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Introduction: An assessment of the potential impacts of future urban expansion
on multiple ecosystem services (ESs) represents an essential contribution to the
sustainable development of the transnational area of Changbai Mountain (TACM).
However, the potential ES losses attributed to future urban expansion have been
assessed in few studies.

Methods: In this study, we evaluated the potential ES losses attributable to urban
expansion in the TACM over the period from 2015 to 2050. To achieve this objective,
we initially quantified multiple ESs (namely, food production (FP), carbon storage (CS),
water retention (WR), and air purification (AP)) based on 1992 data, and subsequently
simulated urban expansion from 2015 to 2050 by coupling Shared Socioeconomic
Pathways scenarios (SSPs) with the zoned Land Use Scenario Dynamics-urban model.
Finally, the potential impacts of future urban expansion on ESs were evaluated on
multiple scales.

Results: The results indicated that during the period from 2015 to 2050, the extent
of urban land will grow by between 157.59 and 517.77 km2, resulting in FP, CS, WR,
and AP losses of 193.76–684.39 thousand tons, 1.47–5.24 million tons,
8.74–30.00 million tons, and 0.34–1.18 thousand tons, respectively.

Discussion: The subregion falling within the Democratic People’s Republic of Korea
(DPRK) will experience the most severe future losses of ESs, with losses of FP, CS, WR,
and AP being 1.06–3.77-fold, 1.15–3.46-fold, 1.10–3.54-fold, and 1.08–3.21-fold
higher, respectively than those that occurred in this subregion the period of
1992–2015. Specifically, the encroachment of new urban land onto cropland and
woodland will be the main contributing factor in these future declines in ESs.
Furthermore, the reductions in ESs attributable to urban expansion in this subregion
will have serious effects on human wellbeing. By 2050, the loss of FP will affect
approximately 9.58%–30.00%of the population. Moreover, among the residents of this
subregion, the loss of AP will contribute to the need for additional expenditures of
6.63–19.81million euroson air purificationmeasures.On thebasis of these findings,we
suggest that effective policies and regulations should be implemented to promote the
sustainable development of the TACM.
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1 Introduction

The term “ecosystem services” (ESs) refers to the collective
benefits that humans derive from ecosystems (MEA, 2005).
Urban expansion is a process of land-use change whereby non-
urban land is transformed into urban land (Bai et al., 2012; He et al.,
2016). As a consequence of the spread of impermeable surfaces and
the reduction in natural vegetation, urban expansion contributes to
either a reduction and degradation of ESs or to alteration of
ecosystem processes, functions, and services through modification
of water cycling and atmospheric circulation (Wade et al., 2009; Fu
and Zhang, 2014; He et al., 2014; Delphin et al., 2016; Zhang et al.,
2017). Currently, urbanization is proceeding at an unprecedented
rate, and globally, the urban land area coverage is projected to
increase by 1.2 million km2 by 2030 (Seto et al., 2012). This process
will cause further reductions in natural habitats and a more
significant loss of ESs (Evers et al., 2018; Huang et al., 2019;
Hasan et al., 2020). It is therefore crucial to assess the potential
impact of future urban expansion on multiple ESs; such an
assessment could potentially contribute to the promotion of
sustainable development (Zhang et al., 2019).

Transnational area of Changbai Mountain (TACM) is a cross-
boundary area that encompasses neighboring regions of China, the
Democratic People’s Republic of Korea (DPRK), and Russia, and
represents an important intersection of the “Silk Road on Land” and
the “Silk Road on Ice.” Within this transnational area lie Changbai
Mountain National Nature Reserve and the Northeast Tiger and
Leopard National Park, which were established by the Chinese
government; this region is considered to be the core ecological
region of northeast Asia (Fang, 2017; Nan et al., 2020). During the
past several decades, the TACM has experienced accelerated urban
expansion fueled by economic cooperation, trade, and population
mobility across China, the DPRK, and Russia. This urban growth
has had a substantial detrimental impacts on regional ESs, not only in
reducing the value of ecosystem services but also in contributing to a
significant loss of biodiversity, land degradation, and general
environmental deterioration (Xiang et al., 2018; Yi, 2020). Moreover,
this rapid urban expansion is expected to continue in the near future,
particularly in the subregion of the DPRK (Yang et al., 2019).
Consequently, it is deemed essential to undertake an effective
evaluation of the potential impact of future urbanization on ESs in
this transnational area.

In recent years, many studies have been conducted to evaluate
the impact of urban expansion on ESs at the global, national, and
regional scales. At the global scale, Chung et al. (2021) revealed
the interrelationships between global urban land and freshwater
ESs. Huang et al. (2021) analyzed urban expansion from 1992 to
2016 in terms of global endorheic and exoreic watersheds. At the
national scale, Liu et al. (2022) analyzed urban expansion and
evaluated the relationships between supply of and demand for
ESs in China. Zhou et al. (2023) measured the relationships
between urbanization and vegetation cover in China. At the
regional scale, Xiang et al. (2022) assessed the relationships
between supply and demand relating to four ESs in Northeast
China and analyzed the effects of urban expansion on these ESs.
Meanwhile, several studies have also been conducted to assess the
impact of future urbanization on ESs in the TACM. For example,
Zhang et al. (2012) estimated the variation in the value of ESs in

the TACM over the period from 2000 to 2010, while Tao et al.
(2017) assessed the dynamics of the effects of urbanization of
forest landscape and its impact on the natural habitat in this area
from 1977 to 2015. Furthermore, Xia et al. (2018) simulated land-
use changes in the Chinese subregion of the TACM from 2000 to
2050 and evaluated the impact of these changes on the value of
ES, while Mao et al. (2019) assessed the consequences of food
security protection policies for changes in land coverage and ESs
in Northeast China during the period from 2000 to 2015.
However, the studies conducted to date have been deficient in
certain respects. First, most research has concentrated on
variation in ESs that is attributable to historical urban
expansion and has tended to pay little attention to the impact
of future urbanization on ESs. Second, studies have mostly
focused on the loss of ESs under the influence of urban
expansion in the Chinese subregion of the TACM, with
comparatively few similar studies having been conducted in
the DPRK and Russian subregions.

