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Abstract

Landslides are a common global geohazard that lead to substantial loss of life and socio-
economic damage. Landslides are becoming more common due to extreme weather events
and the impacts of anthropogenic disturbance, and thus, they are threatening sustainable
development in many vulnerable areas. Previous studies on fatal landslides have focused
on inventory development; spatial and temporal distributions; the role of precipitation or
seismic forcing; and human impacts. However, climatologic, topographic, and anthro-
pogenic variables featuring fatal landslides at a global scale have been mostly neglected.
Here, using the global fatal landslide database, we evaluate the characteristics of landslides
induced by natural and anthropogenic factors with respect to topographic, climatic, and
anthropogenic factors, drawing attention to their persistent spatial patterns. The majority
of natural (69.3%) and anthropogenic (44.1%) landslides occur in mountainous areas in
tropical and temperate regions, which are also characterized by the highest casualty rates
per group, 66.7% and 43.0%, respectively. However, they significantly differ in terms of
their morphometric footprint. Fatal landslides triggered by natural variables occur mostly
in the highest portions of the topographic profile, where human disturbance is minimal. As
for their anthropogenic counterpart, these failures cluster at much lower altitudes, where
slopes are gentler, but human intervention is higher due to a higher population density.
This observation points towards land cover changes being a critical factor in landscape
dynamics, stressing the human pressure as a discriminant cause/effect term for natural vs.
human-induced landslide fatalities.
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1 Introduction

Landslides are one of the most widespread geohazards that globally cause significant
loss of life and environmental damage (Petley 2012; Kirschbaum et al. 2015; Froude
and Petley 2018). Impacts of landsliding are exacerbated by more frequently occur-
ring extreme weather events and increased human occupation of vulnerable mountain-
ous landscapes (Grima et al. 2020). Specifically, the growing demographic pressure and
land use/cover changes are expected to increase the frequency and impacts of landslides
in both rural (Guns and Vanacker 2014; Froude and Petley 2018; Maki Mateso et al.
2023) and urban (Gariano and Guzzetti 2016; Froude and Petley 2018; Ozturk et al.
2022) areas.

Therefore, developing a better understanding of variables controlling landslide
occurrence is a critical element in landslide disaster prevention. In this context, the
recording, monitoring, and analysis of landslides form essential elements in developing
more robust predictive models.

Digital documentation and archiving of landslides have become increasingly com-
mon, most notably in the last two decades (e.g., Tanyag et al. 2017; Emberson et al. 2022).
Despite the expanding literature, financial losses and fatalities are rarely reported as part of
landslide event inventories. And yet, a relatively large literature has been constructed that
targets climatic and anthropogenic influences on fatal landslides across different spatial and
temporal domains, including national (e.g., Petley et al. 2007; Lin and Wang 2018; Goriim
and Fidan 2021; Garcia-Delgado et al. 2022), regional (e.g., Petley 2010; Sepilveda and
Petley 2015; Haque et al. 2016, 2019), and global (e.g., Kirschbaum et al. 2010, 2015; Pet-
ley 2012; Froude and Petley 2018; Haque et al. 2019) scale assessments.

The contextual effect of human stress on slopes under extreme weather conditions
has already been noticed in a number of global studies, emphasizing hotspots in Central
and Southeast Asia; Central and South America; as well as East Africa (Kirschbaum
et al. 2012, 2015; Froude and Petley 2018; Haque et al. 2019). Such occurrences have
also been responsible for a proportional increase in fatalities (Haque et al. 2019). A
closer look at fatal landslide hotspots highlights South Asia as the most affected region,
mainly driven by the summer monsoon, and East Asia, driven by landfalling tropical
cyclones and a monsoonal climate. These aspects have been explored in depth by Petley
(2010), which also highlights Southeast Asia (mainly the Philippines and Indonesia) as
a landslide fatality hotspot, albeit without linking them to a specific climatic regime.
Similar studies have also been conducted in other parts of the world. Sepilveda and
Petley (2015) examine fatalities in the Caribbean region, Central America, Colombia,
and southeastern Brazil. They emphasize the role of large-scale hurricanes, with the El
Niflo/La Nifia cycle as an additional disturbance, potentially leading to more fatalities.
In another study focusing on the European landscape, Haque et al. (2016) argue that
human activities may exert a minor effect with respect to extreme natural agents.

