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Dam-forming landslides are of significant interest to researchers, as only about 1 % of landslides block rivers, yet
these dams can cause extreme flooding when they collapse, with flood flows up to ten times larger than extreme
fluvial floods. While regional studies have noted differences in the dimensional characteristics and formation
indices between dam-forming and non-dam-forming landslides, a global quantitative comparison has not yet
been made. Using open-access global datasets, we conducted a statistical analysis of their morphometric and
spatial characteristics, including volume, height/length ratio, and geomorphological factors. Spatial clustering
analysis was also performed to determine whether certain landslides are more likely to form dams. The results
indicate that dam-forming landslides are a distinct subset: (i) they occur in more upstream areas with higher
stream power index values; (ii) they have lower mobility, confined by steeper slopes and shorter hillslope
lengths; (iii) shallower landslides with larger surface area and sufficient volume are more likely to form dams;
and (iv) they exhibit different spatial clustering patterns compared to general landslides. Despite some data
limitations, this global study provides a foundation for quantifying a landslide dam formation index and iden-

tifying areas prone to dam formation.

1. Introduction

Landslides and landslide dams (LDams) are frequently reported
worldwide, causing significant damage to infrastructure and commu-
nities (Costa and Schuster, 1988; Petley, 2012; Froude and Petley, 2018;
Fan et al., 2020; Wu et al., 2022). Landslides that form dams partially or
completely block fluvial channels (rivers and streams). Although only a
small fraction of landslides form LDams, their impact can be severe. In
Norway, 181 landslides forming LDams were recorded out of >33,000
registered landslides in the national landslide database of Norway
(Oppikofer et al., 2020). A total of 828 LDams were reported among
>600,000 landslides caused by the 2008 Wenchuan Earthquake, ac-
counting for approximately 1.4 % of the total number of landslide re-
cords (Fan et al., 2012). Even though a small proportion of landslides
cause river blockages, the impacts of LDams on upstream and down-
stream floods can be more significant than “normal” flash floods
(Perucca and Angillieri, 2009). One of the most dangerous LDams trig-
gered by the 2008 Wenchuan earthquake, the Tangjiashan LDam,

caused a flood wave that reached an estimated peak discharge of 15,474
m3/s (Xu et al., 2009), ten times the flood warning discharge of 1500
m>/s reportedly in use by the Chengdu Water Authority (2020).

Not all the landslides would form a dam. For forming a dam, a po-
sition requires a landslide that has sufficient volume for travelling to
river reach and deposition, and a river located nearby that has suitable
hydrological conditions for dam formation. Although the factors related
to landslides, such as landslide mass material, catchment characteristics,
landslide geometry and river hydraulic conditions, are more certain, the
actual mechanism for LDam formation is still under discussion (Korup,
2004; Tacconi Stefanelli et al., 2015; Fan et al., 2020; Argentin et al.,
2021). A few laboratory works focus on exploring the mechanisms of
LDam formation (Liao et al., 2019; Nian et al., 2020), but most focus
more on analysis based on LDam records.

Korup (2002) proposed quantifying a ‘scaling threshold’ for river
blockages to assess whether a landslide could form an LDam, using
geomorphological and hydrological variables of the valley, river, and
landslide. Tacconi Stefanelli et al. (2015, 2018) studied landslides and
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dam-forming landslides (DFLs) in specific regions, highlighting differ-
ences in landslide dimensions and valley or fluvial parameters, such as
the relationship between valley width and landslide volume, and data
distribution of the LDam formation index, combining landslide volume
and valley width. However, thresholds calculated regionally may not be
reliable when applied to other datasets or regions. Cencetti et al., 2020
showed that such an index is hard to generalize due to specific local
geomorphological and hydrological conditions. Struble et al. (2021)
similarly found that the dam stability index and scaling relationship
between catchment area and LDam size did not align with their LDam
data in Western Oregon.

