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Abstract: The Mekong River Basin (MRB) has experienced drastic and extensive land-use and land-
cover changes (LULCCs) since the 1990s, including the conflicts between cropland and forest, yet
remain quantitatively uninvestigated. With three decades (1990-2020) of land-use products, here we
reveal the characteristics of LULCCs and the conflicts between cropland and forest in the MRB and
its three sub-basins, i.e., upstream area (UA), midstream area (MA), and downstream area (DA). The
four main results are as follows: (1) Since 1990, the dominated features are forest loss and cropland
expansion in the MRB and show obvious sub-basin differences. (2) The LULCC was most active
before 2000, with a comprehensive dynamic degree of almost 2%. Among them, construction land has
the highest single dynamic degree (5%), especially in the DA, reaching 12%. (3) The key features of
land-use transfer are the interconversions of forest and cropland, as well as cropland converted into
construction land. About 18% (63,940 km?) of forest was reclaimed as cropland, and 17% (45,967 km?)
of cropland was returned to forest in the past 31 years. (4) The conflict between cropland and forest
was the most dominant LULCC, accounting for 86% of the MRB area. Overall, cropland expansion
and forest loss (CEFL) were more dominant in the DA, while cropland fallow and forest restoration
(CFFR) had an advantage in the MA. Indeed, CEFL was mainly seen in the plains below a 200 m
elevation level, while CFFR tended to occur in the highlands. Our basin-scale study can enrich the
existing pan-regional results of LULCCs, and facilitates the understanding of the dynamics and
related mechanisms of CFER and CFFR in the tropics.

Keywords: land-use and land-cover changes (LULCCs); cropland expansion; forest loss; spatio-temporal
characteristics; the Mekong river basin (MRB)

1. Introduction

Land-use and land-cover changes (LULCCs) are among the most prominent landscape
effects on Earth, and they are also an important cause and critical consequence of global
climate change [1]. LULCCs, particularly deforestation and/or forest transformation, often
cause a series of adverse effects, such as land degradation, biodiversity loss, reduction in
clean water resources, increased carbon emissions, and air pollution [2-8], and they may
reduce the value of ecosystem services and enhance ecological risks [9,10]. To prevent
and reverse unreasonable land use, some ongoing global initiatives, such as Sustainable
Development Goals (SDGs) [11] and Reducing Emissions from Deforestation and Forest
Degradation projects (REDD+) [12], are committed to protecting and restoring sustainable
terrestrial ecosystems. Therefore, mastering the process and characteristics of LULCCs,
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especially forest degradation or transformation due to agricultural expansion and intensifi-
cation, has a positive effect on the reasonable policy formulation of land use on global and
regional scales.

To date, numerous scholars, governments, and international social groups have paid
attention to LULCCs [13-15]. LULCCs are widely involved in a series of major issues,
including the effective development and reasonable use of resources, ecological and en-
vironmental protection and governance, food production and security, and sustainable
development of the social economy [16]. The present research on LULCCs mainly includes
dynamic monitoring, spatio-temporal processes, driving factors, and environmental im-
pacts [17,18]. Regarding the processes of LULCCs, they have witnessed the quantity and
degree of changes, the direction of transfer, and the spatial patterns [19]. Because LULCCs
in different regions have different contributions and responses to global changes, regional-
scale LULCC studies tend to focus on key regions and hot spots, such as megacities and
watersheds [20-22]. As a complete natural geographical unit, a river basin is crucial to
human survival and sustainable social and economic development. Generally, LULCCs
in river basins are more dramatic than those in other regions [23-25]. The driving forces
that trigger LULCCs in river basins are complicated, among which economic development,
human activities, and population growth are the most important [26,27].

The Mekong River is the mother river of Mainland Southeast Asia (MSEA); its basin
area covers most of Laos and Cambodia and parts of Myanmar, Thailand, and Vietnam,
accounting for approximately one-third of the total area of MSEA. The Asian Development
Bank launched the Greater Mekong Subregional Cooperation initiative in 1992, with partic-
ipants including China and MSEA’s five countries. The aim was to strengthen economic
ties among its members and to promote peace and prosperity in the subregion [28]. Since
the 1990s, the Mekong River Basin (MRB) has experienced rapid economic growth and,
as population growth has put pressure on natural resources, this growth has significantly
contributed to the rate of LULCCs, including forest loss and agricultural expansion [29,30].
Additionally, earlier studies have shown that urban expansion, road construction, rubber
plantations boom, and illegal logging have led to forest loss and regrowth or degrada-
tion in the MRB [31-34]. These changes have resulted in a decline in water quality, with
severe hydrological consequences, and significant impacts on the largest lake (i.e., Tonle
Sap Lake) in the watersheds [35-37]. In addition, LULCCs are the main drivers of basin
runoff changes and can also alter soil properties [38—40]. Although previous studies have
considerably enriched our understanding of LULCCs, the magnitudes, processes, and
characteristics of LULCCs at the basin scale (e.g., the MRB) are still understudied, especially
in the quantitative analysis of the conflicts between cropland and forest.