Similar studies have also been carried out at finer spatial scales, being tailored to
specific countries such as the Democratic Republic of Congo (Depicker et al. 2021),
Nepal (Petley et al. 2007), and Turkey (Goriim and Fidan 2021), where the spatial distri-
bution of landslides has been associated with land use changes, civil wars or economic
and political influences, respectively. This implies that anthropogenic influences seem to
be more apparent in a finer resolution review. For instance, Garcia-Delgado et al. (2022)
refer to low income, high corruption, and inequality effects as factors increasing the vul-
nerability against landsliding in Colombia.
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This overall perspective on such a complex phenomenon has lacked a holistic examina-
tion of how macro-landforms and their morphometric characteristics, anthropogenic pressure,
and climatic regimes interplay to generate landslide-related losses. The research reported here
aims to start to fill this specific gap. With this idea in mind, we accessed the Global Fatal
Landslide Database (GFLD) produced by Froude and Petley (2018) and initially aggregated
the records at the basin scale. Then, we examined the persistent spatio-temporal occurrence of
landslide fatalities against a number of morphologic and climatic features, aiming at capturing
variations between landslides driven by natural or anthropogenic variables.

2 Data

In this study, we selected a total of 12 potential controlling factors in five categories: topo-
graphic (elevation, slope, elevation standard deviation, compound topographic index, and
macro landforms), climatic (climate classification and precipitation), hydrographic (sub-
basins), economic (GDP per capita) and anthropogenic (population, human footprint, and land
cover change) variables from a variety digital sources (Table 1).

2.1 Landslide data

We used the GFLD information collected from 2004 to 2017 (Froude and Petley 2018), which
exclusively reports fatal landslides triggered by non-seismic causes, such as precipitation and
human activities. The GFLD compiles landslide records in news reports, scientific studies, and
government reports. In addition, the database provides information about location and associ-
ated accuracy, occurrence date, type, cause, and number of victims. Also, the location accu-
racy in GFLD is addressed based on administrative units such as villages or states. To carry
out the assessment in this manuscript, we selected all fatal landslides with a location accuracy
of 10 km or less. Such a level of accuracy is suited to a global scale analysis, particularly
because the data aggregation (presented in the following Sections) has been performed over
catchments with a mean planimetric extent of 130 km? and a variation of 69 km? measured in
one standard deviation.

2.2 Economicdata

Most landslide-related deaths and economic damage are clustered in urban areas and specifi-
cally in countries with low GDP per capita (Froude and Petley 2018). In low to middle-income
countries, fatal landslides are more frequent on slopes where people live in shanty towns
(Alexander 2005; Sepilveda and Petley 2015). In this overall scenario, if we were to include
high-income countries in the analysis—for instance, with a 2017 GDP per capita (World Bank
2017) of more than $20,000—the results would potentially be biased. Therefore, we excluded
nations fulfilling the above criterion and focused on the fatal landslide information about low-
and middle-income countries.

2.3 Hydrography data

To eliminate the effect of uncertainty regarding the point representation of landslides,
we spatially represented landslides at the basin scale, making use of the HydroBASINS
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dataset. This dataset was created from hydrologically corrected DEMs (~30 m), and fed to
a flow path routing method. The resulting hydrological basins were computed and stored
across different spatial scales. These correspond to 12 levels of hierarchically nested global
sub-basins (Lehner and Grill 2013). In the remainder of the manuscript, all analyses refer
to the 12th level.

