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A B S T R A C T   

Land degradation is a major impediment to achieving sustainable development. However, there is currently no 
harmonized global map of land degradation status and hotspots. This paper aims to obtain the status and hot-
spots map of global land degradation by multiple methods and indicators to give essential references for land 
degradation neutrality. The results show that there are significant differences in the distribution and degree of 
land degradation between the different methods and indicators. Validation through observation points reveals 
that most of the methods and indicators can reflect land degradation in arid and semi-arid areas, while there are 
suitable methods or indicators in tropical and high-latitude areas. The degree of degradation has a large dif-
ference after overlay analysis, which shows that there are shortcomings of different methods and indicators for 
monitoring the degree of land degradation. However, the overlay of land degradation extent displays a high 
consistency, reflecting the current state of global land degradation to a certain extent. These areas with high 
overlay value can be recognized as hotspots of land degradation. It is also found there are consistent water- 
energy change characteristics in the hotspot area, such as increased land surface temperature and air temper-
ature and decreased soil moisture and precipitation. These results conclude that studies on the degree of land 
degradation need to be considered in an integrated manner about the regional background. The combination of 
multiple methods and indicators is recommended for land degradation extent studies in large areas. Comparison 
of different methods and indicators is important guidance for global land degradation research. Accelerating 
ecological monitoring and restoration of land degradation hotspots is the first step towards land degradation 
neutrality.   

1. Introduction 

The land is essential for human survival as it provides resources such 
as food, fodder, fuel, and shelter. However, the intensification of human 
activities and the impacts of climate change have led to significant land 
degradation, posing a major constraint on human well-being (Lambin 
et al., 2013). Studies have shown that land degradation negatively af-
fects the living conditions of at least two-fifths of the global population 
and will reduce global economic output by one-tenth (Willemen et al., 
2020). According to Yengoh et al. (2016), approximately 24 % of the 
global land area was affected by land degradation between 1981 and 

2003. As the population grows and climate changes, land degradation 
becomes more severe. Therefore, managing the relationship between 
human beings and land and achieving the goal of land degradation 
neutrality (LDN) are urgent issues to be paid attention. 

Land degradation is a complex concept with various definitions. 
Haigh (2002) defines it as the overall reduction in the productive po-
tential of land, including its major uses such as rain-fed, arable, irri-
gated, rangeland, and forest, as well as its farming systems and economic 
value. Warren (2002) thinks land degradation is a very contextual 
phenomenon and cannot be judged independently of its spatial, tem-
poral, economic, environmental, and cultural context. Therefore, 
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determining land degradation is very difficult. In fact, land degradation 
is a diverse process that varies in type, scale, and spatial and temporal 
dimensions. The United Nations Convention to Combat Desertification 
(UNCCD) defines land degradation as follows: ‘The reduction or loss of 
the biological or economic productivity and complexity of rain fed 
cropland, irrigated cropland, or range, pasture, forest and woodlands 
resulting from a combination of pressures, including land use and 
management practices’ and has already been adopted by 197 Parties to 
the United Nations (Sims et al., 2021; Li et al., 2021). Intergovernmental 
Panel on Climate Change (Special Report: climate change and land) also 
aligns with this definition (IPCC, 2019). After reviewing different defi-
nitions of land degradation above, vegetation condition, soil condition, 
biological diversity are the main parts of land degradation’s evaluation. 
The Good Practice Guidance (GPG) provided by UNCCD indicates land 
degradation by land cover, land productivity and carbon stocks (Sims 
et al., 2021). In addition, soil physico-chemical properties, Fraction 
Vegetation Cover (FVC) are also considered as indicators of land 
degradation. For example, changes in soil composition, such as a 
decrease in organic matter, can signify soil degradation and impact 
vegetation and other organisms. Xu et al. (2008) analyzed the frequency 
of land degradation evaluation indicators in China and globally, based 
on literature statistics, and found that vegetation cover, slope, organic 
matter content, land use and land cover, economic level, and biodiver-
sity were the most commonly used indicators in studies. 

In addition to the above common indicators of land degradation 
obtained from the definition of land degradation and literature review, 
the land degradation assessment method can more comprehensively 
reflect the land degradation situation. The common methods for 
assessing land degradation include expert opinions, remote sensing- 
based methods, land cover change analysis, etc.. The expert opinion 
method relies on the empirical knowledge of experts and therefore 
possesses a subjective nature. Currently, although many methods have 
been developed, the expert opinion method still plays a crucial role 
because identifying land degradation is inherently subjective and 
region-specific (Gibbs and Salmon, 2015). With the increasing diversity 
and accuracy of remote sensing data, remote sensing-based methods 
have become the mainstream approach for large-area studies (Dubovyk, 
2017; Lobell, 2010). This method usually analyzes land degradation 
with the help of indices such as the Normalized Difference Vegetation 
Index (NDVI) and Enhanced Vegetation Index (EVI) (Eckert et al., 2015; 
Gichenje and Godinho, 2018). The land cover change method is one of 
the most common approaches to land degradation studies. Land cover 
changes, such as urban and agricultural land expansion, undoubtedly 
cause soil pollution, soil salinization, and biodiversity loss (Bajocco 
et al., 2012). Studies have shown that changes in land cover types affect 
the susceptibility of land to degradation and usually accelerate the 
process of land degradation (Symeonakis et al., 2007). Furthermore, 
field observation are commonly employed to validate and optimize the 
other methods and indicators. 

