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Over the past century, the decline in biodiversity due to climate change and habitat loss has become unprece
dentedly serious. Multiple drivers, including climate change, land-use/cover change, and qualitative change in
habitat need to be considered in an integrated approach, which has rarely been taken, to create an effective
conservation strategy. The purpose of this study is to quantitatively evaluate and map the combined impacts of
those multiple drivers on biodiversity in the Republic of Korea (ROK). To this end, biodiversity persistence (BP)
was simulated by employing generalized dissimilarity modeling with estimates of habitat conditions. Habitat
Condition Index was newly developed based on national survey datasets to represent the changes in habitat
quality according to the land cover changes and forest management, especially after the ROK’s National
Reforestation Programme. The changes in habitat conditions were simulated for a period ranging from the 1960s
to the 2010s; additionally, future (2050s) spatial scenarios were constructed. By focusing on the changes in forest
habitat quality along with climate and land use, this study quantitatively and spatially analyzed the changes in
BP over time and presented the effects of reforestation and forest management. The results revealed that
continuous forest management had a positive impact on BP by offsetting the negative effects of past urbanization.
Improvements in forest habitat quality also can effectively reduce the negative impacts of climate change. This
quantitative analysis of successful forest restoration in Korea proved that economic development and urbani
zation could be in parallel with biodiversity enhancement. Nevertheless, current forest management practices
were found to be insufficient in fully offsetting the decline in future BP caused by climate change. This indicates
that there is a need for additional measures along with mitigation of climate change to maintain the current
biodiversity level.

1. Introduction
The decline in biodiversity due to climate change and habitat loss is
unprecedentedly serious (Dirzo and Raven., 2003; Barnosky et al., 2011;
Ceballos et al., 2015; Augustynczik et al., 2019). In order to counter
these threats, international organizations have undertaken numerous
efforts with the goal of engaging willing signatory countries to protect
and sustain plant and animal biodiversity (Aichi Targets for 2020,
Parties to the United Nations, Convention on Biological Diversity, and
Sustainable Development Goals for 2030 of the United Nations). For

governments charged with the responsibility to establish national
biodiversity strategies and action plans, it is essential to objectively
measure biodiversity change over time and predict future changes for
successful biodiversity conservation. However, measuring all species
everywhere and over time is an impossible task (Pereira et al., 2013;
Branquinho et al., 2019).
To address this need, considerable scientific approaches have
attempted to develop quantitative predictions of biodiversity with
spatially-explicit scenarios of global change (Botkin et al., 2007). The
most common approach has been to project the changes in the
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distribution of individual species according to changes in their habitat
conditions (Guisan and Thuiller, 2005; Elith and Leathwick, 2009;
Guisan et al., 2017). Although these species-level predictions help in
conserving specific species, they are less relevant in establishing con
servation strategies for the overall biodiversity (Meyer et al., 2015;
Hoskins et al., 2019). Owing to these limitations, the focus is shifting to
total (gamma) diversity, encompassing species diversity in sites or
habitats (alpha diversity) and variations in species composition within a
region of interest (beta diversity) (Fitzpatrick et al., 2011; Blois et al.,
2013; Newbold et al., 2016; D’amen et al., 2017; Hoskins et al., 2019).
Biodiversity is affected by not only climate change, but also multiple
interacting driving forces, particularly land-use/cover change, which
rely heavily on socio-economic constraints and opportunities as well as
the physical environment of the region (Mantyka-Pringle et al., 2012;
Settele and Wiemers, 2015; Rounsevell et al., 2014; Lambin and Mey
froidt, 2011; Titeux et al., 2016). However, most studies predicting
biodiversity changes have dominantly focused on climate change pre
diction and toto a lesser extent have examined the role of land-use/cover
change (Titeux et al., 2016). In addition, habitat destruction and
degradation occur not only from the conversion of land cover types but
also from changes in the type of vegetation or changes in the way or
intensity of human use (Verburg et al., 2013; van Asselen and Verburg,
2013). Nevertheless, most studies have focused primarily on conversion
between types of land cover, but little attention has been paid to
land-use/cover changes within certain types of land cover (De Chazal
and Rounsevell, 2009; Stürck et al., 2014; Titeux et al., 2016). Changes
in land management regimes or intensity of use can change habitat
quality, which can strongly affect biodiversity (Pe’er et al., 2014). For
example, even in forests, which is a good habitat with high biodiversity
in general, the habitat condition may vary depending inter alia on the
origin, management method, age-class, disease and the surrounding
environment (Luque and Vainikainen, 2008). Therefore, in order to
more realistically predict biodiversity change, an integrated approach is
needed that considers simultaneously climate change, land-use/cover
change, and qualitative changes (Titeux et al., 2016).
The Republic of Korea (hereafter, ROK) is a remarkable study area to
analyze this integrated effect, as it has achieved rapid economic devel
opment with successful reforestation in a short period of time. After the
Korean War, a tremendous number of trees were planted throughout the
ROK under the National Reforestation Programme (1962–1987) (Kim
et al., 2008; Bae et al., 2014). Owing to these efforts, 63% of the ROK is
presently covered by forests. Although there has been a decline in the
forest cover due to urban expansion and climate change, the quality of
forests has improved through continuous forest management (Lee et al.,
2015; Cui et al., 2016; Kim et al., 2017). Studies suggest that this
large-scale reforestation has led to an increase in species richness (Bae
et al., 2014); however, no quantitative and spatial assessment has been
done on its impact on biodiversity, especially with respect to community
diversity at the national level.
In this study, biodiversity persistence (BP), which indicates the
proportion of species expected to persist over the long term (Di Marco
et al., 2019a), was simulated for plant species in the ROK, from the
1960sto the 2050s. We applied detailed national survey and environ
mental datasets to an approach that was established in studies con
ducted at a global scale to predict global extinction risk (Di Marco et al.,
2019a; Hoskins et al., 2019). In order to identify the impacts of past
reforestation programs on biodiversity, changes in land use and forest
habitat quality were simulated (1960s to present), and spatial scenarios
of future changes were constructed. Finally, by analyzing the changes in
BP in each scenario and period, the net effect of forest management on
biodiversity was also investigated.