Based on 30 m land-use and digital elevation model (DEM) data products, here, we use
the dynamic degree and transfer matrix method to delineate LULCCs in the MRB during
1990-2020. The objective of this study is two-fold: (1) to reveal the dynamic processes
and spatial patterns of LULCCs in the MRB over the past 31 years; and (2) to analyze
the characteristics of conflicts between cropland and forest, including elevation trends.
Understanding the process of LULCCs and cropland expansion or fallow and forest loss
or restoration in the MRB since 1990 can provide support and practice for future regional
land-use management and structure optimization, and will facilitate the understanding of
the dynamics and related mechanisms of LUCCs in the tropics.

2. Materials and Methods
2.1. Study Area

The Mekong River, or Chinese Lancang River, originates from the northeast slope of
the Tanggula Mountains on the Tibetan Plateau. The Mekong River is the most important
transnational river system in Asia and the longest river in MSEA, flowing through Laos,
Myanmar, Thailand, Cambodia, and Vietnam, with a total length of 2668 km. The Mekong
River Basin (MRB) is located 99° E-108° E and 8° N-22° N, with a total area of 655,281 km?.
The MRB has a typical tropical monsoon climate, with both dry and rainy seasons in the year.
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The rainy season is from June to October and the dry season is from November to May of
the following year. The topography of the MRB is high in the north and low in the middle
and south (Figure 1a). According to previous studies [41,42], we divided the MRB into three
sub-basins, namely, the upstream area (UA), midstream area (MA), and downstream area
(DA) (Figure 1b). The overall population distribution of the MRB is sparse in the north and
dense in the south, especially in the DA delta with the highest density.
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Figure 1. The maps of (a) the Mekong River Basin (MRB) and its topography (Advanced Spaceborne
Thermal Emission and Reflection Radiometer Global Digital Elevation Model Version 3; ASTER
GDEM V3) showing the (b) land use in 2020; UA, MA, and DA represent the upstream, midstream,
and downstream areas of the MRB, respectively.

Cropland and forest are the main types of land use and land cover in the MRB
(Figure 1b). Based on land-use data for 2020, the area of cropland and forest in the MRB
is nearly 629,076 km?, accounting for more than 96% of the total basin. More specially,
croplands are mainly distributed in the MA (46%) and DA (44%), and forests are mainly
distributed in the UA (41%) and DA (36%). The area of construction land is about 9396 km?,
accounting for merely 1% of the MRB's totality. The area of grassland is nearly 250 km?,
which is mainly distributed in the UA (56%) and MA (41%). Due to the Tonle Sap Lake,
more than 70% of the water and wetlands of the MRB are located in the DA.

2.2. Data Sources
2.2.1. Land-Use Data Products

The land-use data were obtained from the Big Earth Data Science Engineering Program
of the Chinese Academy of Sciences Strategic Priority Research Program (https://data.
casearth.cn, latest access: 10 September 2021). These data were based on Landsat satellite
data (Landsat TM, ETM+, and OLI) from 1984 to 2020. For more information about land-
use data products, one can refer to the study conducted by Zhang and colleagues [43].
The land-use types of the original data were classified into 9 level-0 land-cover categories
(i.e., cropland, forest, shrubland, grassland, wetlands, impervious surfaces, bare areas,
water body, permanent ice and snow) and 16 level-1 categories. The accuracy of the
30 m resolution level-O-type dataset was greater than 82.5% [43], which can meet the
data requirements of this study. To better illustrate the spatio-temporal characteristics of
LULCCs and conflicts between cropland and forest, we re-classified land-cover types into
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five classes (i.e., cropland, forest, grassland, construction land, and water and wetland). In
other words, the forest and shrubland land covers reclassified as forest, water body, and
wetlands were merged into water and wetland, construction land referred to impervious
surfaces, and cropland and grassland remained unchanged. It should be pointed out that
bare areas and permanent ice and snow were nearly non-existent in the MRB and therefore
not included in this study.

2.2.2. ASTER GDEM V3 Data Products

The Advanced Spaceborne Thermal Emission and Reflection Radiometer Global Digi-
tal Elevation Model Version 3 (ASTER GDEM V3) was obtained from the Earth Data open
access website (https://earthdata.nasa.gov, latest access: 13 March 2022). ASTER GDEM
was developed by the U.S. National Aeronautics and Space Administration (NASA) and
the Japanese Ministry of Economy, Trade and Industry (METI). On 5 August 2019, NASA
and METI jointly released ASTER GDEM V3, which added 360,000 optical stereo pairs to V2
to reduce elevation blank areas and water-area numerical anomalies. ASTER GDEM V3 is a
30 m high-definition DEM that covers almost all of Earth’s land. It takes 97 tiles to cover the
MRB, and then mosaicked in ArcGIS 10.x to extract the MRB topographical (or elevation)
information. Here, GDEM V3 was used to generate the elevational trends of conversion
or conflict between cropland and forest in the MRB. According to the standard division
of landform units [44,45], and combined with the change characteristics of cropland and
forest in the MRB, the elevation was divided into below 200 m (plain), 200-500 m (hill),
500-1000 m (low mountain), and above 1000 m (middle mountain).