Given these deficiencies, our objective in this study was to assess
the potential impact of future urban expansion on multiple ESs in
the TACM during the period from 2015 to 2050, based on Shared
Socioeconomic Pathways (SSPs) and the zoned Land Use Scenario
Dynamics-urban (LUSD-urban) model. We quantified multiple ESs
in the TACM using data for the year 1992, and on the basis of these
data, we simulated urban expansion from 2015 to 2050 by coupling
each of SSPs with the zoned LUSD-urban model. Finally, the
potential effects of future urban expansion on ESs were evaluated
onmultiple scales. The findings constitute useful information for the
facilitation of sustainable development in the TACM.

2 Study area and data

2.1 Study area

The TACM is located between 125°49′–132°25′E and
39°29′–44°41′N, covering an area of 130.8 thousand km2

straddling the borders of China, the DPRK, and Russia
(Figure 1). Of this total area, 76.24 thousand km2 lies within
the Chinese subregion, accounting for 58.28% of the land area of
the TACM and encompassing the cities of Baishan, Tonghua, and
Yanbian Korean Autonomous Prefecture in Jilin Province. The
area of the DPRK subregion is 47.50 thousand km2, covering
36.32% of the TACM, within which lie the provinces of Jagang,
Yanggang, and Hambuk. Somewhat smaller, at 7,068.54 km2, is
the area comprising the Russian subregion, representing 5.40% of
the total area of the TACM; this area includes Hassan and
Vladivostok in Primorsky Krai. The TACM has a temperate
continental montane climate. Under the influence of moist
maritime air masses from the Japan Sea, this region receives
relatively abundant precipitation, contributing to a climate
characterized by short summers and long winters (Wang
et al., 2020). The average annual temperature in the area
ranges from 3°C to 7°C, and mean precipitation ranges from
700 to 1,400 mm. During the period from 1992 to 2015, urban
land coverage in this transnational area grew from 463.32 km2 to
868.23 km2, which equates to an expansion of 87.39% (Yang et al.,
2019), and this urbanization is set to continue, at least into the
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near future (Yang et al., 2020). Thus, to ensure the sustainable
development of this region, it is of considerable importance to
assess the impact of future urban expansion on ESs in a timely
and effective manner.

2.2 Data

Several different kinds of data were used in this study,
including land-use data, meteorological data, and auxiliary
geographical information system (GIS) data (Table 1).
Following He et al. (2014), land was re-classified into seven
land-use types, namely, cropland, woodland, grassland, water
bodies, urban land, wetland, and unused land. Population data

for the period 2015–2050 under each of SSPs were downloaded
from the History Database of the Global Environment (the
HYDE database) from the Netherlands Environmental
Assessment Agency (ftp://ftp.pbl.nl/hyde). Additionally,
precipitation data for the period 1992–2015 were obtained
from the Jilin Meteorological Service (http://jl.cma.gov.cn/),
the Korea Meteorological Administration (https://www.
weather.go.kr), and global meteorological station observation
data (https://gis.ncdc.noaa.gov). GIS auxiliary data included
vector data on global administrative boundaries,
administrative centers, national roads, provincial roads,
township roads, and railroads. The Gauss–Kruger coordinate
projection was uniformly used for all data, re-sampled at a
spatial resolution of 300 m.

FIGURE 1
The study area.

TABLE 1 Datasets used in this study.

Data Year Resolution Source

Land-use data 1992–2015 300 m European Space Agency climate change initiative (ftp://geo10.elie.ucl.ac.be/v207/)

Precipitation data 1992–2015 —

Jilin Meteorological Service (http://jl.cma.gov.cn/)

Korea Meteorological Administration (https://web.kma.go.kr/)

Global meteorological station observational data (https://gis.ncdc.noaa.gov)

Digital elevation model data — 30 m Geospatial Data Cloud Platform of the Chinese Academy of Sciences (http://www.gscloud.cn)

Auxiliary GIS data 2015 — Global roads open assess dataset (https://sedac.ciesin.columbia.edu/data/set/groads-global-roads-open-
access-v1)
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3 Methods

3.1 Mapping ESs in the TACM in 1992

Based on work by Zhang et al. (2017), Xiang et al. (2018, 2022),
and Mao et al. (2019), we selected four ESs as the key ESs in this
transnational area: food production (FP), carbon storage (CS), water
retention (WR), and air purification (AP). All of these are highly
relevant to human wellbeing (e.g., the fundamental material basis for
a good life, a pleasant climate, the basic need for water, and human
health). Furthermore, due to data availability and the applicability of
mapping methods, these ESs could be quantified for the
transnational area investigated using remote sensing data, and
they have also all been heavily affected by urban expansion.
These ESs were quantified on the basis of land-use data obtained
for the year 1992 (Figure 2). In addition, to eliminate the effects of
climate change, we used mean annual precipitation during the
period 1992–2015 in quantification of these four ESs, according
to Milesi et al. (2003) and Zhang et al. (2017).