As mentioned above, land degradation process is accompanied by a 
series of soil and vegetation changes, such as the decrease of FVC and 
soil organic carbon (SOC), and the deterioration of soil physical and 
chemical properties. Accordingly, the land surface water-energy condi-
tions in degraded areas will undoubtedly change. From a temperature 
perspective, land degradation affects changes in soil temperature (Yang 
et al., 2019). In addition, the land surface temperature (LST) will also 
increase due to the reduction of surface vegetation cover and the 
reduction of soil heat capacity (Arribas et al., 2003). From the water 
perspective, land degradation will directly affect soil moisture, and the 
reduction of soil evaporation will also affect precipitation (Ibrahim 
et al., 2015; Seneviratne et al., 2010). Therefore, the changing trend of 
land surface water-energy conditions after land degradation is also an 
effective means to verify land degradation. 

Due to the differences among various land degradation methods and 
the complexity of land degradation definition, currently, there is no 
universally accepted map on the status and extent of global land 

degradation. However, in the face of intensive human activity and rapid 
global climate change, there is an urgent need for a concise assessment 
of global land degradation. Therefore, four land degradation assessment 
methods (expert opinion, remote sensing-based method, abandoned 
cropland method, and land use change method) and four indicators (soil 
organic carbon (SOC), net primary productivity (NPP), biodiversity, and 
fractional vegetation cover (FVC)) were selected to evaluate global land 
degradation after summarizing the previous literature. We aim to 
explore the current global land degradation regions through different 
methods and indicators and compare different maps from the view of 
degree and extent by overlay analysis, identify global land degradation 
hotspots, analyze their water-energy characteristics, and ultimately 
evaluate the effectiveness of various land degradation methods and in-
dicators using observation data. This research can provide valuable 
references for governmental decision-making and achieving LDN. 

2. Data and methods 

2.1. Land degradation methods and indicators 

2.1.1. Expert opinion 
The expert opinion method is traditional and fundamental in land 

degradation research. The first world map of human-induced soil 
degradation was produced by the United Nations Environment Pro-
gramme (UNEP)-funded Global Assessment of Soil Degradation (GLA-
SOD) project, which was coordinated by the International Soil Reference 
and Information Centre (ISRIC) in 1990. It is also the only global-scale 
expert opinion land degradation map that is widely used. The map 
was compiled with the help of a large number of soil scientists around 
the world (Gibbs and Salmon, 2015). Therefore, GLASOD map was 
selected to represent the expert opinion method. The original map in-
cludes dominant and subdominant degradation classifications, with 
each classification comprising four types (chemical deterioration, wind 
erosion, physical deterioration, and water erosion). Each type is further 
divided into four degrees (low, medium, high, and very high). The 
quantification of degradation classifications is as follows: the dominant 
category accounts for 70 %, and the subdominant category accounts for 
30 %. The four types have equal weights, and the three degrees are 
weighted at 0.33, 0.66, and 0.99 for medium, high, and very high, 
respectively. 

2.1.2. Remote sensing-based method 
One of the well-known methods used in global studies is the Global 

Assessment of Land Degradation and Improvement (GLADA) developed 
by Bai et al. (2008). This method combines GIMMS NDVI data and 
MODIS Net Primary Productivity (NPP) data and calculates climate- 
adjusted NDVI by energy use efficiency. Generally, this method shows 
a relatively large percentage of degraded land and covers the period 
from 1981 to 2003. The decreasing trend of the vegetation index is then 
used to represent land degradation. 

2.1.3. Abandoned cropland 
Another approach to studying land degradation is the identification 

of abandoned cropland resulting from declining productivity or 
ecological and political factors. This method combines expert opinion, 
agricultural survey data, and remote sensing data to quantify the actual 
land degradation status rather than estimating potential risk (Gibbs and 
Salmon, 2015). A recent study by Næss et al. (2021) combined satellite- 
derived high-resolution land cover maps with an agro-ecological crop 
yield model to map the global distribution of degraded cropland. This 
study has a long-time span and high accuracy, making it suitable for our 
research. 

2.1.4. Land cover change 
The Global Land Cover (GLC) products released by Global Land 

Surface Satellite (GLASS) was selected (Liu et al., 2019a) and it is the 
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first record of 34-year-long annual dynamics of global land cover, 
spanning from 1982 to 2015, at 5 km resolution. It was built with the 
latest GLASS Climate Data Records (CDRs) and generated on the Google 
Earth Engine (GEE) platform. The dataset consists of seven land cover 
classes: cropland, forest, grassland, shrubland, tundra, barren land, and 
snow/ice. We identified degraded land that were converted to cropland 
and barren. Transitions from forests to other land types were also 
considered land degradation. 

2.1.5. Soil organic carbon 
Soil organic carbon (SOC) refers to the carbon retained in the organic 

fraction of the soil and is recommended for soil quality testing (Bernoux 
and Chevallier, 2014; Rajan et al., 2010). Extensive studies have been 
conducted on the relationship between SOC and land degradation, and it 
is generally accepted that a decrease in SOC indicates land degradation 
(Prăvălie, 2021; Prăvălie et al., 2021; Cerretelli et al., 2021; Sainepo 
et al., 2018). In this study, the global SOC product developed by Zhao 
et al. (2021) was selected due to its long coverage (1981–2019) and high 
spatial resolution (5 km). The data were integrated with an improved 
RothC process model through a spatiotemporal proxy digital soil map-
ping model, followed by a dynamic simulation of SOC to establish a 
spatiotemporal sequence reconstruction of SOC. After validation at 
different regional sample sites around the globe, the R2 value was found 
to be 0.406 (Xie et al., 2022). 

2.1.6. Net primary productivity 
Net primary productivity (NPP) is defined as the amount of organic 

matter (biomass) remaining in primary producers after cellular respi-
ration (Li et al., 2020a). Numerous research scholars have extensively 
studied the relationship between NPP and land degradation at regional 
or global scales (Wessels et al., 2012; Jackson and Prince, 2016; Sutton 
et al., 2016; Zhang et al., 2020; Zika and Erb, 2009), reaffirming the 
significance of NPP in understanding land degradation. The data used in 
this research were obtained from GLASS (https://www.glass.umd. 
edu/Download.html) and released by the Advanced Very High- 
Resolution Radiometer (AVHRR). 