2.4 Topographicdata

We used the MERIT-Digital Elevation Model (DEM) created by Yamazaki et al. (2017)
as the baseline elevation data for topographic analysis. MERIT DEM is a worldwide ter-
rain elevation dataset with a 3-arcsecond resolution (~90 m at the equator) that covers
land regions between 90N-60S concerning the EGM96 geoid. The high-accuracy global
MERIT DEM was developed by removing multiple errors, including absolute bias, stripe
noise, speckle noise, and tree height bias. For other topographic parameters associated with
landslides, we used the Geomorpho90m global dataset, which consists of different geo-
morphometric features also derived from the MERIT DEM (Amatulli et al. 2020). These
features correspond to slope, elevation standard deviation (elev-std), and compound topo-
graphic index, and their use as part of our analyses will be described in the data pre-pro-
cessing section.

To further characterize catchment characteristics associated with fatal landslide infor-
mation, we also used a macro-landform description (Meybeck et al. 2001) aggregated
into five diagnostic classes: (1) plains, (2) lowlands, (3) platforms, (4) plateaus, and (5)
mountains.

2.5 Climatological data

For climate analyses, we used the 1 km resolution Koppen-Geiger climate classification of
Beck et al. (2018). The authors group the world’s climates into five main classes: (A) tropi-
cal, (B) arid, (C) temperate, (D) continental, and (E) polar. To this generic description, we
added a more precipitation-oriented one, using the CHELSA v2.1 climate dataset (Karger
et al. 2017, 2021). This dataset is expressed at a 30-arcsecond (~ 1 km) spatial resolution,
and from it, we extracted the mean annual precipitation layer (i.e., BIO12) over the last
30 years (1981-2010).

2.6 Anthropogenic data

To examine the role of anthropogenic factors, we used three different proxies. First, we
used global population data from 2000 to 2020. Because the GFLD dataset has both spatial
and temporal dimensions, we extracted the information related to the population for the
period when the fatal landslide occurred. The population data was accessed through the
LandScan Global Population Distribution Dataset, a 1 km resolution product (Bright et al.
2004, 2017; Bright and Coleman 2001, 2003; Rose et al. 2018, 2021). Also, we considered
the 1 km resolution Human Footprint (HFI, hereafter) dataset (Mu et al. 2022), which is
expressed into eight different human pressure variables. These correspond to the intensity
of human activities from 2000 to 2018, associated with built-up environments, population
density, night-time lights, croplands, pastures, roads, railways, and navigable waterways.
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Ultimately, to understand the temporal change trends and possible impacts of forest and
settlement areas in the considered basins, we used the land cover data accessed from The
Copernicus Climate Change Service (C3S). This is a 300 m resolution product referred
to as Climate Data Store (CDS), generated by the European Space Agency (ESA) Cli-
mate Change Initiative (CCI). It summarized Land Cover (LC) data from 1992 to 2015
(Defourny et al. 2017) and Climate Data Records (ICDR) Land Cover data from 2016 to
2020 (Defourny et al. 2021). Notably, ICDR LC data from 2016 to 2020 are consistent with
the ESA CCI LC data from 1992 to 2015 to ensure continuity (Defourny et al. 2021).

3 Methods
3.1 Data pre-processing

We prepared two different landslide datasets corresponding to (i) landslides triggered by
natural factors (LTNF; i.e., precipitation) and (ii) landslides triggered by anthropogenic
factors (LTAF; i.e., construction, mining activities, hill cutting, and other human activities).

Using the information on the geolocation accuracy, we created a buffer zone around
each fatal landslide of 10 km. We then selected all sub-basins intersecting these buffers and
represented landslide locations by them. This procedure was repeated for LTNF and LTAF.
This has led to a total of 6744 sub-basins intersected by LTNF and 2081 sub-basins hosting
LTAF.