Specifically, following Li (2014) and Zhang et al. (2017), cropland
was assessed in terms of the production of maize, cereals, soybeans,
potatoes, and rice. By considering grain production data in the three
subregions, FP was quantified for each of the subregions (Chinese, the
DPRK’s, and Russian) using the following formula:

FP � ∑
c

c�1
AcPc, (1)

where Ac represents the capacity of cropland to produce food of type
c (i.e., the area of food type c production from cropland) and Pc
represents the average yield of cropland producing food of type c. In
addition, the Carbon Storage and Sequestration module of the
Integrated Valuation of Environmental Services and Tradeoffs
(InVEST) model was adopted for calculation of the regional CS,
as follows:

Cstored � Cabove + Cbelow + Csoil + Cdead, (2)

where Cstored refers to the total stored carbon, Cabove is aboveground
stored carbon, Cbelow denotes belowground stored carbon, Csoil is
soil organic carbon, and Cdead is the dead organic matter fraction of
stored carbon.

In addition, following the studies of Yang et al. (2015) and
Zhang et al. (2017), the capacity of natural vegetation to intercept
surface runoff originating from rainfall was considered to be
represented by WR, defined as follows:

WRK,x,y � A × Px,y × C × RK,x,y , (3)
where WRk,x,y represents the volume of water retention in land-use
and land cover (LULC) type K for cell (x, y); A refers to the actual
area of each given cell (in this study, A was 0.09 km2); Px,y refers to
the annual precipitation volume for cell (x, y) (obtained from the
precipitation data); C is surface runoff as a proportion of total
rainfall (with reference to the study by Zhang et al. (2017), the value
of C for the TACM was set to 0.6); and RK,x,y is intercepted surface
runoff as a percentage of the total rainfall for a given cell (x, y) in
LULC type K. Finally, following Landuyt et al. (2016) and Zhang
et al. (2017), the value of PM10 captured by natural vegetation was
used to calculate the AP, as follows:

APK,x,y � A × PMK,x,y, (4)
where APK,x,y represents the capacity of natural vegetation to capture
PM10 (i.e., the volume of PM10 captured by cell (x, y) in LULC type K);
A refers to the actual area of each given cell (and the value was 0.09
km2 in this study); andPMK,x,y denotes the volume of captured PM10 for
cell (x, y) in LULC type K. The values for all LULC types were obtained
from Landuyt et al. (2016) and Zhang et al. (2017).

3.2 Simulating urban expansion in the TACM
from 2015 to 2050 under the SSPs

In this study, we coupled SSPs with the zoned LUSD-urban
model to simulate urban expansion in the TACM from 2015 to 2050.

FIGURE 2
Flowchart.
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Initially, with reference to Yang et al. (2019), we developed
regression models for the Chinese, the DPRK’s, and the Russian
subregions. For these regression models, the urban population was
an independent variable, and urban land area was a dependent
variable. Next, the future urban land area was calculated using the
urban population data for the period of 2015–2050, as obtained from
the SSPs. According to Jiang and O’Neill (2017) and Bruno et al.
(2021), future population levels will show a decreasing trend,
especially in China. However, according to Liu et al. (2012), He
et al. (2019), Huang et al. (2019), and Chen et al. (2020), urban land
will not be reduced in the future; i.e., urban land will not be
converted to other land-use types. In this study, we assumed that
if the population does not increase or decrease in a particular year,
urban land area will remain the same as in the previous year. Finally,
the urban expansion of the Chinese, the DPRK’s, and the Russian
subregions was simulated separately for each subregion using the
zoned LUSD-urban model. The simulation results for the entire
transnational area were then merged based on the simulation results
for the three subregions.

Model calibration was carried out to ensure a solid basis for
simulation of future urban expansion. In this study, we used the
adaptive Monte Carlo method to perform model calibration for the
subregions of China, the DPRK, and Russia, in accordance with
Yang et al. (2019, 2020). We first simulated historical urban
expansion from 1992 to 2015 in the three subregions.
Subsequently, by applying the kappa index as an evaluation
criterion, we selected the simulation result that was closest to the
actual result. The highest kappa indices were 0.78, 0.88, and 0.85 for
the subregions of China, the DPRK, and Russia, respectively. These
results suggest that the zoned LUSD-urban model can reliably
simulate urban expansion in the TACM. Finally, the combination
of weights with the highest kappa index was selected for use as the
parameter set for simulations of the future.

In addition to these measures, we cross-validated this result with
those of other studies to verify the reliability of the future urban land
data used in this study. Specifically, we selected Yanji, Tonghua,
Baishan, and Vladivostok for comparison of the urban land data
used in this study with those of other studies published by Chen et al.
(2020), He et al. (2019), Huang K. et al. (2019), and Li S. et al. (2021).
We found that the data on future urban land used in this study have
a certain degree of reliability and can be used in assessing the impact
of urban expansion on ESs (Supplementary Figures S1–S5).

3.3 Assessing the impacts of urban
expansion on ESs in the TACM from 2015 to
2050 under the SSPs

The impact of urban expansion on a given ES, ES i, can be
represented as follows:

ΔESi � ∑ ESPRE−URBANi,x,y × URt2
x,y − URt1

x,y( )( ), (5)

where ESPRE−URBANi,x,y is the volume of ES i for cell (x, y) prior to urban
expansion and (set to the ES volume in 1992 in this study), and
URt2

x,y and URt1
x,y are two binary variables (taking two values,

i.e., 1 and 0), with a value of 1 for non-urban cells and a value
of 0 for urban cells at t2 and t1, respectively, which represent the

years. Thus, a difference between these binary variables for a
particular cell represents urban land expansion between these
two years.