2. Materials and methods
2.1. Study area
Fig. 1 demonstrates the study area, which comprises of the entire
ROK (33◦ 09′ to 38◦ 45′ N; 124◦ 54′ to 131◦ 06′ E). The ROK is a peninsula
located in the mid-latitude, which is influenced by the temperate
monsoon climate. Its annual average temperature is 10–15 ◦ C; more
over, its annual precipitation is 1000–1,800m, with 50–60% of the
annual precipitation in summer, from June to August (KMA., 2020). The
eastern region of Korea consists of mountainous regions, including the
Taebaek Mountain Range. From this range, the Sobaek Mountain Range
extends from the northeast to the southwest. Below the Korean penin
sula lies Jeju Island, which has a distinct climate and unique habitat.
2.2. Biodiversity persistence modeling in plant communities
It is necessary to establish biodiversity conservation strategies by
considering both species richness and diversity of species composition,
which are attributable to habitat diversity. At the national level, gamma
diversity is a useful concept for comparing biodiversity in different re
gions under different management scenarios (Noss and Cooperrider,
1994). To explore gamma diversity, this study followed the approach
described by Allnutt et al. (2008), which applied the concept of BP based
on the species-area relationship. The aforementioned approach converts
a proportional loss of habitat into an expected loss of species. Moreover,
Hoskins et al. (2019) and Di Marco et al. (2019a, 2019b) have applied
this approach to global biodiversity assessments to predict changes in
the BP under various scenarios of land cover and climate change. The
generalized dissimilarity modelling (GDM) was combined with the es
timates of global habitat conditions, which represented the proportional
species richness - expected to be retained by land-use class. Using
detailed national datasets, we reconstructed the models and habitat
condition maps to better reflect the domestic environment. Climate
change was applied as the input variables for GDM to derive composi
tional dissimilarity of species. Moreover, changes in land-use and
habitat quality were reflected in habitat condition maps by simulating
time-series BP (Fig. 2).
GDM statistically analyzes and projects spatial patterns of turnover
in community composition (beta diversity) across large regions (Ferrier
et al., 2007; Fitzpatrick et al., 2011; Laidlaw et al., 2016; Drielsma et al.,
2017; Ware et al., 2018). Moreover, it measures and predicts the
dissimilarity in species composition, depending on the differences in
environmental variables among sites. It assumes that species turnover
rate increases with environmental differences and spatial distances.
A total of 204,218 records of 2,940 plant species, except six exotic
species, were obtained from the 3rd national ecosystem survey dataset
(2006–2013) and were used to fit the GDM models. Environmental
variables consisted of 23 bioclimatic variables, which included four
variables that were known to affect the distribution of Korean plants,
namely Warmth Index (WI), Minimum Temperature of the Coldest
Month Index (MTCI), Precipitation Effectiveness Index (PEI), and
Growing Degree Days (GDD) (Choi et al., 2011). Furthermore, the data
included 19 bioclimatic variables that were frequently employed in
species distribution modeling (Table 1). We used the CHELSA (Clima
tologies at high resolution for the earth’s land surface areas) climate
dataset (Karger et al., 2017) at 30 arcsec resolution, which is approxi
mately 1 km. Monthly climate average (monthly minimum, maximum,
and mean temperature, and precipitation) was generated over the
period from 2004 to 2013 to coincide with the species survey period. In
addition, we used a standard Digital Elevation Model (National Envi
ronment Information Network System), national soil data (Korean Soil
Information System), and level-2 land cover map produced in 2007 by
the Ministry of Environment (MoE).
BP was calculated using equation (1), as described in detail by All
nutt et al. (2008) and Di Marco et al. (2019a).
2
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Fig. 1. Basic spatial information on the Republic of Korea: elevation map (left); and land cover map (right).

Fig. 2. Research flow for the construction of Biodiversity persistence map in a time-series.

∑j=n
0.25
j=1 Sij hj
pi = [ ∑j=n ]
j=1 Sij

plant species in Korea, i.e., 7,833 (National Biodiversity Center, 2019).
However, it is important to clarify that this number is not an absolute
estimate because the main interest of this study lies in comparing the
relative effects of forest management or land use and climate change,
rather than accurately predicting the number of endangered species in
each scenario.

