus kazusensis

Suaeda glauca (Bunge) Bunge, Suaeda maritima (Linnaeus) Dumortier, Uca lactea
subsp. lactea

Lathyrus japonicus Willd, Salsola komarovii Iljin, Vitex rotundifolia L. f.

Pinus densiflora Siebold & Zucc, Abies holophylla Maxim., Taxus cuspidate Siebold &
Zucc.

Acheilognathus somjinensis, Iksookimia koreensis, Pseudobagrus brevicorpus, Phragmites
japonica Steud., Typha orientalis C.Presl, Salix gracilistyla Miq.

Menyanthes trifoliata, Iris laevigata, Euryale ferox Salisbury
Tetrao tetrix, Panthera pardus, Sorbaria kirilowii (Regel & Tiling) Maxim.

Kichulchoia brevifasciata, Thalasseus bernsteini, Campanula takesimana, Fagus
engleriana Seemen.

https://doi.org/10.1371/journal.pone.0259651.t001

The digital topographic map (DTM) constructed by the Korea National Geographic Infor-
mation Institute was downloaded from their website (http://map.ngii.go.kr) and used for the
classification of small habitats in South Korea, such as riparian wetlands, dolines, small wet-
lands, shoals, and dunes [17]. A scale of 1:5,000 was used for the DTM, and a DEM with a 5-m
resolution was produced by extracting contour lines at 5-m intervals. After performing the
first small landform classification, the landforms were classified by comparing them with Goo-
gle Earth images. In addition, to produce a landform distribution map for the small wetlands,
shoals, and dunes in North Korea, for which the DTM cannot be used, DEM analysis was con-
ducted, and the Google Earth images were deciphered visually.

To classify sedimentary terrain elements, such as lagoons, tidelands, wetlands, and sand
beaches, that cannot be extracted from the DEM, we used Sentinel 2 satellite images with 10-m
resolution that were captured in May and June 2019, a land use map that was constructed in
2018 by the Ministry of Environment, and Google Earth images.

Mountain marshes and algific talus slopes are very small habitats and cannot be checked by

images because of interference from the surrounding forests. Thus, mountain marshes were
classified using the location information of the landforms found in the national ecosystem sur-
vey performed by the Korea National Institute of Ecology [18]. For the classification of small
landforms with unusual habitats, such as algific talus slopes [11, 19, 20], the locations and spe-
cies information in national ecosystem survey data and papers were used [11].

For the soil weathering analysis, the degree of soil weathering was classified by the Peltier
method for the temperature and precipitation data downloaded from WorldClim (https://
www.worldclim.org/) [21, 22].

The flora location information of the northern and southern parts of the Korean Peninsula
was built by integrating approximately 1.6 million survey results from the Korea National
Institute of Ecology [18] and North Korea [23-36] based on the national list of indigenous
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species of Korea [37]. We unified the form of the collected information and built a database
based on the scientific name. The database was converted into spatial information of the geo-
detic longitude and latitude projection (EPSG 4326, WGS84 ellipsoid).

To derive the biodiversity and geodiversity of the Korean Peninsula, the Korean Peninsula
was divided into 2000 m x 2000 m grids, and the Shannon’s diversity index was calculated for
the biological species and landforms recorded in each grid. To classify the ecoregion types, the
biological species and landforms were rearranged by overlaying polygon administrative dis-
tricts map(gun-unit administrative district level) and the raster data of Shannon’s diversity
index [2, 7, 38-40].

Landform classification

In order to classify landforms as biological habitats, we considered the advantages and limita-
tions of the landform classification through the DEM, the need for supplementary data, and
previously studied geomorphological expertise.

The DEM, which contains surface elevation data, does not include the information on all
landforms on Earth. The mountains, plains, terraces, ridges, slopes, and watersheds can be
classified by applying statistical classification methods (e.g., clustering, PCA) to the DEM ele-
vation data. However, this can be only applied to the overall categorization in small sale classi-
fications of the Earth or continent units and is not appropriate for classifying topographic
spaces into biological habitats. Furthermore, the DEM lacks landform data for wetlands, river-
beds, lagoons, sand beaches, shoals, and blockfields, which are important biological habitats.
Thus, this study used supplementary data, including satellite images, land use maps, and field
survey data, to classify landforms as biological habitats.