2.1.7. Biodiversity 
A prominent manifestation of land degradation is the decline in 

biodiversity, making it a widely used indicator in land degradation 
studies (Gisladottir and Stocking, 2005; Valjavec et al., 2018). For 
instance, the clearing of vegetation, tillage, grazing, pesticide and her-
bicide applications, and plantation establishment has been extensively 
documented as causes of biodiversity decline in agroecosystems (Norton 
et al., 2013). In this study, the global biodiversity loss map developed by 
Newbold et al. (2016) was selected due to its new global model based on 
land pressure and biodiversity, renowned for its high resolution (0.1 
degrees) and global continuity (Betts et al., 2017; Johnson et al., 2017; 
Mace et al., 2018). 

2.1.8. Fractional vegetation cover 
Fractional vegetation cover (FVC) is a crucial parameter used to 

describe vegetation degradation, soil erosion, and other factors, often 
employed in assessing and monitoring land degradation (Chu, 2020; 
Dashpurev et al., 2023; Liang and Wang, 2020). Many researches have 
shown that changes in FVC can effectively demonstrate the status and 
process of land degradation (Dashpurev et al., 2021; Easdale et al., 
2019). In this paper, GLASS FVC product based on AVHRR data was 
selected, which provides a long-term span and high spatial resolution. 

2.2. ERA5-Land reanalysis data 

ERA5-land reanalysis data were used to analyze the variability of 
land surface water-energy conditions in degraded areas. The data were 
provided by the European Centre for Medium-Range Weather Forecasts 
(ECMWF) and combine ground-based observation and remote sensing 

data. It is simulated using a new process model, resulting in a compre-
hensive set of surface water-energy elements (Munoz-Sabater et al., 
2021). This reanalysis data set is widely used due to its high temporal 
and spatial resolution and accuracy (Zou et al., 2022; Zhang et al., 
2021). In this study, nine variables were selected: land surface tem-
perature (LST), 2 m air temperature (TEM), precipitation (PRE), soil 
moisture (SM, 0–7 cm), potential evapotranspiration (EVA), sensible 
heat flux (H), latent heat flux (LE), net radiation (NR), and atmospheric 
humidity (AH). The global monthly data from 1981 to 2020 at 0.1-de-
gree resolution were processed as yearly data using MATLAB R2016a 
(Moler and Little, 2020). In addition, the ratio changes of H or LE ac-
count for the sum of energy used to explore energy changes in land- 
degraded areas. 

2.3. MODIS land surface temperature data 

MODIS land surface temperature (LST) data were also used to 
compare multiple datasets to assess LST changes in land degraded areas. 
Remote sensing data provide higher accuracy and can more realistically 
reflect LST changes than the reanalysis data. The MOD13A1 product 
from 2001 to 2020 was downloaded, and it provides global monthly LST 
at a 0.05◦ resolution. 

2.4. Field observation data 

To compare and evaluate the global land degradation maps, a meta- 
analysis was conducted using field observation data from the Web of 
Science. The keywords used were ‘land degradation’ and ‘field obser-
vation’. A total of 499 papers from January 1990 to May 2023 were 
retrieved, of which 171 were deemed relevant for this study. We 
extracted the points with latitude, longitude, and degree, finally getting 
262 points. The spatial distribution of these points was visualized using 
ArcGIS 10.2 (Kidd and Liu, 2008) and can be download from Supple-
mentary material. 

2.5. Overlay analysis 

Overlay analysis was used to explore the differences between the 
different methods and indicators. First, we resampled different maps to 
0.1 degrees and then overlaid the degree and extent of land degradation 
by ENVI software. The meaning of the overlay value was the number of 
maps identifying land degradation in each pixel. The degree and extent 
of different land degradation maps were overlaid separately. The degree 
of degradation was mainly explored in highly degraded areas (top 20 %) 
of each map. The overlay of extent of degradation takes all pixels 
considered degraded. 

3. Results 

3.1. Spatial distribution of global land degradation under different 
methods and indicators 

Fig. 1 illustrated the spatial distribution of global land degradation 
obtained by eight different methods and indicators. The degraded areas 
obtained by different approaches varied greatly. In terms of degraded 
areas, biodiversity, GLADA and GLASOD accounted for the largest 
proportion of global land area (except Greenland), 98.5 %, 50.5 % and 
33.4 %, respectively. In contrast, the land cover change method, FVC 
and abandoned cropland method had the smallest area, with only 4.5 %, 
14.1 % and 14.1 %, respectively. Regarding the extent of degradation, 
most of the degraded areas from different methods and indicators were 
concentrated in the middle and low latitudes. In contrast, in desert re-
gions (e.g., the Sahara Desert) and high latitudes areas, most of the 
methods and indicators did not show a degradation. 
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3.2. Global land degradation degree by different methods and indicators 

In order to compare the degree of eight different maps, the top 20 % 
degraded areas of 8 maps were overlaid to examine their differences. 
And the top 20 % degraded areas were considered as highly degraded 
areas. The map of the top 20 % degraded areas did not exhibit strong 
consistency, with the highest value was only 6 (Fig. 2). Moreover, areas 
larger than four accounted for only 1 %. This indicates significant dif-
ferences in the degree of land degradation by different methods and 
indicators. 

Severely degraded areas obtained by different methods and in-
dicators displayed good agreement in southern North America, central 
South America, eastern and southern Africa, Central Asia, southern Asia, 
and eastern Australia, which aligns with the earlier findings. However, 
there were regions with significant differences, such as the central 
United States, northern South America, northern Asia, and western 
Australia. 

