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Abstract

Karst areas contain valuable groundwater resources and high biodiversity, but are particularly vulnerable to climate change
and human impacts. Land-use change is the cause and consequence of global environmental change. The releases of the
Climate Change Initiative-Land Cover (CCI-LC) and World Karst Aquifer Map (WOKAM) datasets have made it possible
to explore global land-use changes in karst areas. This paper firstly analyses the global karst land-use distribution in 2020, as
well as the land-use transition characteristics between 1992 and 2020. Then, two indicators, proportion of land-use change
and dominant type of land-use change, are proposed to identify the spatial characteristics of land-use change in global karst
areas. Finally, three examples of land-use change in karst areas are analyzed in detail. Land-use types and proportions of
the global karst areas from large to small are as follows: forest (31.78%), bare area (27.58%), cropland (19.02%), grassland
(10.87%), shrubland (7.21%), wetland (1.67%), ice and snow (1.16%) and urban (0.71%). The total area of global karst land-
use change is 1.30 million km?, about 4.85% of global karst surface. The land-use change trend of global karst is dominated
by afforestation, supplemented by scattered urbanization and agricultural reclamation. The tropical climate has a higher
intensity of land-use change. Regions of agricultural reclamation are highly consistent with the population density. These
results reflect the impact of human activities and climate change on land-use changes in global karst areas, and serve as a
basis for further research and planning of land resource management.
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Introduction

Land-use change is an important component (Foley et al.
2005; Turner et al. 2013) and one of the key drivers (Ward
et al. 2000) of global environmental change, and it is the
result of a combination of driving factors under the human-
land relationship (Liu et al. 2003; Meyfroidt et al. 2013). At
the same time, land use also has a close relationship to popu-
lation migration and economic conditions (DeFries 2013);
thus, the assessment of land-use changes is important for the
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effective planning and management of resources. In recent
decades, large-scale anthropogenic land-use changes have
led to profound changes in the water cycle and have signifi-
cantly affected the water resources and ecosystem, which in
turn have caused changes in groundwater quality and quan-
tity (Grimm et al. 2008; Winkler et al. 2021).

Karst aquifers make important contributions to the water
supply of many regions, cities and countries; about 678 mil-
lion people or 9.2% of the world’s population rely on freshwa-
ter from karst aquifers (Stevanovic¢ 2019). While karst aquifers
are essential for water supply, karst areas provide a variety
of habitats for many species, including numerous rare and
endemic plant and animal species (Goldscheider 2019). At
the same time, the karst groundwater system is closely related
to the external surface where there can be rapid transforma-
tion, so karst aquifers are particularly vulnerable to land-use
change and difficult to manage (Nguyet and Goldscheider
2006; Parise et al. 2015; Panagopoulos and Giannika 2022).
With the development of the economy and the expansion
of population, human behavior, such as the expansion of
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cropland, will gradually increase the stress on karst aquifers
in terms of groundwater quality and quantity (Hartmann et al.
2014)—for example, the pressure on groundwater quantity
caused by the intensification of agriculture and the pressure
on groundwater quality caused by the application of pesticides
and fertilizers (Foley et al. 2011). At the same time, urbaniza-
tion is a strong trend of economic development. This trend
will inevitably lead to the expansion of urban land use and the
growth of urban population. In the process of urbanization,
these changes in land use and landscape patterns are the most
obvious changes in the karst surface area (Lambin et al. 2001).

Numerous institutions have released global land-use data
products that are inconsistent in scale and classification
(Grekousis et al. 2015)—e.g., the International Geosphere-
Biosphere Programme’s Data and Information System land-
use cover (IGBP DISCover; Loveland et al. 2000), Global
Land Cover 2000 (GLC2000; Bartholome and Belward
2005), Moderate Resolution Imaging Spectroradiometer
LAND-COVER (LC) dataset (MCD12; Friedl et al.
2010), GLOBCOVER and Global Map-Global LC dataset
(GLCNMO; Tateishi et al. 2011), GlobalLand 30 (Chen
et al. 2015). These global land-use products by different
institutions are limited by inconsistencies in resolution,
time scale and classification systems, making it challenging
to compare and combine the data. Difficulties in accurately
assessing the impacts of land-use changes and making
decisions about land and resource management can result
from a lack of clear understanding of trends and patterns
(Fuchs et al. 2013; Winkler et al. 2021). To resolve these
issues, it is crucial for institutions to adopt a standardized
approach to land-use data collection and analysis, using
consistent scales and classification systems.