Even though the result of the primary landform classification can be derived according to
the two conditions described above, the actual existence of geomorphological landscapes must
be verified. This requires expertise, complemented by a perspective on the interpretation of
the geomorphological landscapes. To address this issue, we performed space calculations itera-
tively, adjusting the conditions based on our judgments regarding the existence and geomor-
phology of the landforms in the extracted data.

The overall research procedure and analysis methods are shown in Fig 2. According to this
procedure, the metrological landform classification was performed through map algebra, spa-
tial query, supplementary data, and geomorphological review (for detailed information about
the classification criteria, see S2 File).

The mountains, plains, basins, flats (plateaus), hills, undulating landforms, terraces, sloping
landforms, and gentle slopes (ranging from large to small landforms) in the Korean Peninsula
were classified by traditional geomorphological relief analysis. In geomorphology, relief is used
in the formation and classification of landforms by calculating the elevation difference between
the maximum and minimum points in a unit area created by the weathering and erosion of
the original landforms. The relief data has continuous values above 0. Theoretically, a large
relief value corresponds more closely to a mountain and a relief value of 0 corresponds to a
plain, flat (plateau), terrace, mountain plateau, or tableland. Various landforms can be classi-
fied by dividing the continuous values of the relief into discrete sections. In the DEM, the relief
is calculated by the square root of the square of the maximum elevation value minus the square
of the minimum elevation value in a unit area, as follows:

Relief = /abs(square(max) — square(min)))

Relief analysis provides useful information for analyzing landform development and can be
used to classify major landform elements, but it needs to be improved because concave and
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Fig 2. Flowchart showing the overall process of landform delineation.

https://doi.org/10.1371/journal.pone.0259651.9002

convex landforms cannot be sufficiently explained by relief. The basic principle for extracting
concave and convex landforms from the DEM is to calculate the relative value of geomorphic
surface based on the average elevation. If the DEM minus the average elevation of a landform
is a positive number, the landform is classified as a convex landform, and if it is a negative
number, the landform is classified as a concave landform.

For analysis of the sloping landforms, the landform classification technique developed by
Zimmermann [41] to determine the topographic position index (TPI) was calculated. The TPI
compares the elevation of each cell in a DEM to the mean elevation of a specified neighbor-
hood around that cell [42]:

ZimmermanTPI = DEM — Mean

where DEM is the elevation of each cell and Mean is the mean elevation for the adjacent cell.
In addition, a normalized surface to normalize the roughness of the TPI was calculated. Nor-
malized surface measures the topographic position of local relief normalized to local surface

roughness [43]:

ZimmermannTPI — ZimmermannTPI

mean

N lized S =
ormalized Surface ZimmermannTPI,

where ZimmermannTPl,,,,,, is the mean of ZimmermannTPI, and ZimmermannTPI, is the
standard deviation of ZimmermannTPI. Zimmermann’s slope landform classification is
appropriate for the classification of four landforms (ridge, toe slope, slope, and valley), unlike
many slope landform classifications suggested by other TPI analysis methods. Many slope
landform classification methods are based on measured values, rather than landform classifica-
tion from a geomorphologic perspective, and have limitations for classifying landforms with
respect to their potential as biological habitats.

Spatial information for the watershed and linear stream systems was extracted from the
DEM using the hydrological modeling tool in ArcGIS 10.1. The watershed and stream net-
works were extracted as follows. The Fill function was applied to remove sinks and peaks,
which can affect the extraction of drainage basins. Next, the flow values in eight directions on
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the slopes and ridges were calculated using the Flowdirection function. The cumulative flow
value was calculated by applying the Flowaccumulation function using the flow values in eight
directions. Lastly, the watershed and stream networks were extracted by applying the cumula-
tive flow value as the threshold.

To construct polygonal stream system spatial information, the watershed information was
extracted from the land use map for South Korea. For North Korea, it was extracted by synthe-
sizing the regions with values < 0 for the normalized difference vegetation index (NDVI)
derived from the Sentinel 2 images the supervised classification of the Sentinel 2 images.