3.3. The global hotspots of land degradation from the different methods 
and indicators 

In addition to assessing the degree of degradation, understanding the 
extent of degradation is also crucial. Since the data on biodiversity were 
worldwide, areas with less than 20 % species declines were excluded. 
Compared to the degree of land degradation, the extent of land degra-
dation by different methods and indicators exhibited a high consistency 
(Fig. 3). Areas with high values were mainly distributed in southern and 
central North America, central South America, eastern Africa, central 
and southern Asia, and east-central Australia. Nine areas were selected 
with high land degradation consistency (high overlay values) and 
defined as land degradation ‘hotspots’. 

Table 1 provided insights into the trend of land surface water-energy 
and climatic elements in nine hotspots. The increase in land surface 
temperature (LST) and 2 m air temperature (TEM), as well as the 
decrease in precipitation (PRE) and soil moisture (SM), were higher than 

Fig. 1. Distribution of global land degradation based on different methods and indicators. (a) The degree of land degradation after assigning weights according to the 
type and degree. (b), (c) The proportion of degradation in each pixel. (d) The red color represents the shift of land types judged to be degraded in the direction of 
degradation. (e), (f), (h) Linear trend of the origin data, with a negative trend representing the degree of degradation. (g) The reduction in species richness. In 
addition to (d), red represents a high degree of land degradation, and green represents a low degree of land degradation. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 2. Overlaid map of the top 20% high degraded areas by different methods and indicators.  

Fig. 3. Global land degradation hotspots from different methods and indicators. Areas with numbers represent areas where a method or indicator indicates land 
degradation occurrence. The value represents the number of methods or indicators that show the area as degraded. 

Table 1 
Trends in land surface water-energy and climate elements in 9 hotspots and global mean.   

LST TEM PRE SM EVA H LE NR AH 

Global mean  0.0302  0.0287  − 1.1933 − 0.0003  − 0.2534  0.0006  − 0.0004  1.1464  0.0023 
1  0.0504  0.0402  − 4.3906 − 0.0009  − 3.5550  0.0033  − 0.0030  − 0.9759  − 0.0168 
2  0.0312  0.0295  − 4.4307 − 0.0007  − 1.5212  0.0012  − 0.0012  1.6411  − 0.0118 
3  0.0327  0.0285  − 2.9327 − 0.0005  − 2.4429  0.0016  − 0.0015  − 0.9160  − 0.0091 
4  0.0239  0.0217  − 0.3254 − 0.0003  − 0.7421  0.0006  − 0.0005  0.9143  0.0036 
5  0.0527  0.0474  − 2.5611 − 0.0009  − 1.7081  0.0038  − 0.0038  2.3410  − 0.0042 
6  0.0507  0.0467  − 2.5790 − 0.0012  − 1.5196  0.0029  − 0.0030  1.3391  − 0.0036 
7  0.0197  0.0189  − 12.1143 − 0.0003  0.2799  0.0004  − 0.0004  2.5769  0.0054 
8  0.0119  0.0127  4.6228 0  − 0.2010  − 0.0004  0.0003  − 2.4836  0.0064 
9  0.0369  0.0304  − 4.1600 − 0.0007  − 3.5701  0.0025  − 0.0017  − 1.1578  − 0.0025 

The full name and unit of water-energy elements are: LST (Land Surface Temperature, ◦C/a), TEM (Air Temperature, ◦C/a), PRE (Precipitation, mm/a); SM (Soil 
Moisture, m3/m3/a); EVA (Evaporation, mm/a), H (Sensible Heat Flux, %/a); LE (Latent Heat Flux, %/a); NR (Net Radiation, MJ/a); AH (Atmospheric Humidity, g/a). 
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the global mean state in most hotspots except for (4), (7), and (8). In the 
areas (5), (6), and (1), the rising trend of LST was significantly higher 
than global mean (>160 %). 

4. Discussion 

4.1. Validation of different land degradation methods and indicators 
based on observation data 

In order to validate the accuracy of different methods and indicators, 
we extract global land degradation field observation points for com-
parison based on a literature analysis (Fig. 4). It can be observed that the 
field observation points are primarily concentrated in central Africa and 
western Asia. And there are fewer observation points in high latitudes. 
Furthermore, studies on the degree of degradation are relatively limited 
and primarily distributed in southern Africa. 

The accuracy of the different methods and indicators are compared 
from the continents’ view. It is evident that there are fewer observation 
points in North America, and most of them overlap with different 
methods and indicators. In South America, most methods and indicators 
indicate land degradation in this region, particularly in the Amazon 
region, where degradation is more severe. The NPP and GLADA methods 
clearly demonstrate degradation, while other methods and indicators 
either exhibit a lower degree or fail to effectively characterize degra-
dation due to methodological constraints. For instance, in tropical 
rainforest areas, cropland availability for statistical analysis is limited 
(abandoned cropland method). Furthermore, despite deforestation and 
frequent fires, the amount of forest remains huge, making it challenging 
to capture small-scale deforestation (land cover change method). 
Regarding Africa, most of the methods and indicators can detect land 
degradation in the southern Sahara. While in southern Africa, only 
GLASOD, GLADA, and biodiversity indicators clearly indicate land 
degradation. In western Asia, only GLASOD, NPP, and biodiversity point 
to land degradation. The method and indicators align well with the 
observation sites in central and eastern Asia. In northeastern Australia, 
GLADA, SOC, NPP, biodiversity, and FVC are consistent with the ob-
servations. In addition, most method and indicators fail to reflect land 
degradation in high-latitude environments. Mainly because the thawing 
of permafrost leads to increased SM, which promotes vegetation growth. 
Therefore, vegetation index-related methods and indicators should be 
cautiously considered in high-latitude regions. Relatively speaking, SOC 
is a good indicator because microbial activity will increase after the 

thawing of permafrost. The soil organic matter will be decomposed and 
release carbon dioxide, thus reducing the SOC content. 