(1)

Here, the denominator represents the potential area of an ecological
environment similar to cell i, calculated as the sum of pairwise similarity
(sij) to the all other cells j. By multiplying this similarity (sij) with the
actual habitat condition (hj) in the numerator, which represents the
actual area of similar ecological environments under current environ
ments, we obtain the proportion of species expected to persist (pi) in the
long term. A detailed description of habitat condition (hj) is provided in
the following section 2.3. For a better understanding, BP (p) is translated
into extinction rate (1 − p), which is the proportion of species expected
to become extinct over a long term as a consequence of climate and landuse conditions (Di Marco et al., 2019a). We also report the number of
species expected to become extinct using the total number of native

2.3. Constructing national habitat condition map
Habitat conditions that were applied in previous studies on a global
scale are based on statistical downscaling, thereby rendering them
inadequate in reflecting regional differences. Thus, we developed new
coefficients to represent the degree to which species can be supported in
each land-use type by using precise national datasets of species distri
bution and detailed land cover map. Given that better habitat quality
3
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Table 1
Environmental variables for Generalized Dissimilarity Modelling (GDM).
Variable
name

Description

Source

Bio1
Bio2
Bio3
Bio4
Bio5

CHELSA (2004–2013)

GDD
DEM

Annual mean T (◦ C)
Annual mean diurnal range (◦ C)
Isothermality (%)
T seasonality (◦ C)
Maximum T of the warmest
month (◦ C)
Minimum T of the coldest month
(◦ C)
Annual T range
Mean T of wettest quarter (◦ C)
Mean T of driest quarter (◦ C)
Mean T of warmest quarter (◦ C)
Mean T of coldest quarter (◦ C)
Annual precipitation (mm)
Precipitation of the wettest
month (mm)
Precipitation of the driest month
(mm)
Precipitation seasonality (%)
Precipitation of wettest quarter
(mm)
Precipitation of driest quarter
(mm)
Precipitation of warmest quarter
(mm)
Precipitation of coldest quarter
(mm)
Warmth Index
Minimum Temperature of the
Coldest Month Index
Precipitation Effectiveness
Index
Growing Degree Days
Altitude

LC
Soildepth

Land cover map –level 2 (2007)
Effective soil depth

Bio6
Bio7
Bio8
Bio9
Bio10
Bio11
Bio12
Bio13
Bio14
Bio15
Bio16
Bio17
Bio18
Bio19
WI
MTCI
PEI

Table 2
Coefficients of conversion of land-use classes into habitat condition values.
Explanation

Coefficients

1st-grade
forest
2nd-grade
forest
3rd-grade
forest
4th-grade
forest
Semi-natural
pasture
Farmland

Natural forests of more than 50 years old &
Planted forests of more than 60 years old
Natural forests of more than 40 years old &
Planted forests of more than 50 years old
Natural forests of less than 30 years old & Planted
forests of less than 40 years old
Forests without origin or age information

1

Land covered with herbaceous plants in use as
farm, golf courses, cemeteries, etc.
Dry lands for growing grains, fruit trees,
vegetables, etc.
Lands naturally covered with herbaceous plants

0.501153

Mining area, playgrounds, etc.

0.323916

Submerged farmland for growing rice
Urbanized area including residential, industrial
areas, etc.
A house plantation, orchard, and other cultivation
areas
A beach, riverbed, and rock

0.323029
0.312521

Natural
pasture
Artificial bare
land
Rice paddy
Urban
Other cropland
Natural bare
land

0.920974
0.824761
0.651241

0.500167
0.417373

0.292475
0.098008

Survey datasets, and 550,075 records of 278 species from the 5th Na
tional Forest Inventory (Kim et al., 2010, 2013; Park et al., 2016). The
level-2 land cover map (2007) and the 5th forest type map (2006–2010)
were used as reference land use and forest grade maps to generate co
efficients. After calculating the HCI for each land cover type, the co
efficients were derived at a proportion that was relative to the highest
value of the 1st-grade forests, assuming that it was a pristine environ
ment. The derived coefficients, which reflect the unique habitat envi
ronment of the ROK, are provided in Table 2.

National Environment
Information Network System
Ministry of Environment
Korean Soil Information System

2.4. Land cover change modeling for past and future
Land cover for the past 1960s, 1970s and the future 2050s were
predicted by using the level 1-land cover maps of the 1980s, 1990s,
2000s, and 2010s that are provided by the MoE. This study applied the
machine learning process of the multilayer perceptron (MLP) neural
network in the Land Change Modeler (LCM) tool in TerrSet 18.31. The
LCM projects changes in the land cover by analyzing historical land
cover data (Clark Labs, 2017a). Moreover, it supports the MLP for model
development by establishing relationships between two historical land
cover layers and a set of potential explanatory variables that cause
changes in land cover. The MLP, which is one of the most widely used
neural network models (Shade and Kremer. 2019), calculates the tran
sition potential over time using the back-propagation learning algorithm
(Clark Labs, 2017b). Using these transition potential models, the LCM
predicts the expected quantity of change and the competition in land
allocation through the Markov chain analysis in order to determine the
land cover at specific time in the future (Clark Labs, 2017b).
In order to simulate land cover in the past 1960s and 1970s, this
study constructed a backcast model based on the analysis of changes in
the 1980s and 2000s. To predict future land cover, the land cover maps
of the 2000s and 2010s were used to construct a forecast model with the
predicted change rate of land cover under the Shared Socio-economic
Pathways (SSPs). The SSP3 scenario (regional rivalry) was our main
scenario, which demonstrated the worst effect on biodiversity due to the
expansion in the most prominent urban area as well as forest loss (Song
et al., 2018).
We used altitude, slope, aspect, distance to cropland, forests, urban
and roads; effective soil depth, and the Environmental Conservation
Value Assessment Map (ECVAM) as explanatory variables (Table 3).
Legally protected areas were also incorporated as a constraint option.
For land cover types except for forests, croplands and urban, which

leads to greater species diversity and support more individuals, we
considered both the number of species and the number of organisms
simultaneously. Thus, the Habitat Condition Index (HCI) was created by
dividing the product of the total number of species and individuals by
the area of each land cover type. (Equation (2)). In this way, the HCI
demonstrates that a habitat condition is considered to be better when
many species live in the same area, or when the population is large.
Habitat  Condition Index =