While aggregating landslide information over sub-basins, we also aggregated corre-
sponding environmental characteristics. The first aggregation step applies to the continu-
ous characteristics. We calculated the mean values of (i) elevation, (ii) slope, (iii) elev-std,
(iv) CTI, (v) precipitation, (vi) the annual rate of change for HFI, and vii) population. Fur-
thermore, we computed the total population and calculated the trend of forest and settle-
ment planimetric extents from land cover data.

We utilized Kernel Density Estimation (KDE, Silverman 1986) to define hotspots
worldwide. First, we merged the LTNF and LTAF sub-basins and converted them to points.
Next, we computed KDE within a moving window of a 100 km radius to obtain a continu-
ous density surface. We then defined hotspots along the spatially coherent density surfaces
by considering topographic and climatic characteristics. Moreover, to determine the land-
slide density for each sub-basin, we computed the KDE within a moving window with
a radius of 10 km. Each sub-basin was then assigned with a fatal landslide density value
corresponding to the mean of the KDE grid cells (KDE y...)- The total population in
each sub-basin (Popg,y p,sin) Was also produced. This information allowed us to obtain the
normalized landslide density (NLD) as the proportion of the last two parameters:

KDE

NLD = sub—basin
Popsub—basin

3.2 Bivariate spatial descriptors
Traditionally, maps represent the variation of a given parameter across the geographic

space. Because the aim of this work is to examine the contextual effect of multiple param-
eters and check whether they can be used as discriminant tools between natural and
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anthropogenic fatal landslides, we opted for an exploratory step based on bivariate maps.
These are maps where the distribution of two parameters is grouped into a finite number
of classes, and the combination of the two is then plotted via a two-dimensional color bar
(Trumbo 1981; Robertson and O’Callaghan 1986). We initially applied this graphical tech-
nique to combine the spatial signals of the Koppen-Geiger climate classification together
with a macro landform representation. Then, the frequency of LTNF and LTAF is calcu-
lated for each of the combined classes mentioned above. We also repeated the same opera-
tion for the two types of fatal landslides falling in a combined classification map showing
landslide fatalities and their relative spatiotemporal persistence.

Moreover, we also computed the summary statistics of topographic, climatic, and
anthropogenic proxies for each fatal landslide type. This information is summarized
in a suite of scientific illustrations from which we base our interpretation and further
discussions.

4 Results
4.1 Bivariate analysis

We examined the spatial distribution of selected fatal landslides over various climatic and
landform conditions (Fig. 1a). We presented landslides triggered by natural and anthropo-
genic factors in Fig. 1b, c, respectively. After filtering out landslide locations due to the
economic (GPD > $20,000) and spatial accuracy (> 10 km) criteria mentioned above, the
resultant GFLD dataset has 2231 landslides, 1886 LTNF resulting in 18,301 deaths, and
345 LTAF causing 1162 deaths.

We initially looked into fatal landsliding per climatic and macro landform classes
separately.

The major landslide concentration occurs around tropical (A, see Fig. 1) and temperate
(C) regions quite similarly for both LTNF (A: 49.7% and C: 44.3%) and LTAF (A: 50.4%
and C: 37.7%), respectively (see Table S1). In terms of fatalities, the highest number is also
recorded in the tropical and temperate climatic regions for both LTNF (A: 52.1% and C:
34.7%) and LTAF (A: 52.7% and C: 35.5%), respectively. However, the lowest number is
recorded in different climatic regions. The lowest fatalities for LTNF are associated with
continental regions (D: 2.8%), whereas for LTAF, polar regions constitute the lowest inci-
dences (E: 0.2%).

As for the landform categories, both the number of landslides and fatalities have the
highest amount in low and middle mountains for LTNF (62.5% and 63.4%) and LTAF
(41.4% and 43.2%), respectively (see Table S2). Notably, LTAF are about 20% lower than
their naturally occurring counterparts regarding both the number of landslides and fatali-
ties. This 20% difference appears as an increase in LTAF occurred in the plains and thus,
both the number of LTAF and fatalities caused by them are approximately 20% higher
compared to naturally occurring landslides.