2.3. Analysis Methods
2.3.1. Dynamic Degree

The land-use dynamic degree can reflect the change speed and amplitude of various
land-use types in the study area during a period of time, which can be calculated as the
single dynamic degree or the comprehensive dynamic degree [46].

The mathematical expression of the land-use single dynamic degree is given by:
u,-u, 1

X = % 100% D

K=
U, T

where K is the dynamic degree of a certain land-use type (e.g., cropland) in the study
period; U, and U, are the quantities of a certain land-use types at the beginning and end
of the study period, respectively. T is the length of the research period. When T is set as
a year, the value of K is the annual change rate of a certain land-use type in the research
region. Here, we only analyzed the single dynamic degree for cropland and forest, as well
as construction land.

The mathematical expression of the comprehensive land-use dynamic degree is
given by:
YiALU; ;1 .
W X T x 100% )
where LU; is the area of the i-th land-use type (e.g., cropland) at the beginning of the
research period, ALU;_; represents the area in which the i-th land-use type is converted
into the j-th land-use type during the research period, and T is the length of the monitoring
period. When the time period of T is set as a year, the value of LC is the annual change rate
of land use in the research region.

LC =

2.3.2. Transfer Matrix

The land-use transfer matrix [47] can be obtained as a two-dimensional matrix, accord-
ing to the change relationships of land-cover status in the same region at different phases.
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Through the analysis of the transfer matrix, the conversions of different land types in two
phases can be obtained. The mathematical expression of the land-use transfer matrix is:

Siu S12 -+ Su
Soi Sop ... S

sp= |2 2T ©)
Snl SnZ e Snn

where S represents the area (km?); n represents the number of land-use types before and after
the transfer; i,j (i, j = 1,2, ... , n) represent the land-use types before and after the transfer,
respectively; and S;; represents the area (km?) of land type i converted to land type ;.

3. Results
3.1. Dynamic Characteristics of LULCCs in the MRB

During 1990-2020, the MRB and its three sub-basins (i.e., UA, MA, and DA) have
undergone an obvious large-scale process of LULCCs and were not distributed equally
(Tables 1 and A1). Among them, the construction land and cropland areas continued to
increase, whereas the forest area decreased. The grassland increased in general and was
concentrated mainly in the UA, but the changes were not obvious because of its small
size in the whole area over the past 31 years. Additionally, the area of water and wetland
increased significantly in the MA.

Table 1. Area change (km?) of land use in the Mekong River Basin (MRB) from 1990 to 2020.

Land-Use and

Region Land-Cover Types 1990-2020 1990-2000 2000-2010 2010-2020
Cropland 11,626.3 4482.9 1288.8 5854.6
Forest —19,182.2 —7391.3 —3802.4 —7988.5
MRB Grassland 136.2 213.9 —44.6 —33.1
Construction land 5438.2 1457.0 2101.7 1879.5
Water and wetland 1980.8 1237.4 456.4 287.0
Cropland 1561.3 1121.2 722.7 —282.6
Forest —3268.4 —-1917.8 —1055.5 —295.0
UA Grassland 100.0 182.7 —45.5 —37.2
Construction land 1011.8 204.9 359.2 447.6
Water and wetland 594.8 409.0 19.1 166.7
Cropland —6481.8 —6648.1 —196.9 363.2
Forest 34544 5075.9 —689.9 —931.6
MA Grassland 29.4 26.0 0.7 2.7
Construction land 1936.9 647.4 738.6 550.9
Water and wetland 1061.0 898.7 147.5 14.8
Cropland 16,546.8 10,009.8 763.0 5774.0
Forest —19,368.2 —10,549.3 —2057.0 —6761.9
DA Grassland 6.8 53 0.3 1.3
Construction land 2489.5 604.6 1003.9 881.0
Water and wetland 325.0 —-70.4 289.9 105.5

From 1990 to 2020, the construction land increased from 3957.4 km? to 9395.6 km?,

with an annual growth rate of 3.0%. Representing a 2.4-fold increase in the construction
land, the area ratio of construction land increased from 0.6% to 1.4%. During 1990-2000
and 2000-2010, construction land expanded relatively fast, with annual growth rates of
3.2% and 3.3%, respectively. The last period of construction land expansion (2010-2020)
was the slowest, with an annual growth rate of 2.3%. At the sub-basin scale, the increased
area was the largest in the DA, increasing from 688.5 km? in 1990 to 3178.0 km? in 2020
and accounting for 45.8% of the total basin growth. The areas of construction land in the
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MA and UA increased by 1936.9 km? and 1011.8 km?, respectively, which correspondingly
accounted for 35.6% and 18.6% of the basin growth.