The World Karst Aquifer Map (WOKAM) was completed
in 2017, providing a comprehensive description of the global
distribution of karst features (Chen et al. 2017b). This release
of data offers valuable insights into the distribution of karst
aquifers across the world. Moreover, since most of the global
karst areas are discontinuous regions (Chen et al. 2017a),
land-use analysis in karst regions requires a high resolution
relative to global class datasets. The European Space Agency
(ESA) released the Climate Change Initiative — Land Cover
dataset (CCI-LC; Bontemps et al. 2013) of global land use
with a resolution of 300 m and multi-year time series. The
CCI-LC dataset allows one to derive absolute areas and areal
changes between land uses (Li et al. 2018; Liu et al. 2018).

Most previous studies on karst water resources have only
considered land-use change at the catchment scale (Sonter
et al. 2014; Misra and Balaji 2015; Chen et al. 2021a, b).
It is essential to quantify and understand the spatiotempo-
ral dynamics of global karst land-use change. Such assess-
ment could provide more comprehensive data for global
karst change analysis, and contribute to the awareness of
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ecological or environmental change by quantifying global
karst land-use change characteristics, allowing for a better
understanding of global karst land-use change.

This study aims to quantify the spatiotemporal dynamics
of land-use change in karst regions at a global scale based
on various global geographical information systems (GIS)
datasets. It represents the first attempt to combine CCI-LC
data and WOKAM data from 1992 to 2020 to identify and
quantify the distribution patterns and land-use changes in
global karst regions (Goldscheider et al. 2020). The research
content of this article is as follows:

1. Summary of the general situation of land-use distribu-
tion in global karst areas

2. For each land-use type, analysis of the area changes
between 1992 and 2020 and quantification of the global
land-use transition

3. Identification of the spatiotemporal dynamics of global
karst land-use change

Materials and methods

This project was undertaken using ArcGIS Desktop by ESRI
(version 10.8), the coordinate system is Robinson projection,
longitude of central meridian 11 °E, spheroid WGS84. The
legends, values and areas mentioned in this paper refer to
land use on global karst.

Data source and reclassification system

The European Space Agency released the year-by-year
global land-use dataset from 1992 to 2015 (Bontemps et al.
2013; Defourny et al. 2017). Since 2016, the Copernicus Cli-
mate Change Service (C3S) has released land cover data for
2016-2020, which are consistent with the global map series
produced from 1992-2015 (Defourny et al. 2021). This
dataset is the longest global land-use dataset in time series
and is ideal for exploring large-scale land-use changes. The
accuracy of this database is 74.1% (Defourny et al. 2017).

The CCI-LC legend contains 36 land cover classes. These
categories are defined using the Land Cover Classification
System (LCCS) developed by FAO (Di Gregorio 2005). This
work reclassified the CCI-LC types to general types for clar-
ity in analysis, referring to a general classification system
(Gong et al. 2013). The original 36 classification and reclas-
sification criteria are shown in Table 1.

Spatial change characterization

Land-use-transition analysis can describe the quantitative
information of land-use changes, but this analysis cannot
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Table 1 Correspondence between new land categories used for the change detection and the LCCS legend used in the CCI-LC classes

Reclassification LCCS legend and its code number used in ESA-CCI LC maps
Cropland Rainfed cropland 10, 11, 12 Rainfed cropland
Irrigated cropland 20 Irrigated cropland
Mixed cropland 30 Mosaic cropland (>50%)/natural vegetation (tree, shrub, herbaceous cover) (<50%)
40 Mosaic natural vegetation (tree, shrub, herbaceous cover) (>50%)/cropland (<50%)
Forest Broadleaved forest 50 Tree cover, broadleaved, evergreen, closed to open (>15%)
60, 61, 62 Tree cover, broadleaved, deciduous, closed to open (>15%)
Needle-leaved forest 70,71,72 Tree cover, needle-leaved, evergreen, closed to open (>15%)
80, 81, 82 Tree cover, needle-leaved, deciduous, closed to open (>15%)
Mixed forest 90 Tree cover, mixed leaf type (broadleaved and needle-leaved)
100 Mosaic tree and shrub (>50%)/herbaceous cover (<50%)
Grassland Grassland 110 Mosaic herbaceous cover (>50%)/tree and shrub (<50%)
130 Grassland
Wetland Wetland 160 Tree cover, flooded, fresh or brackish water
170 Tree cover, flooded, saline water
180 Shrub or herbaceous cover, flooded, fresh-saline or brackish water
Urban Urban 190 Urban areas
Shrubland Shrubland 120, 121, 122 Shrubland
Bare area Bare area (partly with 140 Lichens and mosses
sparse vegetation) 150,152,153, Sparse vegetation (tree, shrub, herbaceous cover) (<15%)
200,201,202 Bare areas
Water Water 210 Water bodies
Ice Ice and snow 220 Permanent snow and ice (stable)