We further calculate the number of observation points covered in 
different maps, and the map area accounts for all global area (Fig. 5). It 
was evident that the GLADA method covered the highest number of 
ground observation points (149) and global area (50.5 %). In contrast, 
the land cover change method covered the fewest ground observation 
points (10) and global area (4.5 %). When considering the proportion of 
observation points per unit area, the abandoned cropland method and 
the SOC indicator exhibited higher proportions. The high proportion 
observed with the abandoned cropland method can be attributed to the 
significant expansion and abandonment of farmland, which plays a 
substantial role in land degradation. As mentioned above, SOC is an 
important indicator of soil condition and is highly recommended for 
related studies. 

In addition, surface greening is often considered as ecosystem 
restoration, but it may have negative implications for biodiversity and 
land conditions. For instance, the complex dynamics behind rangeland 
greening are influenced by multiple factors (Li et al., 2020b). Potapov 
et al. (2022) also demonstrate that agricultural activities in South 
America and Africa, where farmland replaced natural vegetation and 
tree cover, led to an increase in NPP. Additionally, in degraded sandy 
areas, the emergence of scrub vegetation may be greener than the 
original graminoids, potentially misleading remote sensing index 
methods into identifying it as a vegetation recovery. Therefore, regional 
studies should combine environmental background analysis and field 

Fig. 4. Spatial distribution of land degradation field observation points.  

Fig. 5. Statistics of field observation points under the different land degrada-
tion and indicators maps and the map area accounts for all global area. 
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observation and find the main drivers of land degradation. 
The definition of land degradation by different methods and in-

dicators may be incomplete or indicative of only a single element, and 
therefore the differences in these results are relatively large. For 
example, GLADA method utilized NDVI and NPP to assess the land 
degradation status, similar to NPP and FVC indicators. These methods 
focus on the variation of vegetation, using vegetation growth to reflect 
the land change rather than the direct condition of the land. Though the 
abandoned cropland method mainly focuses on cropland, it is an 
essential reference for global land degradation. Furthermore, the se-
lection of different methods and indicators also has a large impact on the 
results. Different data sources, start and end of the investigated time 
frame may show opposite results. 

In view of the limitations of the above methodology, we performed 
an overlay of land degradation results based on the definition of land 
degradation. Eight methods and indicators also fulfill the UNCCD and 
IPCC definition of land degradation, i.e. long-term reduction and loss of 
biological productivity (GLADA, SOC, NPP, FVC), ecological integrity 
(GLASOD, land cover change, biodiversity), and land values to human 
(abandoned cropland method). The land degradation evaluation method 
in the GPG follows ‘one out all out’ approach, which means that an area 
can be considered degraded if just one indicator exhibits degradation. 
This approach is similar to our overlay analysis, in which the degrada-
tion performance of each indicator indicates potential degradation in 
the area. Therefore, we believe that the overlay of these methods and 
indicators can reflect the current global land degradation status to a 
certain extent. 

4.2. Deficiencies in the identification of the degree of land degradation by 
different methods and indicators 

According to Fig. 2, severely degraded areas obtained by different 
methods and indicators displayed a good agreement in southern North 
America, central South America, eastern and southern Africa, Central 
Asia, southern Asia, and eastern Australia, which aligns with the earlier 
findings. Previous studies have also highlighted that most of these areas 
exhibit high levels of degradation. Central North America, sub-Saharan 
Africa, western Asia, and Australia are characterized by arid and semi- 
arid climates, which have experienced intensified climate change in 
recent years, leading to increased occurrences of extreme events such as 
droughts and high temperatures (Cao et al., 2023; Wang et al., 2014). 
Studies by Bernardino et al. (2020) have shown shifts and declines in 
ecosystem functioning in these regions. Climate change and human ac-
tivities have independently and jointly impacted the ecosystems in these 
areas. Zika and Erb (2009) have also documented land degradation in 
these regions. Latin America and Africa have witnessed ecosystem 
degradation and land degradation in recent decades due to deforestation 
and agricultural expansion (Foucher et al., 2023; Garcia and Ramos 
Ballester, 2016; Richards et al., 2014; Zalles et al., 2021). Additionally, 
southern Asia, including the southern regions of China and Malaysia- 
Indonesia, also exhibited high values. A study conducted by Li et al. 
(2016) demonstrates high forest loss rates in these areas. Taken 
together, the literature suggests that land degradation does occur in 
areas with high values of high land degradation overlays. All studies 
suggest that land degradation does occur in areas with high values of 
land degradation overlays. 

In addition, we also conducted a literature review in areas with 
significant differences such as the central United States, northern South 
America, northern Asia, and western Australia. First, we analyzed the 
central region of the U.S.. According to Fig. 1, biodiversity loss was se-
vere in this region. Several studies have reported a significant decrease 
in bird and ant populations and other species in the region (Fitzpatrick 
et al., 2011; La Sorte et al., 2017; Peterson, 2003). We found evidence of 
land degradation and ecosystem degradation in this region through a 
literature review, primarily attributed to human activities (Bernardino 
et al., 2020; Li et al., 2016; Liu et al., 2019b; Zika and Erb, 2009). The 

high intensity of grazing has led to a reduction in Leaf Area Index (Cook 
and Pau, 2013), NPP (Liu et al., 2019b), and an increased risk of 
desertification (Huang et al., 2020). 