The summary provided above is also presented in Fig. 2 through a combined climate-
landform vision of fatal landsliding (Table S3). Figure 2 shows the frequency distribution
of fatal landslides (stacked barplot) and fatalities per landslide (bubble plot) following the
same color scheme of the bivariate climate-landform maps presented in Fig. 1. Panel (a)
reports a graphical summary for LTNF, whereas panel (b) shows the situation for LTAF.

@ Springer



Natural Hazards

| Number of
Fatalities

(Natural)
e 1-10

® 11-50
@ 51-250
@ 251-500

@ s01- 1330

30°5+——

%
Number of ’ . R
Fatalities
( ig 305
® 1-10 )’
® 11-50 ¥ rd
@ 51-77 R "
60° T 4 T T E X I T T s
150°W 1200w 0°W 60°W 30°w 30°E 60°E 90°E 120°€ 150°E 180°

Fig. 1 Panels showing a the climate-landform combined map and the same map overlaid by the spatial dis-
tribution of fatal landslides and fatalities triggered by b natural and ¢ anthropogenic factors. Climatic infor-
mation is based on (A) tropical, (B) arid, (C) temperate, (D) continental, and (E) polar regions. The macro
landform information is expressed into plains (1), lowlands, platforms, and low plateaus (2), middle, high,
and very high plateaus (3), low and middle mountains (4), and high and very high mountains (5). The size
of the landslide point indicates the number of fatalities for each event. Grey areas indicate regions that were
masked out

Overall, our analyses show that mountainous areas of tropical and temperate climatic
regions appear to be the main concentration areas of LTNF and cause considerable life
losses. A similar situation with some slight differences also appears for LTAF. Specifi-
cally, they mostly concentrate around mountainous areas of tropical and temperate cli-
matic regions as seen for natural ones. The difference is that LTAF are also located in
plains of tropical and temperate climatic regions. We also note that mortality rates (i.e.,
average number of fatalities per landslide) are much higher for naturally triggered land-
slides than anthropogenically induced ones (Fig. 2).
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panel) in (a) and (b) show the average number of fatalities per landslide (FpL). (see Fig. la and Table S3
for a description of the climate-landform classification)

Figure 3 shows persistence and the total number of incidences (i.e., landslides or fatali-
ties) over sub-basins. The total number of landslides or the total number of fatalities asso-
ciated with a given sub-basin is referred to as incidence. We define persistence, on the
other hand, in relation to the recurrence of landsliding for a given sub-basin. A higher per-
sistence indicates a larger number of landslides occurring over time in a sub-basin.

For LTNF, Fig. 3a summarizes this information in bivariate plots showing both the inci-
dence (where the maximum value is 14) and their persistence (where the maximum value
is 9) together. Figure 3b presents the same information but shows the number of victims
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per sub-basin and their persistence (where the maximum values are 1132 and 9, respec-
tively). The same is reported in Fig. 3c, d for LTAF.

Results show that South and Southeast Asia host sub-basins characterized by the high-
est incidences and persistence for fatal landslides triggered by natural agents. Sub-basins
located in this region have a maximum of 14 landslides (i.e., high incidence) that occurred
on up to nine different occasions (i.e., high persistence). Central and South America show
a relatively high landslide incidence (the maximum value is 7), with a persistence of up to
three occurrences (Fig. 3a).

A similar spatial pattern arises when looking at fatalities from the same incidence-per-
sistence perspective (Fig. 3b), with a slight difference associated with incidences. Notably,
landslides with many fatalities are relatively rare, which is why high incidences are rarely
coupled by high persistence.