4 Results

4.1 ESs in the TACM in 1992

In 1992, total FP in the TACM was 45.65 million tons, and CS,
WR, and PM10 capture volume were 3.11 billion tons, 10.41 billion
tons, and 0.68 million tons, respectively (Figure 3). In terms of
spatial distribution, FP was high in the northeastern and western
regions, as well as the northern region of the China–DPRK border,
whereas production was low in the central and southern regions of
the China–DPRK border. Geographically, CS was high in the central
and southern regions of the China–DPRK border and low in the
western and northeastern regions. The spatial distribution pattern
for WR was characterized by a gradual reduction from the
northwestern to the northern region, whereas AP was high in the
central and southern regions of the China–DPRK border and low in
the western and northeastern regions.

Among the three subregions, the highest value for FP (28.87million
tons) was recorded for the Chinese subregion, accounting for 63.24% of
the total FP volume of the TACM, followed by that of the DPRK’s
subregion (15.92 million tons; 34.88%) and the Russian subregion
(0.86 million tons; 1.88%). The Chinese subregion was also found to
have the highest CS volume (1.81 billion tons), representing 58.15% of
total CS in the TACM. In comparison, the CS volumes recorded for the
DPRK’s and Russian subregions were 1.12 and 0.18 billion tons,
representing 36.10% and 5.75% of the total CS volume in the
TACM, respectively. WR and PM10 capture volume in the Chinese
subregion were 5.82 billion tons and 0.40 million tons, respectively,
representing 55.92% and 58.06% of the entire ES volumes in the TACM;
WR and PM10 capture volume in the DPRK’s subregion were
4.08 billion tons and 0.25 million tons, respectively, accounting for
39.21% and 36.12% of the total; and WR and PM10 capture volume in
the Russian subregion were 0.51 billion tons and 39.28 thousand tons,
respectively, representing only 4.87% and 5.76% of the entire volume.

Among all the cities examined, three cities in China (namely,
Dunhua, Mehekou, and Liuhe) exhibited the highest FP volume,
with FP values of 4.95 million tons, 3.03 million tons, and
2.91 million tons, respectively, accounting for a total of 23.83%
of FP in the TACM. Additionally, three cities in China (namely,
Dunhua, Wangqing, and Antu) exhibited the highest volumes in
terms of the three regulating ESs. Across these three cities, the
volumes for CS, AP, and WR were 0.69 billion tons, 0.15 million
tons, and 1.97 billion tons, respectively, accounting for 22.14%,
22.09%, and 18.91% of the total volume across the entire
transnational area.

4.2 Impacts of urban expansion on ESs in the
TACM from 1992 to 2015

The period from 1992 to 2015 saw a pronounced phase of
urbanization in the TACM, during which the coverage of urban land
grew from 464.04 km2 to 867.87 km2, representing 87.02% growth,
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with an average annual growth rate of 2.77%. At the subregional
scale, urban land coverage grew most rapidly in the Chinese
subregion, followed by the DPRK’s subregion, with the least
growth taking place in the Russian subregion. During 1992 to
2015, urban land area in the Chinese subregion increased from
280.53 km2 to 603.36 km2, with this new urban area accounting for
79.04% of the total new urban land across the TACM during this
period. In comparison, urban land coverage in the Russian and the
DPRK’s subregions increased by 22.05 and 58.95 km2, respectively,
representing 5.46% and 14.60% of the new urban land in this
transnational area.

This rapid urbanization led to a range of losses in the four key
ESs surveyed in the present study, namely FP, CS, WR, and AP
(Table 2). Among these, FP suffered the largest loss, whereas the
storage of carbon was least affected. For the year 1992, the FP loss
attributable to urban expansion was estimated at 451.79 thousand
tons, representing 0.99% of total annual FP; in contrast, in the same
year, CS was reduced by 3.71 million tons, representing a loss of only
0.11% of total annual CS. Furthermore, WR was estimated to have
declined by 2.02 million tons, equivalent to 0.19% of total WR in
1992, and urban expansion was associated with a reduction in PM10

capture of 859.30 t, corresponding to 0.13% of the total AP volume
in 1992. Specifically, the losses of FP in the Chinese, the DPRK’s, and
Russian subregions was 378.67, 60.71, and 12.41 thousand tons,
respectively, representing 83.82%, 13.44%, and 2.75% of the total
loss across the TACM. Similarly, losses relating to the other three
ESs monitored were all greatest in the Chinese subregion and lowest

in the Russian subregion. Specifically, in the Chinese subregion,
reductions of 2.80 million tons, 15.83 million tons, and
0.65 thousand tons were recorded for CS, WR, and PM10 capture
volume, respectively, accounting for 75.65%, 78.20%, and 74.86% of
total losses, whereas in the Russian subregion, CS, WR, and AP
declined as a consequence of urban expansion by 0.44 million tons,
1.41 million tons, and 0.86 thousand tons, respectively, representing
11.92%, 6.98%, and 12.02% of the total losses. In comparison, within
the DPRK sector, reductions of 0.46 million tons, 3.00 million tons,
and 0.11 thousand tons were recorded for CS, WR, and PM10

capture volume, respectively, corresponding to 12.43%, 14.81%,
and 13.13% of the total losses.