analyze the spatial information of land-use changes.
Given the fine resolution of CCI-LC, the land-use analy-
sis at the world level will become too fragmented to cap-
ture variation characteristics. This work aggregates the
original 300-m resolution into 10 km x 10 km cells (Li
et al. 2018; Nowosad et al. 2019). This scale provides
high resolution, enough to include meaningful feature
analysis within each cell.

Each 10 km X 10 km grid contains multiple small grids
of 300 m X 300 m. Here, the ‘Statistics’ function of ArcGIS
software is used to calculate the changed area and the most
dominant type of land-use change in each 10 km x 10 km
grid. This paper proposes the ratio of the area of land-use
change to the grid area of 10 km X 10 km, that is, the intensity
of land-use change of each cell (Aldwaik and Pontius 2012).
The calculation method is as follows:

Land-use change area

Proportion of land-use change = x 100% (1)

One cell size

Land-use change over time is measured by the differ-
ence in land use between the initial and final time (Nowo-
sad et al. 2019). This work aims to explore the land-use
change over the longest available period of time in the ESA
dataset, that is, the 1992 and 2020 maps as the first- and

last-time steps. The map was eventually classified into five
levels, with percent change indicating the intensity of land-
use change. A percentage above 30% is classified as “high
change”, a percentage between 15 and 30% is classified as
“moderate high change”, and a percentage between 5 and
15% is classified as “moderate change”.

Results and discussion
Global karst land-use distribution map in 2020

The CCI-LC map in 2020 (reclassified according to
Table 1) is combined with the WOKAM global karst area
distribution map, as shown in Fig. 1. Figures 1 and 2 show
the global karst land-use distribution map and proportion
of each land-use type in 2020, respectively. About 8.54
million km? (31.78%) of the karst area is forest, which is
also the land-use type with the largest proportion of global
karst areas. Broadleaved forests are about 3.12 million
km?, accounting for 11.59%, whereby most are located in
tropical climate zones—Southeast Asia, Latin America
and Central Africa—and are mainly determined by cli-
matic conditions (high temperature and precipitation). The
area of needle-leaved forests is 4.25 million km? (15.82%),
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Fig. 1 Spatial patterns of global karst area land use in 2020, at 300-m spatial resolution. Data source: global karst distribution data from
WOKAM (Chen et al. 2017a), land-use data from CCI-LC 2020 version (Defourny et al. 2021)

mainly distributed in the cold climate regions distributed in
northern Russia and Canada, where the population density
is very low (less than 20 people per km?). About 7.41 mil-
lion km? (27.58%) of the global karst area is bare land, and
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Fig.2 Pie chart of 2020 global karst area land use (unit: %)
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the most widespread bare land is distributed in the Arabian
Peninsula and North Africa. Most of these areas have arid
climates, where there are high temperatures combined with
less rain. About 1.94 million km? (7.21%) are shrubland,
which are distributed with bare land in the arid climate
zone. Shrubs were suitable for revegetation in harsh karst
areas because of high tolerance to severe drought com-
pared to trees (Liu et al. 2011). Around 5.11 million km?
(19.02%) of karst land is covered with cropland. Cropland
is mainly distributed in the temperate climate areas, which
is relatively warm with high precipitation amounts and sea-
sonality. Rainfed cropland is mainly distributed in Europe,
the eastern United States and other regions, with an area
of about 3.42 million km? (12.71%). Irrigated cropland is
about 0.21 million km? (0.79%). Although the area of irri-
gated cropland is relatively small, it represents managed
landscapes with the highest agricultural inputs (Vaclavik
et al. 2013). Concentrated irrigated agricultural areas
are in regions such as China, Egypt and India. Grassland
(10.87%) has less precipitation and is distributed in the
central United States and Central Asia. The urban area is
about 0.19 million km?, accounting for about 0.71%. Urban
areas with high-density population are scattered throughout
the world.
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Global change patterns
Land-use area change