The lake and lagoon landforms were classified from satellite images and land use maps. Fur-
thermore, wetlands formed by sedimentation on the bed of watersheds that flow into artificial
or natural lakes, which are difficult to identify through satellite images and land use maps,
were extracted using the following method. The lakes were clipped from the water network in
the order in which they were extracted during hydrological modeling, and the nodes of the
lake boundaries were extracted from the clipped watersheds. After extracting information
about the start and end points of the extracted nodes, the slopes of the end points correspond-
ing to the inflow points were calculated. Then the areas in watersheds with slopes of < 5
degrees that were within 200 m of a lake boundary were first selected as candidate wetlands.
Finally, the areas whose NDVI values were > -0.2 and < 0.3 were extracted from the Sentinel 2
images and overlapped with the candidate areas; whether they were wetlands or not was veri-
fied through the Google Earth images. For areas that needed improvements, their boundaries
were created by headup digitizing.

For the Baekdudaegan, based on the watersheds and stream systems extracted by specifying
the threshold of 2,000 for hydrological modeling, the first order streams and the watershed
ridges that border them were extracted. Next, the boundaries of the Baeckdudaegan were estab-
lished by referring to the history book “Daegan” by San Gyoeng Pyo.

Statistical analysis

Factor analysis was conducted for each main and sub-habitat to analyze the main variables
influencing the main and sub-habitats, which are topographic spatial units, as ecological areas.
Eleven environmental parameters were used in the factor analysis: mean elevation (elev), max-
imum elevation (elevmax), precipitation (precipt), temperature (temper), biodiversity (biodiv),
geodiversity (geodiversity: geodiv), coldness index (cold), continentality (cont), warm index
(warm), slope, and aspect. Among these parameters, mean elevation, maximum elevation, and
precipitation were analyzed by reverse scoring because they have negative correlations with
other parameters and large deviations in their values; they may be calculated as negative scores
as a result of principal component rotation. Based on the results of the analysis, the effective
factors whose values were > 1 were selected, and orthogonal rotation of the varimax method
was performed to identify correlations between the factors.

Indicator species analysis

To confirm the differences in the composition of plant species according to the habitat type,
indicator species by main habitat type were analyzed using plant information of 929,373 indi-
viduals corresponding to 268 species. The analysis of indicator species is used to assess the rep-
resentativeness of biological species for a specific group [44]. In this study, the indicator
species for the Category 1 habitats were extracted using the presence/absence data for the plant
species that appeared in each sub-habitat spatial unit. For the analysis of indicator species, the
‘multipatt’ function in the ‘indicspecies’ package of R (https://cran.r-project.org/bin/windows/
base/, 4.0.2) was used [45].
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Results

Landform classification
To categorize the habitats into topographic spatial unit, the landforms were classified into Cat-
egory 1 (1:5,000,000 scale), Category 2 (1:1,000,000), Category 3 (1:50,000 to 1:25,000), and

Category 4 (under 1:5,000) as shown in Table 2 (Figs 3 and 4).

The number of landform types classified by scale were 7, 16, 36, and 63 for Categories 1, 2,
3, and 4, respectively. The Baeckdudaegan and DMZ were classified into 7 and 9 zones,

Table 2. Hierarchical landform classifications by scale.

Category 3 (1: 50,000 ~ 25,000)

Category 4 (Under 1:5,000)

Category 1 (1:5,000,000) Category 2 (1:1,000,000)
Mountains High Elevation Mt. Mt. Granite Magma plateau
Mt. Gneiss Series Highland flat
Mt. Tertiary Layer Karst basin
Middle Elevation Mt. Mt. Limestone Karst flat
Mt. Pyroclast Wetland Mt.
Volcanic Mt. Algific talus slope
Piedmont
Piedmont Lava plateau Ridge
High flat Valley
Limestone basin Ridge saddle
Drainage divide Isolated mountain Rock block
Drainage divide Mountain cliff
Creator
Water and lake Mountain bog
Water and lake Wetland in lake Doline wetland
Inland erosion basin Drainage divide
Caldera basin Water and lake
Wetland in lake
Plains Alluvial plains Coastal plains Bar and grassland