A global-scale LDam formation index, or ‘scaling threshold’ for river
blockage, has yet to be identified as the variables distinguishing
blockage from non-blockage events remain unclear. Findings from a
global-scale LDam dataset, RAGLAD (River Augmented Global LAnd-
slide Dams), indicate some physical and geomorphological differences
between DFLs and general landslides, particularly in geomorphological
characteristics (Wu et al., 2022). In the RAGLAD dataset, the DFLs with a
volume larger than 1 million cubic metres account for a larger propor-
tion of records when compared with that of general landslide volumes.
This suggests that landslide morphometric characteristics could be
different between DFLs and landslides more generally. The power law
scaling exponent for DFLs, based on the relationship between landslide
volume and area, is smaller than that of general landslides. For global
soil-slope landslides, the exponent ranges from 1.1 to 1.3, and for rock-
based landslides, from 1.3 to 1.6 (Larsen et al., 2010). In contrast, the
RAGLAD dataset shows DFLs have a scaling exponent between 0.66 and
0.97 (except for falls, which have an exponent of 1.52). The findings
suggest that landslides forming river dams tend to have smaller volumes
for a given area, likely due to DFLs developing shallower erosion depths
and occurring on steeper slopes compared to typical landslides (Wu
et al., 2022).

Previous research raises important questions about the key differ-
ences between landslides and DFLs. What unique properties distinguish
DFLs from general landslides? Do DFLs have different mobility or size
that makes them more likely to block rivers? Are their spatial distribu-
tions different? To explore these questions, we compiled global landslide
and LDam records from 13 datasets, creating two subsets: one for gen-
eral landslides and one for DFLs. We then systematically examined the
differences between them in two main areas: (i) spatial distribution,
particularly in river reaches, and (ii) landslide morphometric data,
focusing on mobility (H/L ratio) and size (volume and area). These
findings may help identify the necessary conditions for LDam formation,
considering both landslide characteristics and the hydrological and
geomorphological factors of rivers.

2. Data and Methods
2.1. Data sources of landslides and DFLs

The dimensional data of DFLs compared to general landslides show
regional variations. For instance, the average impounded lake size from
LDam records in New Zealand is smaller than the global average (Costa
and Schuster, 1991; Korup, 2004). These regional differences in spatial
distribution reflect variations in geomorphological parameters. Jibson
and Harp (2012) found that the maximum epicentral distance limits for
landslide occurrence were different between those landslides located in
continental interiors as opposed to plate boundaries. The varied quali-
ties of the datasets also affect the data comparison. Korup (2002)
demonstrated that the impacts of the multivariate geomorphic charac-
teristics inherent in LDam records are restricted for the quantification of
data comparison. Therefore, globally consistent datasets are needed to
accurately compare the differences between general landslides and DFLs
globally.

However, currently, landslides do not have a well-established in-
ventory with comprehensive and consistent data attributes, such as
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landslide size, on a global scale. We attempted to collect more consistent
data from landslide records to cover landslide inventories from different
scales and triggering mechanisms to avoid the issues caused by the
scarcity of data on the specific type of landslides. For DFL records, the
data is derived from the global-scale geolocated LDam dataset, RAGLAD
(Wu et al., 2022). In the analysis of landslide and DFL records, different
classification schemes have been employed, while global-scale datasets
have consistently adopted the primary landslide classification type
derived from the Varnes scheme (Varnes, 1984) or its subsequent re-
visions (Hungr et al., 2014).

There were 13 databases collected from local to global scales,
including one mosaic database consisting of multiple event-based
landslide datasets from seismically triggered landslides (Table 1).
These records were either from an open-access online database or ob-
tained with permission from the original authors or institutions. The
most ideal scenario for establishing a global-scale inventory of land-
slides would be to collect all the event-based inventories, aiming at
mapping all landslides within a single landslide-triggering episode.
Several attempts have been made to establish global-scale geolocated
inventories directly for landslides and LDam records (Kirschbaum, 2019;
Dufresne et al., 2021; Wu et al., 2022). From these datasets, balancing
the number of records against a consistent and complete dataset proves
difficult.

We first categorize the data by its detail level. Fig. 1 is a schematic
figure to illustrates the division of the data detail into five different
levels for landslide and LDam records: level 1 - records with landslide
existence reported without any reliable qualitative, quantitative, or
spatial information being recorded; level 2 - geolocated records without
further information; level 3 - geolocated records reported with some
qualitative information such as effects or quantified data recorded
qualitatively; level 4 - geolocated records reported with both qualitative
information and some quantitative attributes; level 5 - geolocated re-
cords with comprehensive quantitative attributes, especially the
dimension data of landslides/LDams. As the completeness of records
increases, the number of records is expected to reduce. The records in
the final datasets that were used for this study were assigned a detail
level based on the comprehensiveness of each dataset's attributes, as
shown in Fig. 1. Most of the records in the datasets are geolocated and
have at least some qualitative information recorded; however, the re-
cords in level 1 were not used for further analysis due to insufficient data
completeness.