The cropland area increased by 11,626.3 km? in the past 31 years in the MRB, and the area
ratio increased from 42.0% to 43.8%. The fastest period of cropland expansion occurred during
20102020, with an increase of 5854.6 km?, followed by 1990-2000 (4482.9 km?) and 20002010
(1288.8 km?). Although the overall trend of cropland increased, this was not the case in the
different three sub-basins. The cropland area has continued to increase only in the DA, with a
total increase of 16,546.6 km?2. Specifically, the increase in cropland in the DA was 1.4 times
that of the whole basin, indicating that the area of cropland has significantly decreased in the
UA and MA. The main reason was that the cropland area in the MA decreased by 6845.0 km?
from 1990 to 2010, though there was a slight increase (363.2 km?) after 2010. Contrary to the
MA, the cropland area in the UA showed a trend of first increasing by 1843.9 km? from 1990
to 2010 and then decreasing by 282.6 km? since 2010.

From 1990 to 2020, the area of forest loss in the MRB has reached nearly 20,000 km?;
the forest area decreased from 55.1% to 52.2% of the total basin with an annual deforestation
rate of 0.2%. The fastest period of forest loss occurred during 2010-2020 with a decrease
of 7988.5 km?, followed by 1990-2000 (7391.3 km?) and 2000-2010 (3802.4 km?). At the
sub-basin scale, the rate of deforestation in the DA is quite astonishing; the forest coverage
rate decreased from 54.1% in 1990 to 46.7% in 2020, and more than 10,000 km? of forest
were deforested during 1990-2000. In the UA, the area of forest also showed a continuing
decline, but the rate of decline has been slowing down. The area of deforestation was only
295.0 km? during 2010-2020, which was 15.4% and 27.9% of that during 1990-2000 and
2000-2010, respectively. The forest area in the MA increased by 3454.4 km?, compared to
1990. However, increases in the MA mainly occurred before 2000, after which the forest
area slightly decreased.

3.2. Analysis of Dynamic Degree of LULCCs in the MRB

From 1990 to 2020, the comprehensive dynamic degree of LULCCs in the MRB was
approximately 0.7%, and the most active period (1.4%) was during 1990-2000. From
the perspective of a single dynamic degree of LULCCs, construction land, cropland, and
forest were significantly different (Figure 2a). Among them, the single dynamic degree of
construction land was 4.6%, indicating rapid expansion. In particular, the DA expansion
trend was the most obvious, in which the single dynamic degree reached a high of 12.1%.
The single dynamic degree of cropland was the largest (0.5%) in the DA, while it was —0.2%
in the MA. In contrast, the forest single dynamic degree was —0.5% and 0.2% in the DA
and MA, respectively. These values show that cropland expansion was often accompanied
by forest loss, and cropland fallow was the main form of forest restoration in the MRB.

There are obvious differences in the single dynamic degrees of different types of
LULCCs during different periods. From 1990 to 2000, the single dynamic degrees of
construction land, cropland, and forest in the MRB are 3.7%, 0.2%, and —0.2%, respectively
(Figure 2b). Among them, the expansion of construction land is the fastest in the DA, with
a single dynamic degree of 8.8%, which is 5.1% and 6.1% higher than those of the UA and
MA, respectively. Meanwhile, the single dynamic degree values of cropland were 0.4% and
0.9% in the UA and DA, respectively. The single dynamic degree of cropland in the MA
was —0.5%. Correspondingly, the single dynamic degree of forest was less than 0 in the UA
(—0.1%) and DA (—0.7%), while it was 0.7% in the MA.
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Figure 2. Dynamic degrees of land-use and land-cover changes in the Mekong River Basin (MRB)
and its upstream area (UA), midstream area (MA), and downstream area (DA) during (a) 1990-2020,
(b) 1990-2000, (c) 20002010, and (d) 2010-2020.

Compared with 1990-2000, the single dynamic degree of construction land was almost
the same value (3.9%) during 20002010, still indicating rapid expansion (Figure 2c). In
particular, the single dynamic degree of construction land in the DA was as high as 7.8%,
much higher than that in the UA (3.5%) and MA (2.4%). However, the cropland expansion
speed decreased, with a single dynamic degree of 0.1%, and the largest value was found in
the UA (0.4%). The single dynamic degree of the forest was —0.1% and the rate of forest
loss was also less pronounced than in the previous period, benefitting from the slower rate
of cropland expansion. This is especially obvious in the DA, where the single dynamic
degree changed from —0.7% in 1990-2000 to —0.2% in 2000-2010.