Among all the cities examined, Dunhua, Yanji, and Liuhe in China
experienced the greatest decrease in FP due to urban expansion. Across
these three cities, urban expansion resulted in a decrease in FP of
0.13million tons from 1992 to 2015, which accounted for 28.24% of the
total FP loss in the TACM. Additionally, Dunhua, Baishan, and
Mehekou in China were the cities that experienced the greatest
decreases in CS and AP under the influence of historical urban
expansion. Urban expansion in these cities resulted in a decrease in
CS of 0.99 million tons in CS and a decrease in AP of 0.16 thousand
tons, representing 26.63% and 18.14%, respectively, of the total loss of
these ESs across the entire transnational area. Finally, Dunhua, Baishan,
and Liuhe in China were the cities that experienced the greatest decrease
inWR. Across these three cities, urban expansion resulted in a total loss
ofWRof 5.06million tons, accounting for 25.01%of the total loss across
the entire region.

FIGURE 3
ESs in the TACM in 1992.
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4.3 Potential impacts of urban expansion on
ESs from 2015 to 2050 under the SSPs

Under the different SSPs, it is estimated that the coverage of
urban land in the TACM will continue to grow from 867.87 km2 in
2015 to between 1,025.37 and 1,385.46 km2 in 2050, representing an
increase of 6.64%–18.15% (Figure 4). This growth in urban land is
projected to occur mainly within the Chinese subregion, in which
urbanized land area will grow from 603.36 km2 in 2015 to between
703.26 and 914.76 km2 in 2050, representing an increase of
99.90–311.40 km2 at a growth rate of 16.56%–51.61%; this new
urban land will account for 60.06%–63.45% of new urban land
across the TACM. In the DPRK’s region, urban land will expand
from 174.78 km2 in 2015 to between 232.47 and 357.57 km2 in 2050,
representing an increase of 57.69–182.79 km2 at a growth rate of
33.01%–104.58%, with the new urban land representing 36.61% of
all new urban land in the TACM. A somewhat less pronounced
growth in urbanization is projected for the Russian subregion, with
the urban land area anticipated to grow from 89.73 km2 in 2015 to
between 96.84 and 113.76 km2 in 2050, representing a growth of
24.03 km2 at a growth rate of 26.78%. This new urban land will
account for only 4.64% of all new urban land across the entire
transnational area.

The trend in loss of ESs attributable to urbanization in the
TACM is expected to continue throughout the period under
assessment (Table 3). Among these services, FP will be most
seriously impacted by continued urban expansion, with a
projected loss of between 193.76 and 684.39 thousand tons,
representing 0.42%–1.50% of FP in 1992. In contrast, PM10

capture volume is expected to be the least influenced by future
urban expansion, with a loss of between 0.34 and 1.18 thousand tons,
representing 0.05%–0.17% of the total AP in 1992. In addition,
future urban expansion will result in reductions in WR and CS of
between 8.74 and 30.00 million tons and between 1.47 and
5.24 million tons, respectively, corresponding to 0.08%–0.29%
and 0.05%–0.17% of the corresponding 1992 values. In terms of
subregional losses, ESs in the Chinese subregion are estimated to be
the most severely affected, followed by those in the DPRK, with the
Russian subregion experiencing the lowest ES losses. It is predicted
that, by 2050, FP in the Chinese subregion will have declined by
between 129.34 and 444.12 thousand tons, representing 64.87%–
66.87% of the total FP loss within the TACM. Comparatively, FP
losses of between 64.42 and 229.08 thousand tons and of
11.19 thousand tons are estimated for the DPRK’s and Russian
subregions, respectively, accounting for 30.83%–33.69% and 1.64%
of the total FP loss in the TACM. With respect to CS, reductions of
between 0.94 and 3.14 million tons are estimated for the Chinese
subregion, accounting for 59.92%–66.20% of the total loss across the
TACM. In the DPRK subregion, CS losses of between 0.53 and
1.59 million tons were anticipated, accounting for 30.38%–35.96% of
the total loss across this transnational area, whereas in the Russian
subregion, CS was predicted to decline by 0.51 million tons,
representing 9.70% of the total loss within the TACM. In the
case of WR, reductions in volume of between 5.43 and
17.83 million tons were estimated for the Chinese subregion,
accounting for 59.38%–64.17% of the entire loss of WR over the
entire transnational area. Additionally, WR reductions amounting
to between 3.31 and 10.61 million tons are estimated for the DPRK’sTA
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subregion, representing 34.01%–37.86% of the total regional loss,
whereas in the Russian subregion, a loss of 1.57 million tons is
anticipated, representing 5.22% of total loss in the TACM. In terms
of AP, a loss of between 0.22 and 0.70 thousand tons of PM10 capture
is estimated for the Chinese subregion, accounting for 59.63%–
65.61% of the total loss across the entire TACM, whereas for the
DPRK’s and Russian, the corresponding losses are predicted to
account for 31.04%–36.09% and 9.43% of total loss across the entire
transnational area, respectively.

Among all the cities examined, Yanji, Dunhua, and Liuhe in
China are forecast to experience the greatest decrease in FP during
the process of future urban expansion. Urban expansion in these
cities will result in a decrease of FP by 54.90–199.88 thousand tons,
accounting for 28.33%–30.04% of the total future FP loss. In
addition, Baishan and Tonghua in China, as well as Kanggye in
the DPRK, will be the cities with the greatest decreases in CS, WR,
and AP. Urban expansion in these cities will result in reductions in
CS, WR, and AP of 0.60–1.92 million tons, 3.07–9.40 million tons,
and 0.13–0.42 thousand tons, respectively, accounting for 36.72%–

41.00%, 30.23%–35.17%, and 35.35%–39.31% of the total loss across
the TACM.