The northern part of South America, including the Amazon region, 
exhibited a significantly decreasing trend in NPP (Fig. 1f), consistent 
with the findings of Gang et al. (2022). Moreover, the study carried out 
by Yu et al. (2022) also shows a significant loss of forest biomass in 
northern South America. The Amazon region is heavily impacted by 
human activities, such as the expansion of agricultural lands (Richards 
et al., 2014; Ross et al., 2017; Zalles et al., 2021) and infrastructure 
development (Andrade-Núñez and Aide, 2020), as well as deforestation 
(Bullock and Woodcock, 2021; Li et al., 2016; López, 2022; Walker et al., 
2020), which are the main drivers of land degradation. Paredes-Trejo 
et al. (2022) estimate that 12.67 % of the Amazon basin is degraded, 
primarily by reduced land productivity, soil organic carbon (SOC) 
depletion, and land cover degradation. Additionally, fire is a significant 
disturbance affecting the ecological stability of the region, with frequent 
occurrence (Wan et al., 2022). Agricultural land, natural grassland, and 
old-growth forest account for 32 %, 29 %, and 16 % of the annual burned 
area, respectively (Silveira et al., 2022). Therefore, this area has also 
undergone a land degradation process. 

The highly degraded regions in northern Asia were mainly derived 
from the GLADA method, while most other methods did not show a 
significant degraded trend or no data in the region. The high latitude of 
the region makes it challenging to investigate and less studied. Studies 
have also indicated a degradation trend in certain grasslands (Liu et al., 
2019b) and forests (Li et al., 2016) in the region, influenced by a com-
bination of human and climatic effects. Additionally, an important form 
of degradation in this region is the permafrost degradation. Studies have 
shown that permafrost in this region has degraded due to climate change 
and disturbances (Nitze et al., 2018). The degradation of permafrost 
leads to changes in soil properties and the conversion of solid water to 
liquid water in the soil. Sufficient liquid water and warming benefit the 
growth of vegetation in some permafrost areas, which is the main reason 
why studies have shown a significant increase in grassland NPP in this 
region (Liu et al., 2019a). 

Western Australia exhibited a severe biodiversity deficit (Fig. 1g). 
Although there are fewer direct studies on biodiversity change in this 
region, the literature confirms land degradation in western Australia. 
Various studies have documented land degradation in this region, 
ranging from entire ecosystems (Bernardino et al., 2020) to specific 
habitats such as grasslands (Liu et al., 2019b), forests (Li et al., 2016), 
and drylands (Zika and Erb, 2009). Human activities predominantly 
influence land degradation in this region (Bernardino et al., 2020). 
Additionally, climate change also contributes to the degradation of 
grasslands in inland areas (Liu et al., 2019b). The degradation of eco-
systems inevitably leads to a reduction in biodiversity. Other land 
degradation methods and indicators did not show high degradation in 
this area mainly due to its semi-arid climate zone with sparse vegetation. 
Consequently, the changes in vegetation or SOC are not significant. 
From the above literature, it can be observed that land degradation has 
also occurred in most areas with low values of high land degradation 
overlays. 

As a result, we found significant differences and shortcomings in 
identifying highly degraded areas by different methods and indicators. 
In studies on the degree of land degradation, it is recommended that an 
in-depth analysis be carried out with the specific conditions of the area 
rather than a simple overlay of single or multiple methods and 
indicators. 

4.3. Consistency of land surface water-energy variability in areas with 
high overlay values 

According to Table 1, we can observe that there are significant and 
consistent changes in land surface water-energy conditions in nine 
hotspots, such as an increase in LST, TEM, and a decrease in PRE, SM. 
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This is consistent with the results of other studies, as land degradation 
generally results in a decrease in SM, vegetation, and soil heat capacity. 
This leads to an increase in LST and TEM. Reduced SM can also weaken 
the land–atmosphere water cycle and thus lead to a reduction in PRE 
(Cuo et al., 2015; Rey et al., 2011; Jiang et al., 2023; Seneviratne et al., 
2010; Yang et al., 2019; Arribas et al., 2003). 

In addition, we find that the changes in the above elements are not 
uniform in regions (4), (7), and (8). In the (4) region, the trend of PRE 
and SM was lower than the global mean, but also displayed a decreasing 
trend. As SM decreased, H showed an increasing trend while LE 
decreased. Therefore, both LST and TEM exhibited an increasing trend. 
The weaker trend in this region may be due to its island background. The 
large heat capacity of the ocean weakens the warming trend, and water 
vapor and precipitation from the ocean also weaken the decreasing 
trends of SM and PRE. In the (7) area, PRE significantly reduced, and the 
decrease in SM was higher than the global mean. However, the increase 
in LST and TEM was lower than the global mean. This is mainly because 
most of the region is covered by forest, and the strong evaporation from 
the forest mitigates surface warming (Jiang et al., 2022a). Although PRE 
significantly decreases in the region, it remains at a high level (>2300 
mm of 40 years mean), ensuring sufficient water for evaporation and 
slowing down surface warming (Jiang et al., 2022b). Area (8) exhibited 
a significant increase in PRE and a decrease in SM, indicating severe land 
surface water loss. The GLASOD method confirmed water erosion in the 
area, which negatively affects vegetation. Vegetation index-related 
methods resulted in a high overlay value for Indonesia. The rising 
trend of LST and TEM in this region was lower than the global mean 
mainly due to the high PRE and SM, where more energy reached the 
atmosphere as LE, leading to a weaker warming trend. 

The reanalysis data did not consider land cover for surface hydro-
thermal impacts, so in order to reduce the bias of the reanalysis data, we 
also calculated the trends of LST in 9 hotspots using MODIS LST data 
(Fig. 6). Each hotspot was subdivided into highly degraded areas 
(overlay value ≥ 4) and other areas for comparison. All the mean and 
median values of LST trends in highly degraded areas were higher than 
those in undegraded areas. This confirmed our results that the reduced 
vegetation or decreased SM led to land surface physicochemical prop-
erties changes and then accelerated land surface warming. This finding 
is consistent with other studies that revealed a significant increase in LST 
in these areas (Liu et al., 2015; Yang and Chen, 2022). 