During 2010-2020, the single dynamic degree of construction land was 3.2% in the UA,
while the cropland showed a decreasing trend for the first time, and the forest dynamic did
not change much (Figure 2d). The single dynamic degree of construction land was the lowest
(1.4%) in the MA, and the dynamic degrees of cropland and forest were not obvious in the
MA. The single dynamic degree of construction land in the DA was 5.0% and 4.0% lower than
those during 1990-2000 and 2000-2010, respectively. The single dynamic degree values of
cropland and forest were 0.5% and —0.5% in the DA during the last period, respectively.

3.3. Analysis of Land-Use Transfer in the MRB

Based on geographic information system (GIS) overlay analysis, the land-use transfer
processes during 1990-2020 (including the different stages) are shown in Figure 3. The key
features of land-use transfer were the interconversions of forest and cropland, and cropland
converted into construction land in the MRB. In addition, there was also a certain mutual
transfer between cropland and water and wetland. Details of land-use transfer in the MRB
from 1990 to 2020 can be found in Tables A2-A4.



Land 2022, 11, 927

8of 17

1990-2020 1990-2000

S
/

2000-2010

(=

2010-2020

=

MRB

1990-2020 1990-2000 2000-2010 20102020

o

4

19902020 1990-2000 2000-2010 2010-2020

1990-2020 1990-2000 20002010 2010-2020

‘;{7 7 qf

| Cropland [ Forest Grassland [l Construction land|  Water and wetland

Figure 3. Land-use transfer in the Mekong River Basin (MRB) and its upstream area (UA), midstream
area (MA), and downstream area (DA) during 1990-2020, 1990-2000, 2000-2010, and 2010-2020. Note
that the arrows indicate the direction of transfer, and the width indicates the amount of transfer.

During 1990-2000, there were 88,888.3 km? of transferred land-use types in the
MRB, accounting for 13.6% of the total land area. The area transferred from forest was
44,407.36 km?, and 97.2% of that was transferred to cropland. Among them, about 88.0% of
cropland (41,166.5 km?) was converted into forest, followed by 8.7% of water and wetland
and 3.3% of construction land. The area of water and wetland converted to other land-use
types was 3217.5 km?, of which 77.2% and 22.7% were converted into cropland and forest.
A total of 73.8 km?2 of grassland was transferred out, of which 75.2% and 23.2% were
transferred to forest and cropland. From 2000 to 2010, the area transferred from forest
was 7964.9 km?, of which 95.7% was transferred to cropland. The area transferred from
cropland was 7174.9 km?, of which 61.3%, 27.1%, and 11.6% were transferred to forest,
construction land, and water and wetland, respectively. The water and wetland transferred
out accounted for 555.1 km?, of which 88.5% was converted to cropland. Of the grassland
transferred out, 89.1% (70.1 km?) was converted into forest. During 2010 to 2020, the area
transferred from forest was 13,471.5 km?, 95.7% of which was transferred to cropland. The
area transferred from cropland was 7790.2 km?, of which 68.6%, 21.1%, and 10.2% were
converted into forest, construction land, and water and wetland, respectively. A total of
924.9 km? of water and wetland were transferred out, of which 86.0% was transferred to
cropland. A total of 87.6% (63.2 km?) of transferred-out grassland was converted into forest.

At the three sub-basins, although the major land-use transfer direction was similar,
there were considerable differences in the quantities and characteristics. In the UA, the areas
of land-use transfer were 15,725.1 km?2, 3859.6 km?, and 4205.3 km?, respectively, in the
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past three periods. From 1990 to 2000, cropland was mainly transferred to forest, water and
wetland, and construction land, with 6561.5 km?2, 355.9 km?, and 179.1 km?, respectively.
The area transferred from forest was 8513.7 km?, of which 96.1% was transferred to cropland.
From 2000 to 2010, 1124.2 km? and 319.8 km? of cropland were converted into forest and
construction land, and 2166.2 km? of forest was transferred to cropland. From 2010 to 2020,
the transfer into construction land area was 448.5 km?, of which 79.6% and 19.9% came
from cropland and forest, respectively. The mutual conversion between cropland and forest
was roughly the same, 1636.6 km? (i.e., from cropland to forest) and 1763.4 km? (i.e., from
forest to cropland), respectively.

Next, the land-use transfer area in the MA was greater than in the UA in the past three
periods. From 1990 to 2000, 14,321.6 km? and 612.0 km? of cropland were transferred to
forest and construction land, respectively, and 8971.2 km? of forest were converted into
cropland. From 2000 to 2010, 2169.9 km? of cropland was converted to other land-use
types, and accounting for 56.5% of forest and 32.8% of construction land, respectively. The
area transferred from forest was 1827.4 km?, of which 92.6% was transferred to cropland.
From 2010 to 2020, 1148.7 km? and 513.3 km? of cropland were transferred to forest and
construction land, respectively, and 1982.7 km? of forest were converted into cropland.