5 Discussion

5.1 The subregion of the DPRK will be the
foremost region experiencing ES loss across
the entire TACM

Among the three subregions of the TACM, the DPRK’s
subregion will experience the most pronounced expansion of
urban land during the period from 2015 to 2050. During these
years, it is estimated that coverage of urban land in this
transnational area will continue to increase from 867.87 km2

in 2015 to between 1,025.46 and 1,385.73 km2 in 2050, with an

average annual growth rate of 0.48%–1.35%. In the DPRK's
subregion, urban land coverage will increase to between
232.47 and 357.57 km2, with an average annual growth of
1.65–5.22 km2 and an average annual growth rate of 0.82%–

2.07%. In comparison, average annual growth rates of 0.44%–

1.20% and 0.05%–0.68% are projected for the Chinese and
Russian subregions, respectively. To put these figures into
perspective, the average annual growth rate of urban land in
the DPRK’s subregion is expected to be between 1.53- and 1.71-
fold higher than that the rate in the TACM as a whole, 1.72- to
1.86-fold higher than that in the Chinese subregion, and 3.04- to
30.75-fold higher than that in the Russian subregion.

It is accordingly anticipated that, within the TACM, the
DPRK’s subregion will be the zone in which future urban
expansion will have the most severe impact on regional ESs.
We found that future urbanization in this subregion will have
more serious effects than those that have occurred historically. In
the years between 1992 and 2015, urban expansion in the DPRK
resulted in losses of 60.71 thousand tons, 0.46 million tons,
3.00 million tons, and 0.11 thousand tons in terms of FP, CS,
WR, and AP, respectively, whereas our projections for the period
from 2015 to 2050 estimated anticipated losses of
64.42–229.08 thousand tons, 0.53–1.59 million tons,
3.31–10.61 million tons, and 0.12–0.37 thousand tons,
respectively; these represent losses between 1.06- and 3.77-
fold, between 1.15- and 3.46-fold, between 1.10- and 3.54-fold,
and between 1.08- and 3.21-fold higher than those recorded in
the past (Figure 5). In comparison, historical losses of FP, CS,
WR, and AP in the Chinese subregion have been 378.67 thousand
tons, 2.80 million tons, 15.83 million tons, and 0.65 thousand
tons, respectively, with corresponding estimated future losses of
129.34–444.12 thousand tons, 0.94–3.14 million tons,
5.43–17.83 million tons, and 0.22–0.70 thousand tons as a
consequence of urban expansion. These future ES losses will
be between 0.34- and 1.17-fold, between 0.34- and 1.12-fold,

FIGURE 4
Urban expansion in the TACM from 2015 to 2050 under the SSP5.
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between 0.34- and 1.13-fold, and between 0.34- and 1.08-fold
higher than those recorded historically, respectively. Finally, in
the Russian subregion, historical losses of 12.41 thousand tons,
0.44 million tons, 1.41 million tons, and 0.10 thousand tons have
been recorded for FP, CS, WR, and AP, respectively. Future urban
expansion will lead to losses of 11.19 thousand tons, 0.51 million
tons, 1.57 million tons, and 0.11 thousand tons, respectively;
these losses are 0.90-, 1.16-, 1.11-, and 1.10-fold higher than the
recorded historical losses, respectively.

In the DPRK subregion, the primary cause of future ES losses
will be the loss of cropland and woodland to urban development,
with encroachment onto cropland accounting for most of the
urban expansion in this area (Table 4). During 2015–2050, it is
estimated that an area of cropland of between 32.85 and
116.82 km2 will be lost to urban spread, accounting for
55.64%–63.61% of all new urban land area in the DPRK’s
subregion. This represents a 1.06- to 3.78-fold greater loss
than the historical loss of 30.96 km2 that occurred between
1992 and 2015. With respect to CS, WR, and AP, this loss of
cropland will result in losses of 0.13–0.45 million tons,
1.79–6.40 million tons, and 0.03–0.11 thousand tons,
respectively, in this subregion, representing 24.13%–28.64%,
54.17%–60.40%, and 24.61%–29.39% of the total losses,
respectively. Future urban expansion will come at the expense
of 13.14–37.35 km2 of woodland, which will contribute to
reductions of 0.37–1.06 million tons, 1.32–3.71 million tons,
and 0.08–0.23 thousand tons of CS, WR, and AP, respectively,
corresponding to 66.30%–70.21%, 34.91%–39.79%, and 63.34%–

66.70% of total ES losses. This future loss of woodland will be
0.28- to 2.64-fold higher than that recorded between 1992 and
2015. In comparison, future urban expansion across areas of
grassland will have a less pronounced impact on ESs. It is
estimated that between 3.87 and 9.54 km2 of grassland will be
lost to urban development, which is 0.56- to 1.38-fold higher than
the historical loss of 6.93 km2. Encroachment onto areas of
grassland will contribute to losses of 0.02–0.05 million tons,
0.20–0.51 million tons, and 0.01–0.03 thousand tons of CS,
WR, and AP, respectively, accounting for 3.26%–3.97%,
4.80%–6.03%, and 7.06%–8.56% of all losses across the TACM.