Waterway and wetland

Inland plains

Small irrigation ponds and canals

Undulating hills

Delta plains Small inland plains
Small coastal plains
Water and lake Inland wetland
Isolated low hills
Wetland in lake Low relief gentle slope
Paddy field wetland
Low gentle slope Water and lake
Wetland in lake

Fluvial landform

Incised meander stream

Rocky channel

River terrace

Alluvial island

Sand and gravel channel

Riparian wetland

Riverside wetland

Meander stream

Silt and mud channel

Braided stream channel

Bar

Water and lake Riparian zone
Stream and lake
Wetland in lake Wetland in lake
Fluvial cliff
(Continued)
8/22
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Table 2. (Continued)

Coastal landform

Category 1 (1:5,000,000) Category 2 (1:1,000,000) Category 3 (1: 50,000 ~ 25,000) Category 4 (Under 1:5,000)
Uplift coast Rocky coast Coastal terrace
Rocky beach
Sand coast Sand beach
Rias coast Sand and mud Coast Sand and mud Beach

Island

Baekdudaegan
DMZ

https://doi.org/10.1371/journal.pone.0259651.t1002

Sand and gravel beach
Tidal flat
Sand and gravel Coast Mixed Coast
Sand dune wetland
Mud coast Sand dune
Salt marsh
Volcanic coast Lagoon
Mixed coast Coastal cliff
Headland
Island Island Mud beach
Salt marsh
Sand beach
Sand dune
Volcanic island Volcanic island Lagoon
Tidal flat
Cliff
Coastal terrace
Baekdudaegan Baekdudaegan Baekdudaegan ecozone
DMZ DMZ DMZ ecozone

respectively, according to their landform, elevation, geological features, and hydrological char-
acteristics (Table 3).

Biological classification of landform types

The six categories of terrestrial habitats——Baekdudaegan, DMZ, islands, coastal habitats, and
two specific island habitats (Jeju Island and Ulleung Island)-—were classified into 62 main hab-
itats. These 62 main habitats were classified according to the mountain systems, elevations,
and geological features. They were divided into habitats within the northern, central, and
southern climate zones (Fig 5).

The sub-habitats, in which each main habitat type is subdivided in consideration of topo-
graphical and biological factor, were classified into 437 habitats. In addition, six habitats in
Baekdudaegan, nine habitats in the DMZ, six habitats in coastal habitats, two specific island
habitats, and other island habitats were additionally classified, resulting in 461 sub-habitats in
total. More detailed classifications were not made because individual landforms play the role
of habitats with respect to individual organisms and communities (category 4 in S3 File)

Major factors contributing to landform classification

As a result of analyzing the main habitats, three habitats whose values were > 1 were selected.
The communality (h2) was 0.3 or higher for all habitats, indicating communality among the
variables. h2 is a definition of common variance that ranges between 0 and 1, and if it is 0.3 or
more, the commonality between variables is considered to be high. The total proportion of
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Table 3. Number of landform types.

Landforms
Mountains
Plains
Fluvial landform
Coastal landform
Island
Baekdudaegan
DMZ
Total

https://doi.org/10.1371/journal.pone.0259651.t003

Category 1 Category 2 Category 3 Category 4
1 5 15 18
1 2 6 12
1 2 5 10
1 3 6 13
1 2 2 8
1 1 1 7
1 1 1 9
7 16 36 77

variance was 46% for rotated component (hereafter, abbreviated as RC) 1, 21% for RC2, and
16% for RC3. Thus, the explanatory power was 83% of the total variance (Table 4).

The factor analysis result showed that RC1 had high temperature, warm index, and coldness
index values, followed by elevation and maximum elevation values (Table 5). RC2 was the
main habitat affected by slope, biodiversity, and geodiversity. For the RC3 factors, aspect was
high. This result suggests that the main factors for the RC1 ecological area are weather factors,
whereas, for RC2 and 3 factors, the local landform elements, slope, and aspect are the factors
that influence the biological communities.