Land use class

√̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(number of species)*(number of individuals)
Area
(2)

By considering land-use type as a unit, forests were divided into four
classes based on their naturalness. Naturalness is a concept character
ized by the more natural the ecosystem is if its state is more similar to the
expected natural state (Winter 2012; McRoberts et al., 2012). The
naturalness of the forests has been used as an important factor in
assessing forest biodiversity and the need for natural conservation
(Larsson. 2001; ÐAUDYTË et al., 2005; Song et al., 2012). Thus, this
study employed naturalness to classify the forests based on criteria in the
Environmental Conservation Value Assessment Map (ECVAM), which
indicates the current environmental values created by MoE. The criteria
of naturalness include origin of forests (natural or planted forests), and
age-class; this study classified forests into three naturalness grades by
applying these criteria (Table 2). Regions that were classified as “for
ests” on the land cover map but did not have any information on their
origin or age were termed as 4th -grade forests. Available occurrence
data of plant species were utilized to generate the HCI. A total of 764,
923 records of 4716 plant species were used by compiling a total of 214,
989 records of 4,439 species from the 2nd, 3rd, 4th National Ecosystem
4
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Table 3
Environmental variables for Land Change Modeler (LCM); which are converted to a raster at 1 km resolution.
Variable name

Description

Source

LC 1980
LC 2000
LC 2010
Distance to forests
Distance to cropland
Distance to Urban
Distance to roads
ECVAM
DEM
Slope
Aspect
Soil depth
Protected Area

Level-1 land cover map (1: 50,000)

Ministry of Environment

Derived from each period of LC using the Euclidean distance tool in ArcGIS 10.3

Author

Derived from the road links using the Euclidean distance tool in ArcGIS 10.3
Environmental Conservation Value Assessment Map (1:25,000)
Altitude
Derived from DEM using the slope tool in ArcGIS 10.3
Derived from DEM using the aspect tool in ArcGIS 10.3
Effective soil depth
Legally protected areas

Standard Node Link from National Transport Information Center
Ministry of Environment
National Environment Information Network System
Korean Soil Information System
KOREA Database on Protected Areas

constructed by MoE. However, only three phases of level-2 land cover
maps were provided; land cover maps produced from 2000 to 2004
(hereafter considered as land cover produced in 2002), in 2007, and
from 2010 to 2018 (hereafter considered as land cover produced in
2014). Therefore, we uniformly applied the level-2 land cover map
produced in 2002 and 2014 to the past and, future respectively.
Forest grade maps made from FTM, whose production period coin
cided with land cover map, were then applied to the “forests” to create
the final habitat condition maps. Table 4 demonstrates the combination
of land cover maps and FTM for each period. The level-1 and level-2 land
cover maps were provided by the MoE, and the FTMs were provided by
the Korea Forest Service. Data marked in blue represent the data that are
provided and the others were constructed for this study (Table 4). Thus,
habitat condition maps were generated for each study period by
combining level-1, level-2, and FTMs in the same row.
To assess the impact of climate change, CHELSA climate datasets were
used, that is the CHELSAcruts data for the 1960s and 1970s, the CHELSA
Time series data for the 1980s–2010s, and HadGEM2-AO climate model
data (RCP 4.5 and RCP 8.5) for the 2050s (Karger et al., 2017). Climate
data for each period were calculated as an average of 10 years and were
used to produce bioclimatic variables to estimate BP, as listed in Table 1.

account for more than 90% of the land area, it was assumed that the
status of the 2010s will continue to be maintained in the future because
there was no consistent trend of change.
2.5. Forest change scenarios
To simulate past forest change, we used the 1st–5th forest type maps
(FTM) of Korea provided by the National Institute of Forest Science
(NIoFS). The first FTM was produced in 1972 with a scale of 1:25,000; in
2009, the fifth forest type map was constructed at a scale of 1: 5000 to
provide more precise data (NIoFS, 2017). FTMs were constructed based
on digital aerial photos and field surveys. They provided a variety of
information on forests, including classification of stocked and
unstocked, origin, type, tree species, age class, tree diameter at breast
height (DBH) classes and crown closure (NIoFS, 2017). The age class
structures were grouped into 10-year intervals. Using this information,
we divided the forests into four naturalness grades (hereafter, forest
grades), based on the criteria presented in Table 2, and analyzed the
changes in time series.
Future forest changes were simulated to increase by one age class in
10-year increments (based on the 5th FTM) with logging scenarios for
timber production. The final cutting age was applied to the ‘timber
production forests’ which is classified in the national forest function
classification (NIoFS, 2004), with the assumption that logging would be
carried out only in those. In accordance with the national guidelines for
final cutting age by forests, the criteria applied to the final cutting age
was, as follows: 60 years for national forests and 40 years for public and
private forests. For example, national forests that reached 6th age-class
turned into 1st age-class in the timber production forests.