5. Conclusion 

This paper identifies and investigates the status and hotspot areas of 
global land degradation, using various methods and indicators in a 
comparative perspective. Essentially, the findings obtained in this 
research can be summarized in several major conclusions.  

1. There are significant differences in the extent and degree of land 
degradation from different methods and indicators. Most methods 
and indicators can effectively monitor land degradation in semi-arid 
regions. Vegetation index-related methods and indicators can cap-
ture land degradation better in tropical regions. In high-latitude 
areas, the SOC is a relatively good indicator.  

2. The degree of land degradation has a large difference after overlay 
analysis, while the extent of land degradation exhibits a high con-
sistency. Therefore, it is recommended to consider the regional 
background and the validation of field observation when studying 
the degree of land degradation. While when studying the extent of 
land degradation, it is recommended to overlay multiple methods 
and indicators.  

3. Areas with high overlay values of land degradation extent can be 
considered hotspots of land degradation. Moreover, most hotspot 
areas exhibited consistent water-energy variations, such as increased 
LST and TEM and decreased SM and PRE. 

Currently, global land degradation is accelerating, and the compar-
ison of different methods and indicators, as well as the derivation of 
hotspots, is of great significance for global land degradation research 
and the implementation of LDN around the world. 
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of South-Central Ecuador, 1979-2014. Land 6. 

Sainepo, B.M., Gachene, C.K., Karuma, A., 2018. Assessment of soil organic carbon 
fractions and carbon management index under different land use types in Olesharo 
Catchment, Narok County, Kenya. Carbon Balance and Management 13. 

Seneviratne, S.I., Corti, T., Davin, E.L., Hirschi, M., Jaeger, E.B., Lehner, I., Orlowsky, B., 
Teuling, A.J., 2010. Investigating soil moisture-climate interactions in a changing 
climate: a review. Earth Sci. Rev. 99, 125–161. 

Silveira, M.V.F., Silva-Junior, C.H.L., Anderson, L.O., Aragão, L.E.O.C., 2022. Amazon 
fires in the 21st century: The year of 2020 in evidence. Glob. Ecol. Biogeogr. 31, 
2026–2040. 

Sims, N.C., Newnham, G.J., England, J.R., Guerschman, J., Cox, S.J.D., Roxburgh, S.H., 
Viscarra Rossel, R.A., Fritz, S., Wheeler, I., 2021. Good Practice Guidance. SDG 
Indicator 15.3.1, Proportion of Land That Is Degraded Over Total Land Area. Version 
2.0. United Nations Convention to Combat Desertification, Bonn, Germany.  

Sutton, P.C., Anderson, S.J., Costanza, R., Kubiszewski, I., 2016. The ecological 
economics of land degradation: impacts on ecosystem service values. Ecol. Econ. 
129, 182–192. 

Symeonakis, E., Calvo-Cases, A., Arnau-Rosalen, E., 2007. Land use change and land 
degradation in southeastern mediterranean Spain. Environ. Manage. 40, 80–94. 

Valjavec, M.B., Zorn, M., Carni, A., 2018. Human-induced land degradation and 
biodiversity of Classical Karst landscape: on the example of enclosed karst 
depressions (dolines). Land Degrad. Dev. 29, 3823–3835. 

Walker, W.S., Gorelik, S.R., Baccini, A., Aragon-Osejo, J.L., Josse, C., Meyer, C., 
Macedo, M.N., Augusto, C., Rios, S., Katan, T., de Souza, A.A., Cuellar, S., Llanos, A., 
Zager, I., Mirabal, G.D., Solvik, K.K., Farina, M.K., Moutinho, P., Schwartzman, S., 
2020. The role of forest conversion, degradation, and disturbance in the carbon 
dynamics of Amazon indigenous territories and protected areas. Proc. Natl. Acad. 
Sci. u. s. a. 117, 3015–3025. 

Wan, Y., Chen, Y., Li, K., 2022. Identification and spatiotemporal distribution analysis of 
global biomass burning based on Suomi-NPP VIIRS Nightfire data. J. Clean. Prod. 
359, 131959. 

Wang, Q.F., Wu, J.J., Lei, T.J., He, B., Wu, Z.T., Liu, M., Mo, X.Y., Geng, G.P., Li, X.H., 
Zhou, H.K., Liu, D.C., 2014. Temporal-spatial characteristics of severe drought 
events and their impact on agriculture on a global scale. Quat. Int. 349, 10–21. 

Warren, A., 2002. Land degradation is contextual. Land Degrad. Dev. 13, 449–459. 
Wessels, K.J., van den Bergh, F., Scholes, R.J., 2012. Limits to detectability of land 

degradation by trend analysis of vegetation index data. Remote Sens. Environ. 125, 
10–22. 

Willemen, L., Barger, N.N., ten Brink, B., Cantele, M., Erasmus, B.F.N., Fisher, J.L., 
Gardner, T., Holland, T.G., Kohler, F., Kotiaho, J.S., von Maltitz, G.P., Nangendo, G., 
Pandit, R., Parrotta, J.A., Potts, M.D., Prince, S.D., Sankaran, M., Brainich, A., 
Montanarella, L., Scholes, R., 2020. How to halt the global decline of lands. Nat. 
Sustain. 3, 164–166. 

Xie, E., Zhang, X., Lu, F., Peng, Y., Chen, J., Zhao, Y., 2022. Integration of a process-based 
model into the digital soil mapping improves the space-time soil organic carbon 
modelling in intensively human-impacted area. Geoderma 409, 115599. 