In the factor analysis, the sub-habitats were selected by four factors, and these factors
explained 84% of the total variance. As a result of the sub-habitat factor analysis, the RC1 factor
influenced by temperature, coldness index, and elevation. The RC2 factor influenced by eleva-
tion and maximum elevation. The RC3 factor influenced by aspect. The RC4 factor influenced
by biodiversity and geodiversity habitats. Furthermore, elevation, biodiversity, geodiversity,
coldness index, and aspect were found to influence the sub-habitat factors. The factor analysis
results for the main and sub-habitats indicate that the environmental factors of aspect, slope,
landform and biodiversity had greater effects on the local biological communities.

Indicator species for landform types

As a result of the indicator species analysis, statistically significant indicator species were deter-
mined for 29 of the 62 major landform types of the habitats in the Korean Peninsula (p<0.05, S4
File). The indicator species by habitat type and the indicator index by species are listed in Table 6.
The indicator index and number of indicator species were high in Jeju Province, Gangwon Prov-
ince, Mt. Baekdu, and Gaema Plateau. There were 79 indicator species representing the Jeju Prov-
ince, and these included Jeju-endemic species, including Sasa palmata (Bean) E.G.Camus,
Peracarpa carnosa var. circaeoides (F.Schmidt ex Miq.) Makino, and Angelica japonica A. Gray.
There were 24 indicator species for the Gangwon Province, and these included Veronica kiusiana
var. diamantiaca (Nakai) T. Yamaz., Androsace cortusaefolia Nakai, and Bupleurum euphorbioides
Nakai, which were observed in the Baekdudaegan. There were 13 indicator species for the Mt.
Baekdu and Gaema Plateau, including subantarctic species such as Picea jezoensis (Siebold &
Zucc.) Carriére, Larix gmelini var. principisru-prechtii, and Betula microphylla var. coreana (Fig 6).

Discussion
Considerations for classification method development

Classifying landforms into ecological spatial units can explain trends in the distributions of
organisms and habitats across the Korean Peninsula; this differs from academic research on
either morphogenic processes or geomorphological causes. In particular, the landform
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Table 4. Explanatory power of each factor.

Explanation

SS loadings

Proportion of variance
Cumulative variance
Proportion explained

Cumulative Proportion

RC1
5.02
0.46
0.46
0.55
0.55

Main Habitats Sub-habitats
RC2 RC3 RC1 RC2 RC3 RC4
2.36 1.73 3.51 2.59 1.56 1.51
0.21 0.16 0.32 0.24 0.14 0.14
0.67 0.83 0.32 0.55 0.70 0.83
0.26 0.19 0.38 0.28 0.17 0.16
0.81 1 0.38 0.67 0.84 1.00

SS loadings, RC indicate sum of squared of loadings, rotated component, respectively.

https://doi.org/10.1371/journal.pone.0259651.t004

Table 5. Factor analysis results.

Variables

elev
elevmax
precipt
temper
biodiv
geodiv
cold
cont
warm
slope

aspect

RC1
0.76
0.73
-0.83
0.96
-0.23
0.18
0.94
-0.57
0.95
-0.33
-0.03

RC2
-0.5
-0.48
-0.36
-0.18
0.73
0.7
-0.11
-0.07
-0.25
0.78
-0.05

formation process, which is the focus of the field of geomorphology, is an analysis and inter-
pretation of the Cenozoic quaternary ice age and periglacial environments. Thus, it is difficult
to generalize it to the relationships with biological habitats.

The classification of landforms as habitats requires a classification system that can explain
the presence/absence of animals and plants to the unit of species according to the spatial scale.
Organisms may occupy a surface continuously or temporarily, but not every species is present
in every topographic space. In particular, plants are more dependent on the habitat environ-
ment than animals that can migrate. Therefore, to reflect this, spatial units for landform classi-
fication were established in this study.