2.7. Validation
Although the results of BP are more suitable for evaluating the trend
in biodiversity persistence, the values itself cannot be readily detected.
Therefore, discrete classifications of plant communities that are deemed
to adequately represent the major spatial patterns for the distribution of
biodiversity were examined. Accordingly, the grade map of vegetation
conservation, which was created based on the national environmental
survey (2006–2013) of the MoE, was selected as reference data for
validation. This map was considered to contain information most similar
to BP, which indicates the degree of vegetation maintenance for a long
period of time. The grade of vegetation conservation was evaluated
based on human disturbance and natural value of vegetation: The 1st
grade is climax forest or natural forest similar to climax forest vegetation
with high naturalness; The 2nd grade is forest vegetation in a state that is
almost restored close to natural vegetation by secondary succession after

2.6. Integrated land use map with forest habitat quality
In order to create habitat condition maps, the simulated large-scale
land cover maps need detailed classification, such as classification of
paddy or farmland within the cropland. However, it was difficult to
simulate changes through the model due to a variety of land use types
with a small area. Thus, detailed land-use types were assumed to be
maintained as a level-2 land cover map with a 1: 25,000 scale

Table 4
A combination of land cover maps and forest type map for each period with climate data.
Lv1 land cover map

Lv2 land cover map

Forest type map

Final Habitats condition map

Climate data

1960s
1970s
1980s
1990s
2000s
2010s
2050s

2002 (2000–2004)
2002 (2000–2004)
2002 (2000–2004)
2002 (2000–2004)
2007
2014 (2010–2018)
2014 (2010–2018)

1st (1972–1974)
2nd (1978–1980)
3rd (1986–1992)
4th (1996–2005)
5th (2006–2010)
6th (2018)
10th (2058)

HCM
HCM
HCM
HCM
HCM
HCM
HCM

1961–1970
1971–1980
1981–1990
1991–2000
2001–2010
2011–2016
RCP 4.5 2050s
RCP 8.5 2050s

5

1960s
1970s
1980s
1990s
2000s
2010s
2050s
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disturbance; The 3rd grade is forest vegetation in the recovery phase due
to secondary succession or in the state still under the disturbance; The
4th grade is artificially afforested vegetation; and the 5th grade is sec
ondary vegetation, orchard, cropland or relatively green residential
area. For comparative analysis, the result of BP was also classified into 5
grades based on the distribution ratio of vegetation conservation grade
to the same extent.

urbanization around the metropolitan area and south-east coast region is
expected to increase significantly in the future. It seems to be well
simulated by the spread of new urbanized areas along with the widearea road network. Spatially, a lot of agricultural areas seemed to be
urbanized, but it is necessary to take a closer look at the type of land
covers that will be converted. There were no noticeable changes in the
rest of land covers, such as forests or pastures.
Table 5 summarizes the proportion of land cover for each period, and
Fig. 4 displays changes in the proportion of three major land cover types.
Urban areas expanded from 1.13% in the 1960s to 5.45% in the 2010s,
mainly by utilizing croplands (51% of the expanded area) and forests
(30.5% of the expanded area). In contrast, the cropland area continued
to decline from 24.66% to in the 1960s 18.75% in the 2010s due to the
expansion of urbanization and afforestation. In the case of forests, the
area increased from 66.33% in the 1960s to 68.43% in the 2010s;
however, the value differed from the national statistics, which showed a

3. Results and discussion
3.1. Land use and forest habitat quality change from the past to the future
(1960s–2050s)
The land cover change from the 1960s to the 2050s are featured in
Fig. 3. The most notable aspect was the expansion of urban areas around
major hub cities selected by the government policies. In particular,

Fig. 3. Land cover changes from past to future (1960–2050). Asterisk indicates predicted results.
6
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Table 5
Proportion of land cover from the past to the future (1960–2050). Asterisk indicates the predicted results (Unit: %).
Urban
Croplands
Forests
Pastures
Wetlands
Bare land
Water
Total

1960*

1970*

1980

1990

2000

2010

2020*

2030*

2040*

2050*

1.13
24.66
66.33
4.03
0.92
1.15
1.78
100.00

1.34
24.35
66.47
4.04
0.87
1.16
1.78
100.00

2.02
23.70
66.83
3.71
0.67
1.30
1.78
100.00

3.48
21.52
66.75
4.25
0.39
1.66
1.94
100.00

4.06
21.13
68.21
2.77
0.27
1.64
1.92
100.00

5.45
18.75
68.43
2.77
0.79
1.44
2.38
100.00

6.20
18.36
68.07
2.77
0.79
1.44
2.38
100.00

6.94
17.97
67.71
2.77
0.79
1.44
2.38
100.00

7.69
17.58
67.35
2.77
0.79
1.44
2.38
100.00

8.44
17.19
67.00
2.77
0.79
1.44
2.38
100.00

Fig. 4. Changes in proportion of major land cover types: urban, cropland, and forests. Asterisk indicates the predicted results.