The results of analysis of the area change of each land-use
type over the 29-year period, from 1992 to 2020, are shown
in Fig. 3 (numbers are in 103 kmz). Before 2000, the total
amount of cropland increased, and then decreased year by
year until 2017, followed by a minor increase from 2017
until 2018 and a stable period until 2020. Cropland referred
to in the figure is the sum of rainfed cropland, irrigated crop-
land and mixed cropland. Globally, cropland area has been
maintained at 5.11 million km?, and two-thirds of the area is
rainfed cropland. About half of the forests are needle-leaved
forests, and after 2017 the area of needle-leaved forests has
decreased sharply, accompanied by mixed forests that have
been increasing over time. Such a sharp decline may be due
to the classification of remote sensing data; some areas were
classified as needle-leaved before 2017, and then classified

as mixed forest, but overall, forest is on the rise. The bare
area shows a shrinking trend of 0.09 million km?, about the
size of Portugal. In contrast, the urban area increases gradu-
ally during the 28 years from 1992 to 2020, with an increase
of 0.10 million km?, which is about the size of the country
of Iceland.

Land-use transition

Figure 4 illustrates land-use transition processes quantita-
tively between different types of global karst areas from
1992 to 2020. Net change shows the difference in areas
of land use between 1992 and 2020 (see Table 2). Except
for the category of snow and ice, all other land-use types
experienced varying degrees of change in global karst area.
Permanent snow and ice remained constant over the 29-year
period (0.31 million km?), mainly distributed in northern
Canada and the Tibetan Plateau. This conclusion is different
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Fig.3 Land-use area change in global karst regions from 1992 to 2020 (unit: 1,000 km?)
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Fig.4 Transition of global karst
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from that of Li et al. (2019), which may be due to different
databases or data accuracy.

The total global karst area that experienced land-use
changes from 1992 to 2020 is 1.30 million km?, which means
that almost 4.85% of the global karst surface has changed.
Overall, the most frequent land-use changes occurred
between cropland and forest; the largest land-use-change
types were ‘cropland to forest’ and ‘forest to cropland’
with 0.20 million km? and 0.18 million km?, respectively,
accounting for 29.39% of all land-use changes on karst.

The total area of forest expansion is 17,400 km?, with for-
est gains mainly coming from the annual growth of mixed

Table 2 Net change of different land-use types (unit: 10° km?)

Land-use type Net change
Rainfed cropland 4341
Irrigated cropland 2.07
Mixed cropland -40.37
Broadleaved forest -11.87
Needle-leaved forest -72.08
Mixed forest 101.35
Grassland 12.46
Wetland -2.78
Urban 101.31
Shrubland —47.11
Bare area -92.94
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Bare area

forest (an increase of 0.10 million km?). For broadleaved
forests, the main gross loss was to mixed cropland and rain-
fed cropland amounting to 0.08 million and 0.04 million
km?, respectively. For needle-leaved forests, the main loss
was to shrubland (0.05 million km?), mixed forests (0.04
million km?) and mixed cropland (0.02 million km?).

Urbanization has received considerable attention due to
economic development and dense population (Kalnay and
Cai 2003). Globally, the area of change in urban areas is
relatively small compared to other land-use changes. Urban
areas have increased by 0.10 million km?, accounting for
7.73% of the gross total global land-use change. The net
increase in urban areas mainly comes from the conversion
of cropland and grassland, amounting to 0.07 million and
0.01 million km?, respectively. Cropland loss was mainly to
forests and urban areas. In addition to turning cropland to
forests, urban encroachment on cropland is also a key cause
of cropland loss (Winfield 1973), indicating that the urban
expansion caused by anthropogenic land usage from 1992 to
2020 was significant in the global karst regions.

Grassland also had an obvious transition to bare land;
the loss of bare land cover was mainly to grassland (0.10
million km?), rainfed cropland (0.03 million km?) and
needle-leaved forests (0.02 million km?). The gain of bare
areas was mainly coming from grasslands (0.06 million
km?) and needle-leaved forests (0.02 million km?). Despite
a gross bare-area gain of 0.09 million km?, the larger gross
loss (1.85 million km?) results in a net loss of 0.09 million
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km?, which shows that grassland restoration is discernible
in the karst area.