DEM stores numerical data for continuous heights of landforms and is a representative
dataset used to extract landform types. DEM can be used to classify landforms, such as slopes,
alluvial landforms, and plains. TPI method of using DEM belongs to the category of slope
landform classification because it classifies spatial scopes, ranging from mountain peaks and
ridges to the lowest point above sea level. This method is appropriate for classifying sloping
landforms, but it has the problem of extracting landforms differently from the actual land-
forms because the classification result is affected by the resolution and the range of adjacent
cells [9, 46]. To address this problem, Jasiewicz and Stepninski [47] used a geomorphon classi-
fication method, which analyzes the landform distributions as patterns among the cells and
margins, and other studies have used a method of adjusting the clustering threshold [22, 48—
55]. However, a pattern classification method using geomorphic surface similarity or statistical

Main Habitats Sub-habitats

RC3 h2 u2 RC1 RC2 RC3 RC4 h2 u2

-0.21 0.88 0.121 0.63 0.63 -0.19 -0.2 0.86 0.137
-0.19 0.8 0.201 0.45 0.82 -0.17 -0.19 0.94 0.059
-0.16 0.85 0.152 -0.81 0.15 -0.24 -0.14 0.75 0.249
-0.19 0.99 0.013 0.89 0.37 -0.16 -0.12 0.97 0.032
-0.09 0.59 0.409 -0.17 -0.29 -0.33 0.69 0.7 0.301
-0.23 0.58 0.424 0.07 -0.03 0.22 0.86 0.8 0.2

-0.27 0.97 0.028 0.92 0.3 -0.2 -0.09 0.98 0.024
0.68 0.79 0.21 -0.72 0.06 0.51 0.1 0.8 0.202
-0.12 0.97 0.029 0.12 -0.91 -0.06 0.03 0.85 0.152
0.28 0.79 0.21 -0.23 -0.59 0.44 0.39 0.75 0.249
0.95 0.91 0.091 -0.1 -0.12 0.87 0 0.78 0.225

RC, h2, u2 indicate rotated component, communality value between variables, unique variance value, respectively.

https://doi.org/10.1371/journal.pone.0259651.t005
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Table 6. Number of indicator species in each habitat.

Habitats Indicator species number Habitats Indicator species number
Group 10 7 Group 34 1
Group 12 8 Group 35 79
Group 13 1 Group 40 2
Group 15 6 Group 41 6
Group 16 9 Group 46 2
Group 18 1 Group 47 4
Group 19 1 Group 49 1
Group 20 1 Group 51 1
Group 22 1 Group 54 1
Group 23 1 Group 56 1
Group 24 5 Group 57 24
Group 28 1 Group 58 12
Group 30 1 Group 59 12
Group 31 1 Group 501 5
Group 33 6

Total 201 species

https://doi.org/10.1371/journal.pone.0259651.1006

classification methods have limitations in classifying landforms created by polygenetic pro-
cesses because the landforms created by polygenetic processes are rarely distributed in a con-
tinuous catena from high to low elevations [1, 2, 56, 57].

These methods tend to be consistent as a whole at the small scale of the national unit, but
when it is expanded to the larger scale of regional unit, the resulting landforms may differ
from the actual landforms, even though the statistical significance is high. Therefore, to
improve the limitations of the geomorphometric landform classification method, a logical
method for extracting the habitats and actual landforms from satellite images and land use
maps must be applied.

As explained above, when extracting landform elements as vessels for holding biodiversity,
the geomorphometric analysis technique cannot reflect the habitats of organisms sufficiently
[58-63]. Furthermore, the conditions and data (satellite images, land use map, and various
field survey data) for explaining the morphogenic mechanism of the landform extraction pro-
cess need to be supplemented. The macroscopic distribution trends for vegetation belts and
the habitats of animals with large home ranges can be identified by classifying large landforms
or the landforms within national units. However, in order to establish the landform basis for a
biological habitat system, it must be linked with the species distribution patterns affected by
the medium or smaller habitats that can be identified [64]. Landform classification needs to
include biodiversity and habitat distribution, for which a methodology that reflects the distri-
bution characteristics of biological factors at a spatial scale is necessary [65].

Landforms can be considered environmental factors that determine the characteristics of
species habitats according to the spatial scale and location. Linking landform types with species
habitats ranging from broad trends in the national distribution of biota down to the level of
small habitats can contribute to our understanding of the spatial distribution patterns of spe-
cies and biodiversity conservation [16, 57]. Therefore, this study employed the supplementary
data (satellite images, land use map, and various field survey data) required for the classifica-
tion of small and medium-sized habitats in addition to DEM to enable landform classification
across multiple habitat scales (Table 7).
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Table 7. Data types for landform classification.