decrease from 65,680 km2 in 1980 to 64,220 km2 in 2000 (Korea Forest
Service, 2016). This variation can be attributed to the difference in the
production method between statistical data and land cover maps, which
are based on site-survey and satellite images, respectively (Jeon et al.,
2013). Meanwhile, pastures saw a reduction due to forestation and ur
banization. Furthermore, although bare lands have been partially ur
banized, the total area of bare lands has increased as forests and
croplands have transformed into bare lands.
Compared to the 2010s, the proportion of urban areas will increase
by 2.99% in the 2050s, while croplands and forests will reduce by 1.56%

and 1.43%, respectively. The expanded urban areas will be sporadically
distributed nationwide. These predictions of future changes in land
cover are similar to the results obtained by Song et al. (2018), wherein
urban areas account for 7.03% of the entire land, 19.34% are croplands,
and 66.42% are forests. These values are based on the SSP3 scenarios in
the 2050s.
Fig. 5 demonstrates the changes in forest naturalness grades. Owing
to the conservation and reforestation efforts in the 1970s, the proportion
of 1st-grade and 2nd-grade forests increased from 27% to 41% in the
1960s to 29% and 45% in the 2000s, respectively. Considering that the
forest area did not change significantly, the overall habitat quality of
forests has greatly improved. In the future, assuming the scenario of
cutting the old trees in the timber production forests which accounts for
33.9% of the total forests, the 1st-grade forests will expand owing to a
steady increase in other forests assigned for natural environment con
servation, water retention, and such, while the proportion of 2nd-grade
forests will remain low.
Fig. 6 comprehensively displays the changes in land use and forest
grades. Even though urban areas have continued to expand since the
1960s, the quality of forests in terms of biodiversity has shown
improvement. In particular, the grade of conservation areas, including
Baekdudaegan (a major mountain range in the ROK), has significantly
improved.
3.2. An analysis of historical biodiversity persistence changes
A dissimilarity map was generated using the dissimilarity matrix that
was derived from GDM. This map displayed the relative ecological dif
ferences with other regions through the sum of dissimilarity with all the
other cells (Fig. 7a). The dissimilarity between cells was mainly affected
by geographical distance, Bio10 (Mean Temperature of Warmest
Quarter), Bio6 (Min Temperature of Coldest Month) and Bio2 (Mean
Diurnal Range). As a result, high-altitude mountain ranges, southern
coast, and islands showed high dissimilarities, thereby indicating that

Fig. 5. Changes in the proportion of forest naturalness grades. Asterisk in
dicates the projected results.
7

Y. Choi et al.

Journal of Environmental Management 288 (2021) 112400

Fig. 6. Land-use changes with forest naturalness grade from the past to the future (1960–2050).

these regions have different species composition compared to the other
regions.
These results also reflect the characteristics of Korea’s vegetation
distribution. Specifically, temperate forests are widespread in most
inland areas; coniferous forests and sub-alpine vegetation tend to appear
with an increase in altitude. In addition, sub-tropical forests are found
only in the southern coastal area, which has a high minimum temper
ature during the coldest month. Furthermore, unusual vegetation and
grassland that are different from the inland, appear in the island region.
In particular, Jeju Island, which includes Gotjawal forest, is one of the
most unique habitats of Korea. This region has the maximum dissimi
larity due to its unique geographical and climatic features.
Important mountain ranges have a high value of habitat condition
because species diversity tends to be high in primary forests that are
relatively old. On the other hand, urban areas and their surrounding

regions show low habitat conditions (Fig. 7b). Thus, using dissimilarity
and habitat conditions, BP was calculated to be between 90.7% and 92%
(Fig. 7c), which was similar to the global result (Di Marco et al., 2019a).
This implies that under the current scenario, about 10% of the plant
species are likely to go extinct over time. Considering that the total
number of plant species in Korea is 7,833, approximately 689 species are
at a risk of extinction. Plant communities that are most likely to suffer
are located on the southwest coast of Korea and on Jeju Island. On the
other hand, plant communities that are present in major mountain
ranges are expected to be more sustainable, assuming that climatic and
land cover conditions will remain the same.
3.2.1. Validation of the result
The vegetation conservation-grade map and the BP map, which was
reclassified as five grades, were compared (Fig. 8a and b). Both maps
8
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Fig. 7. a) Dissimilarity map b) Habitat condition map c) Biodiversity persistence map of the 2000s.

experienced negative effects due to climate change (Choi et al., 2019).
On the other hand, coastal areas, southern flat areas, and islands were
positively affected by climate change, as areas with similar bioclimatic
conditions widens. Thus, there is a reversal in the trend of the spatial
distribution of BP compared to the present, with enlarged differences
between the maximum and minimum values. Not surprisingly, this
phenomenon is exacerbated in the RCP 8.5 scenario. The average BP
decreased by 0.47%, and 0.6% in the 2050s under RCP 4.5 and RCP 8.5
scenarios, respectively compared to the 2010s.
In addition to these climate change scenarios, applying future land
use and forest management scenarios increased the BP by 0.48% and
0.46% in the RCP 4.5 and RCP 8.5 scenarios, respectively, as compared
to applying only the climate change scenario (Fig. 10b). This indicates
that despite a reversal in the spatial distribution, the average value
would be similar to the current level for RCP 4.5 but would decrease by
0.33% for RCP 8.5. In other words, despite an expansion in urbanized
area, the improvement of forest habitat quality has a positive effect on
BP as with the past results. Thus, it suggests that the adverse effects of
climate change can be mitigated when the forest is managed properly.
However, as it does not represent a complete offset, further actions, such
as afforestation would be required.