The DA experienced the most dramatic land-use transfer, of which the area was more
than the sum of the transfers in the UA and MA. From 1990 to 2000, 15,346.4 km? and
560.9 km? of cropland were transferred to forest and construction land, respectively. The
trend of forest conversion to cropland was more obvious, with a total of 26,082.6 km? of
forest converted to cropland. From 2010 to 2020, 3519.2 km? of cropland were converted to
other land-use types, such as forest. Among them, about 58.1% and 26.0% were converted
into forest and construction land, respectively. A total of 4135.0 km? of forest were converted
to other types, of which 96.0% was converted into cropland. From 2010 to 2020, about
2558.0 km? and 733.0 km? of cropland were transferred to forest and construction land,
respectively, and 9051.7 km? of forest were converted into cropland. Clearly, from forest to
cropland is the most important land-use transfer in the DA.

3.4. Characteristics of Conflicts between Cropland and Forest

During 1990-2020, the conflicts between cropland and forest were the most obvious
LULCCs, accounting for 86.4% of the total land-use transfer area in the MRB. Overall,
cropland expansion and forest loss (CEFL) was more dominant in the DA (Figure 4a), while
cropland fallow and forest restoration (CFFR) had an advantage in the MA. As shown
in Figure 4b, the conflicts between cropland and forest were the most dramatic during
1990-2000. Before 2000, the ratios of CEFL in the UA, MA, and DA were 18.9%, 20.7%, and
60.6%, respectively. Meanwhile, the ratios of CFFR in the UA, MA, and DA were 18.1%,
39.5%, and 42.4%, respectively. The CEFL were 1615.9 km? and 10,736.2 km? more than the
areas of CFFR in the UA and DA, respectively, whereas the areas of CFFR were 5404.4 km?
more than those of CEFL in the MA. Compared with the period during 1990-2000, the
conflicts between cropland and forest greatly decreased during 2000-2010 (Figure 4c). The
ratios of CEFL in the UA, MA, and DA were 27.2%, 22.9%, and 49.9% in the first decade of
the 21st century, respectively. Similarly, the ratios of CFFR in the UA, MA, and DA were
25.6%, 27.9%, and 46.5%, respectively. The areas of CEFL were 1042.0 km?Z, 601.1 km?, and
1927.1 km? more than those of CFFR in the UA, MA, and DA, respectively. During the
latest period (2010-2020), the trend of CEFL was more prominent, especially in the DA,
where 70.7% of the total changes in the MRB occurred (Figure 4d). The areas of CEFL were
6493.7 km? more than those of CFER in the DA, but were only 126.8 km? and 834.1 km?,
respectively, in the UA and MA.
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Figure 4. Spatial distributions of the conflicts between cropland and forest in the Mekong River Basin
(MRB) during (a) 1990-2020, (b) 1990-2000, (c) 2000-2010, and (d) 2010-2020.

We also found that the conflicts between cropland and forest varied greatly among
different elevations in the MRB in the last 31 years (Figure 5a). Specifically, about 60.0% and
23.1% of the CEFL occurred in the plains and hills, respectively. During 1990-2000, 61.4% of
the CEFL was in the plains below 200 m. Then, although the scale of CEFL was decreasing
during 20002010, the corresponding proportion of changes in the plains was still close
to half (49.5%). Since 2010, about 68.8% of CEFL was located in the plains. This indicates
that the forests in the plains were preferentially cut down and reclaimed as cropland. By
contrast, CFFR obviously tend to be in areas with higher elevations that are unsuitable for
cultivation. The proportion of CFFR in the plains decreased from 56.8% during 1990-2000
to 38.9% during 20102020, while the proportion increased from 11.4% to 30.2% in the low
and middle mountains. It should be emphasized that the plains of the MRB account for the
highest proportion of total land area, which is greater than the sum of the areas of other
terrains. This further indicated that CFFR tends to occur in the highlands.
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Figure 5. The proportion of conflicts between cropland and forest at different elevation gradients
in the (a) Mekong River Basin (MRB) and its (b) upstream area (UA), (c) midstream area (MA), and
(d) downstream area (DA) during 1990-2020, 1990-2000, 2000-2010, and 2010-2020.