Spatial land-use change identification
Intensity of land-use change

In order to identify the spatial distribution of land-use
change characteristics, the proportion of land-use change
within each grid cell is calculated here according to Eq. (1).
The spatial pattern of the proportion of land-use change
in the global karst area is shown in Fig. 5. In all, 38.49%
of the grid is 'no change’, mainly distributed in northern
North America, northern Africa and the Arabian Peninsula.
The areas with more than 15% land-use change are mainly
distributed in regions such as eastern North America, Cen-
tral Europe and Southeast Asia, accounting for 9.92% of
all karst areas, while areas with more than 30% land-use
changes are distributed in Central America, Central Africa
and South Asia, accounting for 2.70% of the total karst
proportion. The tropical climate has a higher proportion
of land-use change, and most of the regions with land-use
change proportion of more than 30% are within this climate
region.

Spatial distribution of the dominant type of land-use
change

A variety of land-use change types occur in the global karst
region from 1992 to 2020 within one cell. Figure 6 shows the
distribution of the dominant type of land-use change. Land-
use change usually has a high degree of spatial heterogene-
ity, which indicates that land-use change is related to local
climatic factors and land-use planning, etc. (Liu et al. 2018).

Contrary to the prevailing view of global forest area decline,
afforestation is the most common type of land-use change in
global karst areas (Song et al. 2018), mainly distributed in
North America, the east and west coasts of Africa, and south-
west China. These shifts are related to changes in factors such as
the ‘Returning Farmland to Forest’ program supported by local
governments (Liu et al. 2015) or economically beneficial tree
planting (Laikre et al. 2010; Hansen et al. 2013). Afforestation
will improve the vegetation cover and decrease the loss of water
and soil due to agricultural practices (Sahin and Hall 1996).
This situation implies a greening trend due to a more suitable
environment or increased precipitation in some areas (Song et al.
2018; Zhu et al. 2016).

Over the past few decades, agricultural reclamation areas
have existed due to the expansion of cropland areas driven
by growing populations (Tilman et al. 2011). Regions that
contain significant cropland expansion are Southeast Asia,

14
2,500 5,000 10,000
I N KM
Legend
Proportion of land-use change
Non-karst area <2% 5% - 15% - >30%
No change 2% - 5% P 15% - 30%

Fig.5 Proportion of land-use change area in the 10 km X 10 km cells
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Central Asia, and Central North America, as well as sporadic
locations such as Latin America and Africa. Agricultural
reclamation regions are highly consistent with the popula-
tion density in karst regions (Goldscheider et al. 2020). In
northern Africa, bare areas and shrublands encompassing
several regions have been transformed into cropland expan-
sion. In comparison, the southern region of Africa is mostly
characterized by a conversion of forest into cropland.

The urbanization process leads to a range of environment-
related issues (Lambin et al. 2001; Brown and Vivas 2005),
including soil erosion, desertification, and water scarcity,
etc. (Wang and Fang 2011). Urban expansion has occurred
mainly in Central and Eastern Europe, the eastern regions of
the USA, and sporadically in eastern China and the Arabian
Peninsula. The most important land-use change involved in
urban expansion is from rainfed cropland around the city.

Intense human activities have resulted in the karst rocky
desertification landscape with extensive exposed bedrock,
severe soil loss, shallow soil layers, and discontinuous soil
coverage (Chen et al. 2021a, b). The main desertification
areas of global karst areas are in the Tibetan Plateau, eastern
North America and Central Russia. Among them, the karst
areas in North America are dominated by the transforma-
tion from forest into shrubland, while in Tibet and Russia,
grassland is mainly degraded into bare area.

Detailed analyses of land-use change in three sample areas

The karst regions of south-central Europe, eastern North
America and southwest China are the three major karst con-
centrations in the world (Yuan 1999). In this study, locations
with a large proportion of land-use change in the global karst
concentration area are selected as samples: in the eastern
United States (A), southeastern Spain (B) and central south
China (C). A location map of the selected sample areas, and
the corresponding proportions of land-use change and the
dominant type of land-use change maps, are shown in Fig. 7.