showed similarity in that the 1st and 2nd grade were distributed near the
center of Baekdudaegan and the third grade was widely distributed
nationwide. However, in the vegetation conservation-grade, 4th and 5th
grade were scattered around the mountain range, while in the BP grade
map, the distribution of those grades is prominent in the southwestern
coast and Jeju island due to the dissimilarity. To compare these distri
butions quantitatively, the minimum, maximum and average values of
BP for each conservation-grade were analyzed (Fig. 8c). As the vegeta
tion grade decreased from grade 1st to 3rd, the average value of BP was
also decreased. In grades 4th and 5th, there was a tendency to increase
slightly more than 3rd grade, which is mainly attributable to the dif
ferences in the evaluation criteria of these two maps. In particular, BP
assumed that the habitat quality improved with age even if it was
planted, while all planted vegetation were classified into 4th and 5th in
the vegetation conservation map. In other words, BP is high in oldgrowth planted vegetation, but it was not reflected in vegetation con
servation grade. Given these differences, the results of this study can be
considered to be somewhat verified through the national official data.
3.2.2. Historical biodiversity persistence changes
Assuming that the current climate is maintained, changes in BP from
the 1960s to the 2000s due to land use-forest habitat quality changes are
shown in Fig. 9. Overall, the eastern mountains have a high BP, whereas
the western plains and island areas have a low BP. However, an increase
in BP was noticeable over time due to improvements in the forest
naturalness despite the expansion of the urbanized area. In the 1960s,
most of the mountainous areas were unstocked forests. During this time,
the average BP was 89.95%; however, it continued to improve and rose
to 91.43% in the 2010s. In terms of the number of species, this can be
interpreted as an increase of 115 species that can be sustained over the
long-term. In addition, as the forest naturalness grade improved, the BP
range (difference between plain and mountainous regions) is also
increased.

3.4. Time series analysis with various alternative scenarios
By comparing BP from the 1960s to the 2050s in a time series
(Fig. 11), the average BP was shown to increase due to continuous forest
management. However, in the future, climate change is expected to
decrease the BP; although, this will vary for different scenarios. If only
land-use changes, such as expansion of urban areas and reduction in
forest area, are considered, without changing the quality of the forests,
BP will decrease by 0.47% in the RCP 4.5 scenario. In the RCP 8.5 sce
nario, which assumes a continuation in the emission trends, BP will
decrease by 0.6%. This implies an increase in the number of projected
species that will be extinction, i.e., an additional 37 and 47 species in
RCP 4.5 and RCP 8.5, respectively. However, if forest management
scenarios, such increasing forests habitat quality with age, are applied,
the effects of climate change could be mitigated. Even in RCP 4.5, the
average BP increases by about 0.1%. Meanwhile, RCP 8.5 represents a
0.14% reduction in BP, which is 0.46% less than the scenario that
considers only climate change. This is because although BP in the
southern regions will increase due to the expansion in the sub-tropical

3.3. A prediction of future biodiversity persistence changes
The prediction of BP by applying climate change scenarios without
land use-forest grade changes is shown in Fig. 10a. The most noticeable
change observed in the 2050s scenario was the deterioration of BP in
mountainous regions. This was in line with previous research findings
that bioclimatic environments which were similar to mountainous area
9
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Fig. 8. Comparison of vegetation conservation grade and BP for verification. a) The map of vegetation conservation grades b) The classification map of BP divided
into five grades. The color legend is the same for two maps. c) BP value range within each conservation grade. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

climate zone; BP in the mountainous regions will decrease sharply due to
the reduction in the cool-temperate climate zone. The problem is that
mountainous areas contain numerous rare species. If each species is
weighted according to its conservation value, this adverse effect will be
greater.

other words, urban areas in the current land cover accounted for 4.06%,
which was a 2.93% increase, compared to the 1960s; furthermore, the
area of cropland decreased by 3.53%, accounting for 21.13%. On the
other hands, forests grades of 1960s are completely maintained with
94% of 3rd grade, 4% of 2nd grade, and 2% of 1st grade (hereafter we
term this the "land cover only change scenario).
In this scenario, the BP decreased by 0.18%, as compared to that in
the 1960s. This decrease can be seen as an effect of urbanization.
However, with land cover and improved forest grades in the 2000s, BP
increased by 1.48%, as compared to that in the 1960s. This is the result
of an improvement of forest grades (forest habitat quality) by offsetting
the negative effect of urbanization, thereby increasing the BP. Therefore,

3.5. Evaluation of the effect of forest restoration on BP
What would have happened to the current BP if the damaged forest
were not restored in the 1970s under the national reforestation pro
gram? To assess the net effect of forest restoration, we simulated BP
under the current land cover using the 1960s forest grade (Fig. 12c). In
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Fig. 9. Historical biodiversity persistence changes from the 1960s to the 2000s due to land use-forest habitat quality changes under current climate. Maps indicate
the proportion of species expected to persist over the long term. The color legend is the same for all maps. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

the net effect of forest management, is calculated to be about 1.66%
(Fig. 13). When converting this value into the number of species, it can
be interpreted that the reforestation efforts were able to preserve about
130 additional plant species. This was in line with previous studies that
showed that the Korean reforestation program increased the diversity of
forest mammals, birds, microorganisms and insects (Bae et al., 2014; Lee
et al., 2015). The average BP of this scenario that considered only land
cover change was lower than any other historical value, and was even
lower than the average value of the 2050s in the RCP 8.5 scenario. Thus,
if the forest conditions are maintained as they were in the 1960s, the
adverse effects of climate change will be even greater. Therefore, it is
observed that Korea’s reforestation efforts proved to be effective. This
result also suggests that damage/reduction of current forests can have
adverse effects on BP in the future and emphasizes the importance of
forest management in response to climate change.