Because the elevation differences of the three sub-basins are relatively significant,
the elevation distributions of conflicts between cropland and forest also have distinct
characteristics. The conflicts between cropland and forest in the UA mainly occurred in
the hills and low mountains (Figure 5b), accounting for 76.0% during 1990-2000, 86.7%
during 2000-2010, and 76.7% during 2010-2020, respectively. In particular, CFFR in the
plains continued to decline, and tended to occur in higher elevation areas. In the MA, the
conflicts between cropland and forest mainly occurred in the plains and hills (Figure 5c).
The larger proportion of CFFR also tended to occur in the highlands; especially during the
latest period (2010-2020), CFFR exceeded 10% in the low mountains for the first time. The
conflicts between cropland and forest had the most obvious elevation change in the DA
(Figure 5d). The CEFL was mainly occurred in the plains, resulting in 74.6%, 62.9%, and
80.3% of the changes during the three periods, respectively. Meanwhile, CFFR in the plains
decreased from 73.5% during 1990-2000 to 50.3%, while the proportions increased from
9.9% to 29.3% in the low and middle mountains

4. Discussion

Tropical forests are a major source of new agricultural land [48]. Since the 1990s, rapid
cropland expansion in MSEA is often associated with large-scale deforestation, including
in the MRB [49]. The MRB has experienced rapid population growth over the past few
decades [50], with the accompanying increased consumption of food, while the original
cropland resources are limited. To balance the contradiction between the demand for food
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and the supply of cropland, a large quantity of forest land has been cleared and reclaimed
as cropland [51]. Comparatively speaking, cropland fallow and forest restoration (CFFR)
receive less attention than cropland expansion and forest loss (CEFL), which account for
a large proportion of LULCCs in the MRB and produce conflicts between cropland and
forest. A series of policies to protect forests have been implemented in Thailand since
1989, such as the ban on logging of natural forests, because excessive deforestation led
to severe flooding in 1988 [52]. Protected areas established and maintained by the Thai
government cover approximately 19% of the country’s land area in 2020 [53]. Our study
shows that the trend of CEFL is the weakest and that of CFFR is the most obvious in the
MA, which confirms that these measures are effective. Although a considerable amount of
cropland has been restored to forests in the MRB, there is still a wide gap between forest
restoration and forest loss. In general, when deforestation is greater than forest regeneration,
forest patches become more isolated, which can affect regional biodiversity [54]. More
importantly, tropical deforestation accounts for a large proportion of anthropogenic carbon
emissions and has a profound impact on global climate change [55]. Therefore, controlling
forest loss and accelerating forest regeneration should be given urgent attention under the
umbrella of carbon peaking and carbon neutrality goals.

In the MRB, low-elevation areas are hot spots for LULCCs, especially those of CEFL,
but these changes have gradually expanded to higher elevation areas [56]. Gradual high-
land CEFL in MSEA are also a cause for concern [57]. In addition, we found that the main
area in which CFFR occurred was in the highlands in the MRB, which is similar to patterns
in the rest of the world. For example, cropland returned to forest mainly occurred on
sloping highlands in the Loess Plateau of China [58], Latin America, and the Caribbean [59].
In general, the advancement of agricultural technology has led to widespread deforestation
in the lowlands, so highlands are the best places for forest restoration [60].

In fact, LULCCs are the result of a combination of factors, such as climate, topography,
population, economy, policies, and institutions, which have been widely discussed in previ-
ous studies [61-65]. These factors are also the reasons for LULCCs in the MRB [66]. More
importantly, geopolitical and economic relations are also the driving forces of LULCCs, but
they are not well explained [67-69]. MRB countries have established more than 40 geopoliti-
cal and economic relationships with nonregional countries, which have profoundly affected
the LULCCs in the region. The geopolinomical impact of LULCCs and the response of
LULCC:s to geopolinomical relationships have not been thoroughly studied. In the future,
more attention should be paid to the role of geopolinomical relationships in LULCCs.

There were several limitations in this study. The division of our study area included
multiple countries in the same sub-basin. However, the national differences were not well
represented. In particular, national policy may play an important role in the LULCCs
of MSEA’s five countries, such as the afforestation (e.g., acacia mangium) movement in
Vietnam [70] and the constriction of swidden agriculture in Laos [71]. Therefore, analyzing
the differences in land-use policies across countries can help us to understand the reasons
behind LULCCs in the MRB better. Additionally, more advanced models can be used for
research in the future, which can not only better reveal past LULCCs, but can also predict
future trends.

5. Conclusions

This study used 30 m land-use and ASTER GDEM V3 data and GIS methods via raster
iterators and overlay analysis to examine the spatio-temporal characteristics of LULCCs
and conflicts between cropland and forest in the MRB and its three sub-basins during
1990-2020, namely, the upstream area (UA), midstream area (MA), and downstream area
(DA). Our basin-scale study can enrich the existing pan-regional results of LULCCs. The
four main conclusions are as follows:

(1) From 1990 to 2020, the main LULCCs in the MRB were the continuous expansion of

construction land and cropland, and the continuous loss of forest. Construction land
and cropland increased by 5438.2 km? and 11,626.3 km?, respectively, and forest de-
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creased by 19,182.2 km?. However, there are obvious differences in the performances
in different periods and sub-basins.