Sample area A is in the Eastern United States. The USA is
the second largest karst water consumer, where approximately
50 million people (Stevanovi¢ 2019) are supplied with drink-
ing water from karst. Sample area A is located in the eastern
United States, on the borders of Kentucky, Indiana and Ohio,
most of which rely on karst groundwater. The map shows
an area within the state of Indiana where the proportion of
land-use change exceeds 30%. The dominant type of land-use
change is cropland to urban, indicating that urban expansion
is significant in Indiana and Ohio (Lawler et al. 2014). Large-
scale urban expansion will lead to the depletion of natural veg-
etation within protected areas (Martinuzzi et al. 2015). The
area south of the sample shows not only urban expansion, but
also forest deforestation and agricultural reclamation.

g T
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I N kM
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Fig.6 The dominant type of land-use change in the 10 km X 10 km cells
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Fig. 7 Land-use changes between 1992 and 2020 for three karst areas: eastern United States (A), southeastern Spain (B, and central south China
(C), showing a global karst distribution map and sample sites, (b) proportion of land-use change, and (c¢) dominant type of land-use change
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Sample area B is located in southeastern Spain, Valencia
and its northern regions. The main land-use change type
is intense afforestation and agricultural reclamation, with
urbanization around the cities. In the central and southern
parts, this area of agriculture is dense rainfed cropland, and
the main land use is bare area. Trends in land-use change
also include the expansion of irrigated crop systems (Serra
et al. 2014). Urban expansion in the northern part mainly
comes from urban encroachment on cropland. The gradual
conversion of traditional agriculture into forestry or inten-
sive farming has been driven by agricultural and socio-eco-
nomic policies (Hewitt and Escobar 2011).

Sample area C is located in central south China, which
has a large continuous distribution of ecologically fragile
karst areas (Jiang et al. 2014; Bai et al. 2013). At the same
time, there are vegetation degradation and rocky desertifica-
tion in the karst region of South China (Liao et al. 2018).
Sample area C shows the highest proportion of land-use
change among the three samples. The most common type
of land-use change is forest to cropland as well as a shrub-
land-to-cropland type of change. Land policy has promoted
cropland expansion (Peng et al. 2011), which is associated
with dense population in the southwestern karst areas of
China. Agriculture in the region is dominated by irrigated
cropland and mixed cropland which will lead to erosion in
karst areas (Liu et al. 2014).

Conclusion

This paper represents the first attempt to combine two
global datasets for analysis and comparison. The study uti-
lized CCI-LC data and WOKAM data from 1992 to 2020 to
identify and quantify land-use changes and distribution pat-
terns in global karst areas. The availability of these datasets
describing the global karst distribution and land-use change
has enabled the first quantification of land-use change in
karst regions at a global scale. The main findings and con-
clusions can be summarized as follows:

In 2020, around 8.54 million km? (31.78%) of the global
karst areas are forest, about half of which is needle-leaved
forest. About 5.11 million km? (19.02%) of Karst areas are
covered with cropland, which can be further divided into
rainfed cropland (12.71%), irrigated cropland (0.79%)
and mixed cropland (5.52%). Bare areas and grasslands
accounted for 27.58% and 10.87%, respectively. The urban
area is 0.19 million km? (0.71%).

The area of land-use changes in global karst areas from
1992 to 2020 is 1.30 million km?, which means that almost
4.85% of the global karst surface has changed. Most of the
changes occurred in the conversion between forest and crop-
land, accounting for 29.39% of all land-use changes on karst.
The net increase in urban areas is 0.1 million km?, with most
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of the expansion coming from rainfed croplands. In contrast,
the bare areas and shrublands have been shrinking by about
0.09 million and 0.05 million km?, respectively.

This paper proposes two indicators—land-use-change
proportion and a dominant type of land-use change—in
10 km X 10 km cells to identify the characteristics of land-
use change in karst regions. The areas with more than 15%
land-use change are mainly distributed in eastern North
America, Central Europe and Southeast Asia, accounting for
9.92% of all karst areas. The tropical climate regions have
a higher proportion of land-use change. In addition, when
exploring the characteristics of land-use change in global
karst areas, it is found that the land-use change is dominated
by forest expansion, accompanied by sporadic urbanization
and agricultural reclamation. These agricultural reclamation
regions are highly consistent with higher population density,
mainly concentrated in China, Europe and North America.

These results reflect the current status and distribution of
global karst land use, showing land-use transition over the
last 29 years. Continuous satellite observation will provide a
basis of evidence for understanding land use and its change
at the global scale. Human activities and climate change
directly or indirectly affected land use. Traces of land-use
change by human activities have been found in large areas of
every continent. It is necessary to pay continuous attention to
the impact of karst land use on karst groundwater resources.
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