The sub-basins with the highest incidences characterized by the high persistence for
landslides (Fig. 3c) and fatalities (Fig. 3d) associated with anthropogenic agents are also
located in South and Southeast Asia. As seen in the naturally occurring landslides, events
with a high number of fatalities are also rare in this case.

To further explore the link between incidence and persistence for the examined sub-
basins, we created scatter plots (Fig. 4) for incidence and persistence for each climate-land-
form class. Results show that in general, sub-basins exposed to fatal landslides experience
these events repetitively. Specifically, tropical and temperate climatic areas host sub-basins
where fatal landslides occur repeatedly and thus, Fig. 4 indicates high persistence in those
regions. Continental, polar, and arid areas, on the other hand, are dominantly characterized
by low persistence.

4.2 Controlling factors analysis

This section presents the summary statistics of basin characteristics that host LTNF or
LTAF (Fig. 5). To avoid repeated information, we exclude basins hosting both LTNF and
LTAF.

Topographically, LTNF has a higher elevation, elev-std, and slope median values com-
pared to the LTAF. The median values for LTNF are 724.2 m, 17.8 m, and 11.3°, respec-
tively. As for LTAF, the median values are 372.0 m, 5.7 m, and 3.6°, respectively. A differ-
ence can also be seen in the long-term average annual precipitation, albeit less pronounced
as compared to the morphometric cases. Specifically, LTNF has an annual precipitation
centered at 2145 mm, while it is 1499 mm for LTAF. As for the total population, the
median value is much higher for LTAF (27,167) as compared to LTNF (16,530).

5 Discussion

Our results show that LTNF is associated with higher average fatality rates than LTAF,
specifically in arid, polar, and continental climatic regions when we consider the average
number of fatalities per climate-landform region (see Fig. 2). This indicates that LTNF
are much rarer in these environments, although the rate of mortality per single landslide is
also much higher. Conversely, LTNF are much more common in tropical and temperate cli-
matic regions (94% of the total) but their mortality rate is comparably lower than in other
regions. However, when we examine fatalities at the sub-basic level, results show that high
fatalities are mostly associated with rare landslides (see Fig. 4).
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Fig.4 Panels showing persistence vs incidences of fatal landslides over different climate-landform regions

We computed spatial densities to complement the information presented above
(Fig. 6). The fatal landslides across the Himalayan Range are shown separately because
they would saturate the signal due to the large number of samples from this rough

terrain.
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Fig.5 Graphs showing the distribution of different controlling factors of fatal landslides are presented sepa-
rately for both LTNF (blue boxplots) and LTAF (green boxplots)

Based on landslide densities, we identified ten hotspots distributed in Central Ameri-
can Ranges and Hispaniola, Northern Andes, Brazilian Highlands, Great Rift Valley, West-
ern Ghats and Sri Lanka, Himalayan Range, North East India and Bangladesh, Vietnam,
Philippines and Taiwan, and Indonesia (Fig. 6). These regions also refer to areas where
landslide rates are expected to increase due to climate change. By the end of this century,
as global mean surface temperature increases, extreme precipitation events over most of
the mid-latitude land masses and over wet tropical regions will very likely become more
intense and more frequent (IPCC 2014). As a result, for instance, shallow landslides and
debris flows are expected to increase because of extreme weather events in South and
Southeast Asia, Central America and South America, and the Great Rift Valley (Gariano
and Guzzetti 2016) and Himalayan range (Kirschbaum et al. 2020). Also, La Nina condi-
tions, which lead to greater landslide exposure, are projected to show the most significant
increases in northern South America, Central America and the Caribbean, Indonesia, and
the Philippines (Emberson et al. 2021). When land degradation caused by increased human
disturbance is added to this, a worse picture may emerge.
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The LTNF and LTAF densities demonstrate a positive correlation with elevation, elev-
std, and steepness and a negative correlation with CTI, as expected (Fig. 6). No discern-
ible pattern arises in the average annual precipitation, which is somewhat counter-intuitive,
but may reflect the adaptation of the landscape to the prevailing climatic conditions. Aside
from a few exceptions, LTNF generates more fatalities, these being mostly localized up in
the topographic profile at 1019.3 m a.s.l., whereas the same occurs for LTAF at 666 m a.s.1.