To this end, a new index was presented to evaluate habitat conditions at
the national level. This included the effects of forest habitat quality on
biodiversity that were not considered previously. Moreover, realistic
land-use and forest change scenarios were established for the future
based on the current trend in land-use change and ongoing forest
management, which were applied for the prediction of the changes in
BP. Consequently, it was observed that qualitative management of for
ests can aid in overcoming the adverse effects of urbanization in the
ROK. Furthermore, vulnerable areas were spatially derived and quan
titative evaluations of forest management effects were observed to
alleviate the adverse effects of climate change on BP. These results
emphasize that forest management, which is one of the most efficient
strategies for climate change mitigation and adaption, is also important
in combating biodiversity losses.
This study demonstrated that the successful National Reforestation
Programme in Korea prompted a significant enhancement of biodiver
sity even in the midst of development and urbanization. This result
suggests that other developing countries where forest degradation is
currently underway or has already occurred can achieve economic
development without the loss of biodiversity. Moreover, this result also

3.6. Implications and limitations
Through a spatially explicit methodology established in this study, a
time-series biodiversity assessment was conducted for the entire ROK.
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Fig. 10. Future biodiversity persistence changes under two different scenarios: a) only climate change under the current habitat condition, and b) climate change in
conjunction with current and improving habitat condition . Maps indicate the proportion of species expected to persist over the long term. The color legend is the
same for all maps. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

has significant implications for countries with a high proportion of wellmanaged forests like ROK. Given the SSP3 scenario or recent trends in
land cover change, the decline in natural habitats is expected to be
highly probable. In the end, if the expansion of city or urbanized area
cannot be controlled, it is necessary to improve sustainability of species
through quality enhancement while minimizing the degradation of
natural habitats. Therefore, from the perspective of spatial planning,
providing a qualitatively superior habitat even in a limited habitat area
will contribute to enhancing biodiversity persistence as well as pro
moting ecosystem services.
However, related long-term assessment has certain limitations in
that forest naturalness grade was classified based on forest origin and
age class without considering other aspects, such as diversity of tree
species or forest structure. Moreover, this study did not explore site-level
forest management, such as thinning or pruning; instead, it included
only macroscopic forest management, such as reforestation or changes
in age class. Furthermore, as the results relied heavily on model-

dependent predictions, additional verification is needed with an inde
pendent dataset that represents the actual patterns of variation in bio
logical composition in ROK. Regarding these limitations, we suggest
following future studies.
- Diversification of Scenarios
Although this study projected changes in land cover based on past
changing trends, it is necessary to reflect more diverse scenarios (i.e.
combinations of SSP-RCP scenario and forest management). By pre
dicting the impact of future biodiversity under various scenario options,
we can provide useful information on the biodiversity declines in the
worst-case scenario, which needs to be dealt with. In addition, while this
study simulated only the case of 2050s for the future, predicting longer
future periods (e.g. 2070s) is also necessary for long-term planning.
Based on this analysis, we can minimize the negative impacts of envi
ronmental changes and maximize the potential benefits of forest
12
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Fig. 11. Trends the average biodiversity persistence from the past to the future (1960–2050). The y-axis reports the percentage of species expected to persist. Future
projection represents four alternative scenarios according to the combination of climate change (RCP 4.5 and RCP 8.5) with/without forest management scenario.

Fig. 12. Scenario comparison diagram to assess the effect of forest restoration on BP: a) land cover map in the 1960s with forest naturalness grades in the 1960s, b)
land cover in the 2000s with forest naturalness grades in the 2000s, and c) land cover in the 2000s with forest naturalness grades in the 1960s.

management.

there might be a difference in forest quality even if the forests consist of
the same grades. Or even in forests managed for the same purpose e.g.
timber production, the conditions could vary depending on the interval
of wood harvesting, the types of machinery used for harvest, or distance
to roads. These qualitative differences affect the distribution of species,
namely biodiversity. Therefore, habitat types should be subdivided in
consideration of various aspects. Furthermore, if detailed coefficients for
each type are constructed, the impact of biodiversity can be evaluated

- Subdivision of habitat types
Although this study employed land cover types with forest natural
ness grades as habitat types, they could be refined by considering
various factors such as the intensity of use or surrounding environment.
For example, in the protected forests and timber production forests,
13
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more reliably.
- Beyond flora
This study focused only on flora because plants sustain life on Earth,
making up the largest part (~80%) of terrestrial biomass (Bar-On et al.,
2018) and the availability and reliability of location records are higher
than those of mobile animals. However, in order to comprehensively
understand biodiversity, other taxa should be considered as well as plant
species. Although a positive association between the number of plant
species and animal species has been found in experimental and obser
vation studies (Zhao et al., 2006; Santi et al., 2010; Castagneyrol and
Jactel, 2012), there were also contrary results on the premise that plant
diversity drives animal diversity (Boone and Krohn, 2000; Andrews and
O’Brien 2000; Hawkins and Pausas; 2004). Moreover, since each taxo
nomic group is differently affected by climate and land-use change, it is
necessary to make predictions for each taxa considering the character
istics of each taxonomic group. If the prediction results by taxa are
combined and provided as public environmental information such as a
thematic map, it can support future environmental planning.
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