5.2 Losses of ESs will have detrimental
effects on human well-being in the DPRK’s
subregion

It can be anticipated that the continued loss of ESs attributable to
future urban expansion will have detrimental repercussions for
human welfare in the DPRK’s subregion. Food, in particular, is
the fundamental material basis for a good life, and is closely linked to
human wellbeing (Wu, 2013). On the basis of FAO data on food
consumption per capita in the DPRK (FAO, 2022), urban expansion
in the DPRK’s subregion will contribute to a reduction in FP of
64.42 to 229.08 thousand tons under different SSPs; this is estimated
to affect between 0.31 and 1.09 million people, corresponding to
approximately 9.58%–30.00% of the total population projected for
2050 in the subregion (Figure 6).

The storage of carbon plays a key role in regulating climate
change and maintaining carbon neutrality, which is clearly closelyTA
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associated with human wellbeing (Zhang et al., 2017; Li et al., 2021).
Consequently, it might be anticipated that a reduction in CS due to
urban expansion will contribute to diminishing human wellbeing in
the DPRK’s subregion, at least to a certain extent. Owing to
limitations in the relevant data, for the purposes of the present
study, we used a standard coal conversion coefficient of 0.68 for the
DPRK's subregion, following Tu and Liu (2014) and Zhang et al.
(2012). Our simulations indicate that future urban expansion in this
subregion will contribute to CS losses of between approximately
0.53 and 1.59 million tons, which is equivalent to the consumption
of 0.77–2.30 million tons of standard coal (Figure 6).

Water typically affects human wellbeing from the twin
perspectives of provisioning and regulating service (Liu et al.,

2021), and it is an important factor influencing human welfare
during urbanization (MEA, 2005; Zhang et al., 2017). Our
projections indicate that future urban expansion in the DPRK’s
subregion under different SSPs will lead to a decline in WR of
between 3.31 and 10.61 million tons. Given that annual water
consumption per capita in the DPRK’s is approximately 359.1 t
(FAO, 2022), the future loss of WR attributable to urban expansion
would be equivalent to the annual total water consumption of
9.21–29.56 thousand people, which would represent 0.28%–0.80%
of the total projected population of the DPRK’s subregion in 2050
(Figure 6).

The quality of the air we breathe is particularly relevant to
human health and welfare (Zhang et al., 2017). Atmospheric

FIGURE 5
Comparison of the loss of ESs resulting from urban expansion in the subregion of the DPRK under the SSPs. Colored dashed lines indicate the loss of
ESs caused by historical urban expansion; solid bars represent the loss of ESs caused by future urban expansion.

TABLE 4 ES losses caused by replacement of land use of other types by urban expansion from 2015 to 2050 under the SSPs in the subregion of the DPRK.

LULC
type

FP CS WR AP

Volume
(thousand t)

Percentagea Volume
(million t)

Percentagea Volume
(million t)

Percentagea Volume
(thousand t)

Percentagea

Cropland 64.42–229.09 100 0.13–0.45 24.13–28.64 1.79–6.40 54.17–60.40 0.03–0.11 24.61–29.39

Woodland 0 0 0.37–1.06 66.30–70.21 1.32–3.71 34.91–39.79 0.08–0.23 63.34–66.70

Grassland 0 0 0.02–0.05 3.26–3.97 0.20–0.51 4.80–6.03 0.01–0.03 7.06–8.56

Wetland 0 0 0.01 0.27–0.85 0 0 0 0

Unused
land

0 0 0.01 0.92–1.06 0 0 0 0

aThis percentage represents ES losses caused by the replacement of land use of other types by urban expansion as a proportion of total ES losses in the TACM.
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quality is determined to a large extent by PM10 concentration;
excessive levels will cause environmental pollution, with
potentially detrimental effects on human health. It has been
estimated that each 1 kg increment in atmospheric PM10

equates to an extra 54-euro expenditure necessary to protect
human health (Landuyt et al., 2016). Our simulations indicated
that future urban expansion in the DPRK’s subregion will
contribute to a decline in PM10 capture of between 0.12 and
0.37 thousand tons, thereby further reducing the wellbeing of
residents in this region. Moreover, this would mean that these
residents could potentially spend an additional
6.63–19.81 million euros for the purposes of ensuring
sufficiently high air quality (Figure 6).

To date, the DPRK has adopted a set of initiatives designed to
moderate the adverse impact of urban expansion, optimize the use of
land resources, and mitigate serious food crises. In this regard, the
Land Law issued by the DPRK government in 1999 proposed the
improvement of land-use efficiency, with the aim of increasing grain
production, and also stipulated that cropland should be protected
(Yang et al., 2020). In 2004, the DPRK passed the Land Planning
Law of the Democratic People’s Republic of Korea, which proposed
“protecting cropland as well as controlling urban development level”
as the principle of land planning within the country. In addition, the
DPRK has formulated an array of land policies designed to protect
high-quality cropland. The Environmental Protection Law of the
Democratic People’s Republic of Korea, enacted in 2014, proposed

FIGURE 6
Impact of ES losses on human well-being in the DPRK subregion. (A) The relationship between ESs and human well-being; (B) impacts of ES losses
on human well-being.
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further improvement to land-use efficiency and protection of the
natural environment (Nan et al., 2020). However, despite this raft of
legislation, existing laws have made only a limited contribution to
mitigation of the serious effects of urbanization on ESs. Given the
current situation, we therefore suggest that it is necessary to develop
spatial planning for land resources in order to protect natural
resources in this transnational area (and particularly in the
DPRK’s subregion), and additionally to scientifically delineate
urban boundaries to limit the rate at which urban growth
proceeds. In addition, more stringent policies should be
formulated to afford a greater degree of protection to cropland.
Finally, international trade and commerce among China, the DPRK,
and Russia should be strengthened as a means of addressing food
security problems. Specifically, food aid and trade could be
considered as measures aiming to alleviate food shortages,
thereby promoting the sustainable development of the
transnational area.