The LULCCs were the most active before 2000; the comprehensive dynamic degree of
LULCCs was 1.4% in this period, and then it became relatively slight. The construction
land expansion trend in the DA was the most obvious, and the single dynamic degree
reached a high of 12.1%. The single dynamic degree of cropland was the largest (0.5%)
in the DA, while it was —0.2% in the MA. In contrast, the single dynamic degrees of
forest were —0.5% and 0.2% in the DA and MA, respectively.

The key features of land-use transfer were the interconversion of forest and cropland,
as well as cropland converted into construction land. More than 90% of the increased
construction land was obtained from cropland, and a total of 17.7% of forest was
reclaimed to cropland; meanwhile, 16.7% of cropland was returned to forest. Overall,
the area of forest converted into cropland was greater than the area of cropland
converted into forest.

The conflict between croplands and forests is the most obvious LULCC, accounting
for 86.4% of the MRB’s totality. Cropland fallow and forest restoration (CFFR) was
more obvious in the MA, and cropland expansion and forest loss (CEFL) had an
advantage in the DA. Indeed, CEFL was mainly seen in the low-altitude plains below
200 m; it had the highest proportion during 2010-2020, reaching 68.8%. However, the
proportion of CFFR in the plains decreased from 56.8% during 1990-2000 to 38.9%
during 2010-2020, while the proportion increased from 11.4% to 30.2% in low- and
middle-mountain areas above 500 m.

As noted, our study does not fully present a discussion of the drivers and mechanisms

of LULCCs in the MRB. In the future, a long-time series of annual land-use practices will
facilitate the understanding of the dynamics and related mechanisms of land-use changes.
With the free access to satellite imagery, such as Landsat (including newly launched Landsat-
9) and Sentinel, more efforts are needed to investigate the conflicts between croplands and
forests, so as to investigate the reasons, mechanisms, and impacts an related to them.
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Appendix A

Table A1l. Area (km?) of land use in the Mekong River Basin (MRB) from 1990 to 2020.

Land-Use and

Region Land-Cover Types 1990 2000 2010 2020
Cropland 275,541.0 280,024.0 281,312.7 287,167.3
Forest 361,091.7 353,700.5 349,898.1 341,909.6
MRB Grassland 113.4 327.3 282.8 249.6
Construction land 39574 5414.3 7516.1 9395.6

Water and wetland 14,578.3 15,815.7 16,272.1 16,559.1
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Table Al. Cont.

Land-Use and

Region Land-Cover Types 1990 2000 2010 2020
Cropland 27,789.3 28,910.5 29,633.2 29,350.6
Forest 143,819.9 141,902.1 140,846.5 140,551.5
UA Grassland 39.0 221.7 176.2 139.0
Construction land 824.5 1029.4 1388.6 1836.2
Water and wetland 1032.1 1441.1 1460.2 1626.9
Cropland 139,015.4 132,367.3 132,170.4 132,533.6
Forest 74,926.3 80,002.2 79,312.3 78,380.7
MA Grassland 74.0 100.0 100.7 103.4
Construction land 24445 3091.9 3830.5 4381.4
Water and wetland 2054.2 2952.9 3100.4 3115.2
Cropland 108,736.3 118,746.1 119,509.2 125,283.2
Forest 142,345.6 131,796.2 129,739.2 122,977.3
DA Grassland 0.4 5.6 59 7.2
Construction land 688.5 1293.1 2297.0 3178.0
Water and wetland 11,492.1 11,421.7 11,711.5 11,817.1

Table A2. The transfer matrix of land-use changes in the Mekong River Basin from 1990 to 2000 (km?).

2000
1990 Construction Water and
Cropland Forest Grassland Land Wetland
Cropland 234,351.4 36,229.5 23.0 1352.0 3585.0
Forest 43,177.2 316,684.4 262.2 103.5 864.4
Grassland 12.8 554 39.6 0.1 55
Construction land 0.0 0.0 0.0 3957.4 0.0
Water and wetland 2482.5 731.3 2.5 1.3 11,360.8

Table A3. The transfer matrix of land-use changes in the Mekong River Basin from 2000 to 2010 (km?).

2010
2000 Construction Water and
Cropland Forest Grassland Land Wetland
Cropland 272,849.0 4394.7 2.5 1946.0 831.7
Forest 7964.9 345,373.5 31.4 150.9 179.8
Grassland 7.9 70.1 248.6 0.7 0.0
Construction land 0.0 0.0 0.0 5414.3 0.0
Water and wetland 490.9 59.8 0.2 4.1 15,260.7

Table A4. The transfer matrix of land-use changes in the Mekong River Basin from 2010 to 2020 (km?).

2020
2010 Construction Water and
Cropland Forest Grassland Land Wetland
Cropland 273,522.5 5343.2 7.6 1643.4 795.5
Forest 12,797.8 336,426.6 29.8 227.8 416.1
Grassland 75 63.2 210.6 1.2 0.2
Construction land 0.8 0.1 0.0 7515.1 0.0
Water and wetland 838.8 76.4 1.7 8.0 15,347.3
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