Data
DEM

Digital geology map
Digital topographic map
Sentinel 2

Google Earth image
ROK Land Use Map

DPRK Land Use Map

WorldClim data
Algific talus slope

National Ecosystem Survey

DPRK Biological Species and
Distribution in Mt. Baekdu

DPRK Flora and Fauna of Coreana
National Boundary Map

Data Application

Mountain, Ridge, Valley, Piedmont, Basin, Drainage
divide, River terrace, Coastal terrace, etc.

Differential weathering landform, Habitat
Largescale landform elements

Wetland, Lagoon, Delta, Sand dune, Tidal flat, Mt.
Meadow, Stream sand bar, Land use, etc.

Karst landforms, Small wetland

Land use, Small irrigation pond, Irrigation canal, Paddy
wetland, etc.

Land use, Small irrigation pond, Irrigation canal, Paddy
wetland, etc.

Soil weathering zonation, Warm index, etc.

Algific talus slope and boreal plants information

Coastal landforms, Biota, Biodiversity

Plateau landform and biota in Mt. Baekdu

Habitat and biota in North Korea

Coastal landform

https://doi.org/10.1371/journal.pone.0259651.t007

Source Note
SRTM 30 m (https://earthexplorer.usgs.gov/) Digital
data

Korea Institute of Geoscience and Mineral
Resources (https://data.kigam.re.kr/)

Korea National Geographic Information Institute
(http://map.ngii.go.kr/)
Santinel2 10 m (https://earthexplorer.usgs.gov/)

Google Earth Pro 7.3.4

Korea Ministry of Environment (https://egis.me.go.
kr/)

Landsat8 30 m (https://earthexplorer.usgs.gov/)

WorldClim Homepage (https://worldclim.org/)

Korea National Institute of Ecology [18], Published | Field survey
Papers [11, 19, 20] data

Korean National Institute of Ecology [18]
Science & Technology publishing House [24-36]

Science & Technology publishing House [24-36]

Korea National Geographic Information Institute
(http://map.ngii.go.kr/)

Furthermore, general landform classification methods that rely on statistical analysis tech-

niques, such as multivariate statistical analysis and maximum likelihood classification using

the DEM, have the disadvantage of coinciding with the actual landform distribution and not
being separate from it in the environment of the Korean Peninsula, which is geologically old
and is subject to active morphogenic processes. Therefore, in this study, we incorporated
research findings as well as previous experience concerning the geomorphological landscapes
of the Korean Peninsula to the landform classification.

Characteristics of landforms and flora in the Korean Peninsula

With respect to mountain landscapes, the bedrocks that have the largest effect on the geomor-
phological landscapes of the Korean Peninsula are granite and gneiss [57]. Granite mountain
landscapes are generally called “mountains with rock block and soil” because of their many
rock exposures. In areas where weathering has progressed, soils and piedmonts with a soil
depth of more than 10 m are well developed [56]. In contrast, in gneiss mountain landscapes,
the surface soil layer covers the entire landscape, and they are called “mountains covered with
soil” [66].

The factors required for plant growth are temperature, precipitation, and organic matter.
The factors affecting the growth of plants include elevation, soil moisture, and latitude, which
affect the habitats and distributions of animals and plants [1, 4, 6]. There is a difference in soil
moisture between concave and convex slopes on the surface. Xerophilic vegetation mainly
lives on the convex slope, whereas hydrophilic vegetation mainly lives on the concave slope.
Due to these surface conditions, coniferous trees are outcompeted by broadleaf trees. In
Korean Peninsula, for example, natural maintenance of the Pinus densiflora forest was possible
only in the restricted sites such as rock outcroppings, weathered rocks, ridgetops, and the
sandy or pebble shores of streams where can escape competition with oak forests composing
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the late successional stage in the region [67]. Therefore, the establishment of strategies for con-
servation and management of biological habitats should be established in consideration of
macro-environmental factors such as temperature, precipitation and topographic factors such
as the shape of slopes, existence of water systems. The hierarchical habitat type classification
system derived in this study can be used to establish a management strategy according to the
spatial scale.