It is challenging to create a comprehensive Level 5 type landslide and
LDam dataset that includes precise geolocations, comprehensive land-
slide dimension data, and accurate landslide classifications. There are
many difficulties that hinder the establishment of such a dataset, as
highlighted by various landslide researchers: (i) the landslide processes
are relatively isolated and need to be mapped and recorded individually,
which can be laborious given the high frequency of landslide occurrence
although they cover an area smaller in scale compared to floods and
earthquakes (van Western et al., 2006); (ii) the majority of landslide
datasets were completed by individuals or groups as part of projects and
thus may not be regularly updated over time (van Western et al., 2006);
(iii) landslides are a complicated hazard and contain various charac-
teristics, thus the comprehensiveness of record attributes can be limited
by factors such as access to the location (van Western et al., 2006),
availability of layer-based GIS environment (Korup and Stolle, 2014),
inherent incompleteness of the historical landslide records (Rossi et al.,
2010), and inconsistencies in the spatiotemporal scale of triggers,
drivers of landslides, and landslide models/maps (Guzzetti, 2021). For
LDam dataset access, these challenges could be amplified as LDams are
relatively poorly studied and most attributes in LDam records rely on
existing landslide records (Fan et al., 2020; Oppikofer et al., 2020; Wu
et al., 2022). Precisely geolocated LDam records, which allow further
spatial analysis, require significant effort (Wu et al., 2022). Despite the
relatively substantial number of LDam records available, only a small
portion of LDam records can be applied for further analysis given the
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Table 1
Landslide datasets and LDam datasets that were used for this study.
Index Name Time Scale (Area) Database Data coverage Number of Application in this Contributors
(abbreviation) coverage format landslide study
records
/events (DFL
proportion)
1 Landslide Inventories  since 1900 Global Shapefile Earthquake- 356,497(-) Spatial distribution ~ Schmitt et al., 2017
from An Open triggered comparison
Repository of landslides (event-
Earthquake- based)
Triggered Ground-
Failure Inventories
2 Landslide Inventories 1900-2019 National Shapefile Landslides-Not 64,433(—) Description of Jones et al., 2019
across the United (USA) specific landslide datasets
States
3 (Dufresne) Dufresne From Global Excel Landslides-Not 179 () Morphometric Dufresne et al., 2021
(unpublished 270,000 B.P. specific triggers/ comparison
inventory) (Before rockslides and
present) rock avalanches
4 (RSA-Central Rockslides and Rock - Regional Excel Landslides and 1016 (19 %) Morphometric Strom and
Asia) Avalanches of (Central LDams-Not comparison Abdrakhmatov, 2018
Central Asia Asia) specific triggers/
rockslides and
rock avalanches
5 (GLC) Global Landslide 2007-2019 Global Shapefile Rainfall- 14,532 () Spatial distribution ~ Kirschbaum et al.,
Catalog triggered comparison 2015
landslides
6 Franeltalia From National SQL Landslides-not 5438(single) Spatial distribution Calvello and Pecoraro,
January (Italy) database specific + 1787(areal) comparison 2018
2010 to 2017 -)
7 (HMS_LS) High Mountain Asia 1956-2018 Regional Shapefile Rainfall- 12,755 (-) Spatial distribution Kirschbaum, 2019
Landslide Catalog (Asia) triggered comparison
V001 landslides
8 Landslides in - National Shapefile Landslides- not 10,551(-) Description of van Westen and Zhang
Dominica (Dominica) specific landslide datasets (2018)
9 (CAFLAG) CAmpi Flegrei 1828-2017 Local (Campi  Shapefile Landslides- not 2302 (-) Spatial distribution ~ Italian National
LAndslide Flegrei specific comparison Research Council
Geodatabase caldera, (CNR) (Esposito and
Italy) Matano, 2021)
10 (NIED) Digital Archive for 1981-2014 National Shapefile Landslides- not 359,387 () Morphometric National Research
Landslide (Japan) specific comparison Institute for Earth
Distribution Maps Science and Disaster
Prevention of Japan
(NIED) (2014)
11(CEDIT) Italian Catalog of 1169-2019 National Excel Earthquake- 2077 (-) Spatial distribution =~ Martino et al., 2022
Earthquake-Induced (Italy) triggered comparison
Ground Failures landslides
12 (IFFD) Italian landslide 1116-2022 National Shapefile Landslides-not 621,547(-) Spatial distribution IFFI, 2022; Trigila
inventory (Italy) specific comparison; et al., 2010
13 (RAGLAD) River Augmented Since 8 Global shapefile LDam-not 779 (100 %) Morphometric Wu et al., 2022
Global LAndslide century specific comparison and
Dams), Spatial distribution
comparison
comprehensiveness of related attributes. For instance, only 265 out of
Datasets Index Level of records I wg 1038 LDam records in New Zealand reported by Morgenstern et al.
S o (2023), were utilized to analyse dam stability and breaching in detail.
bt S After assembling the records of all the separate datasets, their data
2 89101112 (oe0297) 3 fields were unified, specifically the geospatial references to WGS 1984,
115 67 (394512) rg- as well as units and data formats. There are >1,400,000 landslide re-
%’ cords in total, with >90 % of records containing coordinates. We
H retained the most complete record in cases where duplicates from
i 4 various data sources shared the same spatial coordinates (approximately
Dataset not available Landslides without being recorded g 1000 records were found duplicated7 <0.1 % of all records)- Fig- 2 il-
. o lustrates the spatial distribution of mapped landslide records and LDam