5.3 Future perspectives

Despite the valuable insight gained, this study does have
certain limitations. First, urban expansion can influence
various kinds of ESs, among which (for reasons of the
applicability of ES measurement tools and data availability) we
focused on only four ESs (Peng et al., 2015; 2016). Specifically, FP
was predicted to be influenced by future science and technology
under all scenarios. However, cropland area has remained an
essential basis for maintenance of food production in the TACM.
In particular, food cultivation technology has remained at a
relatively backward stage in the DPRK; for this reason,
maintaining and increasing cropland area is still an important
way to increase food self-sufficiency and food production.
Therefore, we calculated FP using average annual grain yield
and cropland area in this study. However, due to a lack of
appropriate quantifying methods and data, it was difficult to
consider the impact of science and technology on FP in this
region. Second, urban areas with green spaces and water bodies
also supply certain types of ESs, particularly cultural services
(Shwartz et al., 2014; Wu et al., 2014). However, owing to the
coarse spatial resolution of the relevant data, we were unable to
quantify the ESs provided by urban areas. Finally, as a
transnational area encompassing regions in China, the DPRK,
and Russia, substantial flows of material (e.g., food trade), energy,
and ESs occur within the region as a whole. However, due to data
and methodological limitations, we were unable to assess the
relative contributions of ES-related flows in this study.

In the future, we anticipate examining a wider range of
indicators to assess several other kinds of ESs, such as water
yield and recreational services (Andersson et al., 2015).
Additionally, we will consider the impact of future climate
change, science, and technology on ESs. We will also attempt to
use high-resolution remote sensing data to quantify ESs within
cities, particularly those ESs provided by green spaces and water
bodies (Santos et al., 2017). Finally, we will combine multiple
methods, such as remote sensing and modeling simulations, to
quantify ES flows within the TACM (Sun et al., 2022; Sun et al.,
2023; Zhang et al., 2023).

6 Conclusion

During the period from 1992 to 2015, urban land in the TACM
grew from 464.04 km2 to 867.87 km2, representing growth of
403.83 km2. This urban expansion contributed to the loss of
451.79 thousand tons of CS, 3.71 million tons of CS,
20.24 million tons of WR, and 0.86 thousand tons of AP. On the
basis of our simulated projections for the period from 2015 to 2050,
we predict that urban land will continue grow by between
157.59 and 517.77 km2, resulting in losses of
193.76–684.39 thousand tons of FP, 1.47–5.24 million tons of CS,
8.74–30.00 million tons of WR, and 0.34–1.18 thousand tons of AP.
These future ES losses will occur primarily in the Chinese subregion,
within which these four key ESs will decline by
129.34–444.12 thousand tons, 0.94–3.14 million tons,
5.43–17.83 million tons, and 0.22–0.70 thousand tons,
respectively, accounting for 64.87%–66.87%, 59.92%–66.20%,
59.38%–64.17%, and 59.63%–65.61% of all losses across the
entire transnational area.

In the near- to mid-term future, the DPRK’s subregion will be
the region experiencing themost severe ES losses; these are projected
to exceed historical ES losses. During the period from 2015 to 2050,
losses of 64.42–229.08 thousand tons, 0.53–1.59 million tons,
3.31–10.61 million tons, and 0.12–0.37 thousand tons are
projected for FP, CS, WR, and AP, respectively; these are 1.06- to
3.77-fold, 1.15- to 3.46-fold, 1.10- to 3.54-fold, and 1.08- to 3.21-fold
higher than those recorded historically. In terms of land use,
encroachment of urban sprawl onto cropland and woodland will
be the key driver of the future decline in ESs in the DPRK’s
subregion. This reduction in cropland and woodland coverage, as
a cost of urban expansion, will cause declines of
64.42–229.08 thousand tons, 0.50–1.51 million tons,
3.11–10.11 million tons, and 0.11–0.34 thousand tons in the four
key ESs of FP, CS, WR, and AP, respectively, representing 90.96%–

99.98% of all ES losses in the DPRK’s subregion.
These declines in ESs, as a consequence of continued

urbanization, will have negative repercussions with respect to the
wellbeing of the inhabitants of the DPRK’s subregion. In particular,
the reduction in the production of food will adversely affect
0.31–1.09 million people, which is approximately 9.58%–30.00%
of the entire projected population of the DPRK’s subregion in 2050.
The projected future loss of stored carbon is equivalent to the
consumption of approximately 0.77–2.30 million tons of standard
coal, while the future reduction in water retention capacity is
equivalent to the annual water consumption of
9.21–29.56 thousand people, representing approximately 0.28%–
0.80% of the projected population of the DPRK’s subregion in 2050.
In addition, the reduction in air quality in this subregion will
contribute to the requirement for additional expenditures of
6.63–19.81 million euros to ensure the maintenance of reasonable
air quality. On the basis of these findings, we suggest that the rate at
which urbanization proceeds in this transnational area, and
particularly the DPRK’s subregion, should be restricted based on
a scientifically determined delimitation of urban boundaries. In
addition, more stringent policies stipulating protections for
cropland should be formulated. Finally, international trade
among China, the DPRK, and Russia should be strengthened to
promote the sustainable development of the TACM.
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