Xu, N., Guo, X.D., Hong, Y.T., Zhang, C., Hua, D., 2008. Study on Land Degradation 
Aseessment Indicators based on Literature Analysis. SCIENTIA GEOGRAPHICA 
SINICA 28, 425–430. 

Yang, J.Q., Chen, H.S., 2022. Influences of spring land surface thermal anomalies over 
west asia on indian early summer monsoon activity and its pathway. J. Clim. 35, 
6051–6074. 

Yang, W.J., Wang, Y.B., He, C.S., Tan, X.Y., Han, Z.B., 2019. Soil water content and 
temperature dynamics under grassland degradation: a multi-depth continuous 
measurement from the agricultural pastoral ecotone in Northwest China. 
Sustainability 11. 

Yengoh, G.T., Dent, D., Olsson, L., Tengberg, A.E., Tucker, C.J., 2016. Development of 
Land Degradation Assessments. In: Yengoh, G.T., Dent, D., Olsson, L., Tengberg, A. 
E., Tucker Iii, C.J. (Eds.), Use of the Normalized Difference Vegetation Index (NDVI) 
to Assess Land Degradation at Multiple Scales: Current Status, Future Trends, and 
Practical Considerations. Springer International Publishing, Cham, pp. 37–39. 

Yu, K., Ciais, P., Seneviratne, S.I., Liu, Z., Chen, H.Y.H., Barichivich, J., Allen, C.D., 
Yang, H., Huang, Y., Ballantyne, A.P., 2022. Field-based tree mortality constraint 
reduces estimates of model-projected forest carbon sinks. Nat Commun 13. 

Zalles, V., Hansen, M.C., Potapov, P.V., Parker, D., Stehman, S.V., Pickens, A.H., Parente, 
L.L., Ferreira, L.G., Song, X.-P., Hernandez-Serna, A., Kommareddy, I., 2021. Rapid 
expansion of human impact on natural land in South America since 1985. Science 
Advances 7. 

Zhang, R.Q., Lu, L., Ye, Z., Huang, F.N., Li, J.D., Wei, L., Mao, T.N., Xiong, Z.L., Wei, S.G., 
2021. Assessment of Agricultural Drought Using Soil Water Deficit Index Based on 
ERA5-Land Soil Moisture Data in Four Southern Provinces of China. Agriculture- 
Basel 11. 

Zhang, Y.Z., Wang, Q., Wang, Z.Q., Yang, Y., Li, J.L., 2020. Impact of human activities 
and climate change on the grassland dynamics under different regime policies in the 
Mongolian Plateau. Sci Total Environ. 698. 

Zhao, Y., Xie, E., Zhang, X., Peng, Y., 2021. Global topsoil SOC stock from 1981 to 2018 
estimated by combining process-based model and space-for-time digital soil mapping 
(1.0), Zenodo. 

Zika, M., Erb, K.-H., 2009. The global loss of net primary production resulting from 
human-induced soil degradation in drylands. Ecol. Econ. 69, 310–318. 

Zou, J., Lu, N., Jiang, H., Qin, J., Yao, L., Xin, Y., Su, F., 2022. Performance of air 
temperature from ERA5-Land reanalysis in coastal urban agglomeration of Southeast 
China. Sci Total Environ., 154459 

K. Jiang et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S1470-160X(23)01604-7/h0240
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0240
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0245
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0245
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0250
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0250
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0250
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0270
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0270
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0270
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0270
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0270
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0275
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0275
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0280
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0280
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0280
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0280
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0280
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0280
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0290
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0290
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0290
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0295
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0295
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0300
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0300
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0300
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0305
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0305
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0305
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0310
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0310
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0310
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0310
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0315
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0315
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0320
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0320
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0320
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0325
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0325
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0325
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0330
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0330
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0330
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0335
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0335
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0335
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0345
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0345
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0345
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0350
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0350
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0350
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0355
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0355
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0355
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0360
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0360
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0360
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0360
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0370
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0370
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0370
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0375
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0375
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0380
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0380
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0380
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0385
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0385
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0385
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0385
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0385
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0385
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0390
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0390
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0390
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0400
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0400
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0400
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0405
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0410
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0410
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0410
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0415
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0415
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0415
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0415
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0415
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0420
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0420
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0420
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0236
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0236
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0236
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0425
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0425
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0425
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0430
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0430
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0430
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0430
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0435
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0435
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0435
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0435
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0435
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0440
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0440
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0440
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0455
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0455
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0455
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0465
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0465
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0470
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0470
http://refhub.elsevier.com/S1470-160X(23)01604-7/h0470

	Global land degradation hotspots based on multiple methods and indicators
	1 Introduction
	2 Data and methods
	2.1 Land degradation methods and indicators
	2.1.1 Expert opinion
	2.1.2 Remote sensing-based method
	2.1.3 Abandoned cropland
	2.1.4 Land cover change
	2.1.5 Soil organic carbon
	2.1.6 Net primary productivity
	2.1.7 Biodiversity
	2.1.8 Fractional vegetation cover

	2.2 ERA5-Land reanalysis data
	2.3 MODIS land surface temperature data
	2.4 Field observation data
	2.5 Overlay analysis

	3 Results
	3.1 Spatial distribution of global land degradation under different methods and indicators
	3.2 Global land degradation degree by different methods and indicators
	3.3 The global hotspots of land degradation from the different methods and indicators

	4 Discussion
	4.1 Validation of different land degradation methods and indicators based on observation data
	4.2 Deficiencies in the identification of the degree of land degradation by different methods and indicators
	4.3 Consistency of land surface water-energy variability in areas with high overlay values

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data The spatial distribution of land degradation field observation points from literature review  ...
	References