Number

Fig. 1. Schematic graph illustrating the different levels of details of datasets for
the landslide and LDam records used in this study. Levels 1 to 5 represent the
five different levels of data comprehensiveness. The data index on the left
corresponds to the dataset number from Table 1. The numbers in parentheses
next to each level label indicate the approximate total number of records in
each level used in this study.

records from the geolocated records in the databases shown in Table 1.
The landslides are geographically concentrated in the tectonically active
areas, especially along the convergent plate boundaries, such as the
Circum-Pacific Belt (Andes Mountains, Rocky Mountains, mountainous
areas on the islands along the eastern Pacific coast, etc.) and Alpine-
Himalayan orogenic belt (European Alps, Pamir Mountains, Hima-
layas, etc.). Landslides are also more heavily concentrated in those
countries with well-established national-scale landslide inventories or
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Fig. 2. Spatial distribution of landslide records from various datasets and LDam records with precise geospatial locations in RAGLAD.

extensive landslide research, such as Norway, Italy, Japan, China, India,
New Zealand, and the USA. LDam records are distributed in similar lo-
cations, but as they comprise fewer records from currently available
datasets, the specific focus of researchers may play an important role in
the LDam record clusters.

2.2. Methods and data for comparison

2.2.1. Spatial distribution differences
There is strong evidence that LDams tend to form in tributary and
headwater basins with small upstream areas, supported by both global-

scale (Costa and Schuster, 1988; Fan et al., 2020; Wu et al., 2022) and
regional-scale studies (Korup, 2002). Previous research has focused on
global landslides causing fatalities (Petley, 2012; Froude and Petley,
2018) and regional hazards from single landslide episodes (Borgomeo
et al., 2014; Dai et al., 2011). However, our study is the first to quan-
titatively compare the spatial distribution of landslides and DFLs on a
large scale.

To minimize bias from the scarcity of LDam records in some areas,
we focused on Italy and Japan, which have robust datasets. Italy and
Japan can be considered as globally represent landslide and LDam data
profiles due to their exceptional data density and environmental
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T S
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s

7T
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LDam records
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Fig. 3. LDam and landslide records that were used for the spatial distribution comparison: a) Italy; b) Japan.
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diversity, making them microcosms of global landslide and LDam dy-
namics. They are respectively located in Alpide earthquake belt and
circum-Pacific seismic belt, which were two major seismic belts around
the world. The landslides and LDams in Italy represented the landslides
occurring in Mediterranean and temperate zones, while those in Japan
showed the landslide mechanisms in monsoon-dominated and tectoni-
cally unstable areas across Asia and the Pacific. Both countries have
heterogeneous terrain that are prone to landslide occurrences. Italy was
selected first for studying spatial distribution differences, as it has the
most records for both landslides and LDams. Over 1 million landslide
records were compiled from IFFI (IFFI, 2022; Trigila et al., 2010), along
with additional landslide/LDam datasets (Table 1) and 257 LDam re-
cords from RAGLAD. The spatial distribution of these records is shown in
Fig. 3(a). Italy serves as a microcosm of global conditions, with diverse
lithology and landforms, including limestone-dominated mountain
areas in the Alps and Apennines, metamorphic formations in Calabria,
and volcanic terrains. Its precipitation ranges from <800 mm annually
in Sicily (Melillo et al., 2016) to over 3000 mm in the Alps (Palladino
et al.,, 2018). Additionally, Italy is tectonically active, with compres-
sional forces in the alpine regions and extensional tectonics in the south.
Similarly, Japan was included as a study area due to its large number of
landslide and DFL records—the second highest globally. It has 359,387
landslide records from the NIED national inventory (NIED, 2014) with
valid landslide area data, and 171 geolocated LDam records from
RAGLAD. The spatial distribution of landslides and DFLs in Japan is
shown in Fig. 3(b).