Indicator species were not found for some areas in North Korea except Mt. Baekdu and Gaema
Plateau, or for some parts of South Korea because of limitations in the survey method, selection of
target species, periodic biota surveys, and scope [24-36]. The reason for this is that natural envi-
ronment survey collected data randomly for the purpose of investigating biological resources in
South Korea, without limiting the target species and specific areas. On the other hand, periodic
biological surveys in North Korea were conducted on a limited basis, and a relatively small num-
ber of flora data were used for the analysis due to restrictions on information accessibility.

Proposal for conservation of wildlife habitats

When there is no habitat or the existing habitat is damaged, species become extinct or seek out
a new habitat. The factors threatening species habitats include developmental activities by
human and climate change. On the Korean Peninsula, disruptions to biological habitats are
ongoing because of urban development in South Korea and the expansion of farmlands into
forests, wetlands, and tidelands to address food insecurity in North Korea.

When landforms as habitats are damaged by human development or natural disasters, their
restoration to their original condition may be impossible or infeasible because of time and cost
considerations. Therefore, landforms must be preserved because damage to landforms means
semi-permanent loss of species habitats.

The conservation value of landforms as habitats can be classified into absolute conservation
areas, transition areas, and areas for coexistence with humans. The absolute conservation area is
a threatened area where important biota, such as endangered and endemic species, would disap-
pear without human intervention. Transition areas are at the boundary between absolute conser-
vation area and areas for coexistence with humans, where human development pressure is
applied. Therefore, the habitat functions can be maintained to some degree if appropriate
replacement and conservation measures are applied when the habitats are developed by humans,
although they are required for inhabitation of biota. Transition areas should be conserved
because habitat fragmentation and disconnection among suitable habitat patches degrades the
habitat function [68, 69]. The area for coexistence with humans is an area where the landforms
are damaged and can be developed for human economic activities and residence.

Based on this concept, the conservation values of landform elements for conservation of
species habitats were classified into (I) absolute conservation areas, (II) transition areas, and
(IIT) areas for coexistence with humans (Table 8).

The absolute conservation areas are (I) topographic spaces that are impossible to recover once
damaged, where endangered species and endemic species can live. Some endangered species and
endemic species live in transition areas (II), but common species live there in general. The area
for coexistence with humans (III) is a topographic space inhabited by species that are ubiquitous
across the Korean Peninsula. The areas where anthropogenic land use is ongoing were classified
as III because they were already degraded and lost their function as species habitats (S5 File).

Conclusion

The habitat spaces for wildlife species in the Korean Peninsula were classified, and the ecologi-
cal areas were categorized into habitats types through the classification of landform elements.
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Table 8. Conservation criteria for each of the landform categories.

Landforms (Habitats) Human Impact Geodiversity Biodiversity = Conservation Value

| None High High — |
Low High — |

Low Low — Il

I Moderate Middle Middle — Il

I High Low Low — 1]
Il None High High — |
Low High — Il

Low Low — 1]

Il Moderate Middle Middle — Il
I High Low Low — Il
I} None High High — |
1] Moderate Middle Middle — 1]
I} High Low Low — Il

https://doi.org/10.1371/journal.pone.0259651.t008

To analyze these landforms, they were classified by applying raster modeling, map algebra, and
spatial query techniques. The landforms were classified into 7 Category 1 types of mountains,
plains, alluvial landforms, coastal landforms, islands, Baekdudaegan, and DMZ, 16 Category 2
types, 36 Category 3 types, and 63 Category 4 types. Based on this landform classification sys-
tem, the habitat spaces for species were classified into 62 main habitat types and 437 sub-habi-
tat types.

The significance test results showed that temperature, geodiversity, biodiversity, slope
angle, and aspect were the main factors that influenced the classification of landform habitat
types. The indicator species analysis for each habitat type showed that the number of indicator
species was high in Jeju Province, Gangwon Province, and Gaema Plateau.

Topographic spaces as biological habitats are being damaged by climate change and human
development. When landforms are damaged, the biota must shift their habitat or face threats
to their survival. Therefore, we proposed a conservation value classification system consisting
of grades I, II, and III based on our classification of landforms to address landform
conservation.
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