Interestingly, the fatal landslides occur at higher elevations on steeper hillslopes in the
Himalayan range as compared to the rest of the dataset (Fig. 6). This is mainly because of
the population in the Himalayan range at high elevations. Landslides triggered by natural
factors may of course have been influenced by anthropogenic factors because human activi-
ties can lead to reduced hillslope stability, which may not be directly seen in this dataset.

Our results also indicate that fatal landslides triggered by natural and anthropogenic
factors differ in terms of topography, precipitation, and population density characteristics.
LTNF occurs at a much higher elevation, elev-std, slope, and rainfall conditions. These
correspond to regions where the population is relatively low compared to its anthropogenic
counterpart (see Fig. 5). Considering that 74.2% of LTNF occur in mountainous areas
(Table S2), these landslides result in more fatalities and higher impacts despite the lower
population density because these landslides are predominantly triggered by prolonged or
extreme rainfall that typically affects larger areas. In contrast, LTAF are extremely local-
ized over densely populated areas due to human intervention. Since these landslides usu-
ally occur in urban areas and mining sites (Froude and Petley 2018), their topographic
characteristics differ from those of LTNF.

Capturing the possible role of anthropogenic factors in the occurrence of naturally trig-
gered landslides is a challenge because human impact may occur over long time periods,
which are hard to unfold (Glade 2003; Guns and Vanacker 2014; Depicker et al. 2021).
Rather than focusing on different environmental conditions characterizing naturally and
anthropogenically induced landslides, identifying similarities between these two could be
another way to approach this discussion. We do so by examining the role of land cover
change and increasing human pressure in connection to both LTNF and LTAF locations.
Figure 7 shows that in both cases, we observe quite similar trends in changes in forest cover
and proxies of human impact. This implies that human impact disturbing hillslope stabili-
ties in the case of anthropogenically triggered landslides may also exist for naturally occur-
ring ones. Further research on this issue with higher resolution and reliable data is needed.
Based on these results, we suggest that anthropogenic factors may also have a partial role
in naturally occurring landslides.

6 Conclusions

This study provides insight into the spatially persistent pattern of fatal landslides in relation
to topographic and climatic factors likely controlling landslide occurrences. Our analyses
indicate that landslides triggered by natural factors (69.3%) and fatalities (66.7%), as well
as landslides triggered by anthropogenic factors (44.1%) and fatalities (43.0%), occur most
frequently in the mountains and tropical/temperate climatic regions.

We also showed that LTNF tends to occur at higher elevations on steeper slopes,
while LTAF concentrates at lower elevations and gentler slopes. South and Southeast
Asia, Central America and South America, and the Great Rift Valley are global-scale
hotspots of fatal landslides. These hotspots correspond to areas vulnerable to climate
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Fig.7 Temporal variations in forest area, settlement area, population and human footprint changes in sub-
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change and, thus, landscapes with an expected increase in landsliding rates. Therefore,
these susceptible areas could be more vulnerable in the future when climatic extremes
are coupled with human impact.

Our research also highlights the role of land cover changes and increased human
pressure in the occurrence of natural-induced fatal landslides. In this context, we argue
that human activities impact not only fatal landslides of anthropogenic origin but also
fatal landslides of natural origin. In this respect, we emphasize the importance of under-
standing the complex interactions between natural and human factors in the occurrence
of fatal landslides. Comprehensive and adaptive strategies are needed to reduce land-
slide risks in mountainous areas of tropical and temperate climatic regions, especially in
the face of climate change and increasing human pressure. Finally, future work should
continue to monitor and assess fatal landslides and focus on developing more reliable
and comprehensive inventories.
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