We first examine the geomorphological parameters of record loca-
tions, including elevation and upstream catchment area. The develop-
ment of global fluvial datasets (GFDs) over the past decade (Yamazaki
et al., 2014; Allen and Pavelsky, 2018; Frasson et al., 2019; Linke et al.,
2019; Yamazaki et al., 2019; Feng et al., 2022), along with geolocated
landslide and LDam inventories, has made this comparison possible.
While GFDs still have limitations in representing small upstream tribu-
taries, they provide a more consistent and reliable source of river width
data than empirical methods (Wu et al., 2022).

Elevation and upstream catchment area were derived from the
MERIT DEM and MERIT Hydro datasets (Yamazaki et al., 2017, 2019).
Since LDam records are often collected at the valley bottom (where the
river is blocked) rather than the slope, we adjusted the elevation by
adding the landslide height from RAGLAD to the original MERIT DEM
data.

In addition to differences in landslide catchment locations, the
Stream Power Index (SPI)—a parameter used to describe the potential
erosion power of flow at a given point—was applied to explore dis-
tinctions between DFLs and general landslides. SPI is calculated using
Eq. 1 which incorporates slope gradient (G, ) and specific upstream

catchment area (CA , km?) (Moore et al., 1991):
SPI = CA x tanG @

The SPI data was sourced from geomorpho90, a global dataset of
geomorphometric features derived from the MERIT DEM (Amatulli
et al., 2020). To reduce uncertainties from varying catchment sizes, we
created a subset of SPI data with upstream catchment areas similar to
those of LDams. This subset includes landslides with upstream catch-
ment areas under 627 km?, a threshold where ~97 % of LDam records in
RAGLAD are located (median plus 2 sigma) (Wu et al., 2022).

To investigate differences in the spatial clusters of landslides and
DFLs, we applied local spatial clustering analysis using the hazard re-
cord number within level 12 HydroBASIN units. Anselin Local Moran's I
(Anselin, 1995), a widely used spatial clustering index in landslide
studies, helps identify landslide susceptibility hotspots (Wu and Song,
2018), examine landslide occurrence patterns (Lin et al., 2017), and
track changes for landslide detection (Mondini, 2017). The Local Mor-
an's I statistic for spatial association at feature i is calculated as follows:
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where x; is the attribute of given feature i, X is the mean value of cor-
responding attributes, W is the spatial matrix weight between features i
and j, and:

3

where n represents the total number of features. The results of local
clustering analysis can be categorized into five types: high-high clusters
(significant clusters of high Moran's I values), low-low clusters (signifi-
cant clusters of low values), high-low or low-high outliers (values sur-
rounded by contrasting values), and not significant.

To understand the spatial distribution differences between DFLs and
general landslides, we examined their proximity to river reaches. The
runout distance of a long-runout landslide that dams a river can be
significant, making it challenging to define a specific threshold for DFL
proximity. For example, the longest DFL runout in RAGLAD is 19 km,
from the Kolka glacier-debris flow (Evans et al., 2009), with the mean
runout distance for LDams being 3 km. These distances exceed what is
typically considered “close” to a river (Wu et al., 2022). Instead of
directly analysing the proportion of landslides/DFLs near rivers, we
examined the proximity of DFLs and general landslides using data from
multiple GFDs, including Global River Widths from Landsat (GRWL,
Allen and Pavelsky, 2018), MERIT Hydro (Yamazaki et al., 2019), and
Global Long-term River Width (GLOW, Feng et al., 2022). We converted
all GFD data into points and merged them to represent the total river
channels from these datasets. We also conducted river proximity anal-
ysis using EU-Hydro, a dataset offering photo-interpreted river networks
across EEA39 countries, which includes surface water interpretations
and a drainage model derived from the EU-DEM (European Environment
Agency, 2020). However, none of these open-access datasets perfectly
capture rivers and tributaries as they appear in reality. Fig. 4 shows an
example of the differences between the datasets for river channels near
Scanno, Italy. EU-Hydro includes more tributaries, derived from the
DEM, while the GFDs mainly represent the primary channels of the
Tasso and Sagittario Rivers, contrasting with the detailed mapping from
Della Seta et al. (2017).

2.2.2. Morphometric differences

We then compared the morphometric data, including mobility and
size, of landslides and DFLs by analysing their distribution from globally
collected records. The H/L ratio, calculated by dividing landslide fall
height (H) by travel length (L) (Fig. 5), is commonly used to measure
landslide mobility (Corominas, 1996; Iverson, 1997). While other pa-
rameters like landslide velocity can also indicate mobility, we focused
on the H/L ratio due to data limitations. Generally, a low H/L ratio in-
dicates high mobility, while a high H/L ratio reflects low mobility.
Landslide size, particularly volume, plays a crucial role in LDam for-
mation. Fan et al. (2012) found that the relationship between landslide
volume and river width was key to LDam formation during the 2008
Wenchuan Earthquake. Similarly, global LDam records from RAGLAD
showed a potential threshold for LDam formation based on this rela-
tionship (Wu et al., 2022). Therefore, the morphometric parameters
used to compare all landslides and DFLs include the H/L ratio and
landslide volume.

It is important to note that landslide dimensions vary significantly by
type (Corominas, 1996), making comparisons within specific types,
when possible, more accurate. Given the abundance and completeness
of rock avalanche and rockslide records, we compared their H/L ratio
and volume using three datasets: the Dufresne dataset (179 records,
Dufresne et al., 2021), RSA-Central Asia dataset (1016 records, Strom
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Fig. 5. Illustration of landslide fall height and travel length in H/L ratio,
simplified from Fan et al. (2014).

and Abdrakhmatov, 2018), and RAGLAD dataset (779 records, Wu et al.,
2022), all rated at data detail level 5. The comparison also included
landslide height to assess its impact on the H/L ratio distribution. For
landslide volume comparisons, records predating the Younger Dryas era
(11,500 B.P.) were excluded due to potential alterations in land surface.
Since many records lacked valid volume data, we also compared land-
slide area, as it can influence deposition and relate to LDam formation.
Landslide area is a key attribute in previous LDam databases (Fan et al.,
2020).

Using the described methodology, we aimed to answer three key
questions regarding the mobility and size of landslides and DFLs: (i) Do
DFLs exhibit higher mobility than general landslides? (ii) Do DFLs have
larger volumes? (iii) Do DFLs cover larger areas? The first question
addresses whether DFLs require greater mobility to reach waterbodies in
sufficient volume for dam formation. The second and third questions
explore whether smaller, deeper landslides (likely block movements) are
more effective at forming dams than larger, shallower slides (which tend
to be more fragmented).

3. Results

The data comparison assumes that if DFLs were merely a subset of
general landslides, their distributions would be similar. We used box
plots to compare DFLs and general landslides across geomorphological
parameters such as elevation, upstream catchment area, and SPI, as well
as morphometric factors like mobility and size. To explore spatial dis-
tribution differences, we conducted local spatial clustering analysis
using Local Moran's I statistics. The results are presented below.

3.1. Spatial distribution differences

3.1.1. Geomorphological parameter distribution differences

We compared elevation distributions based on record locations
(Fig. 6). DFLs in both Italy and Japan have higher median elevations
than general landslides. The elevation distribution varied between the
two countries: in Italy, DFLs showed a narrower range compared to
landslides, while in Japan, the elevation range of DFLs was broader.

The comparison of upstream catchment areas showed that DFLs are
more concentrated in upstream areas than general landslides. In Italy,
the median upstream catchment area for DFLs is 230 km?, compared to
289 km? for landslides—a difference that could result in a 36 m varia-
tion in river width, based on the relationship from Frasson et al. (2019).
A similar pattern was observed in Japan, with DFLs having a median
catchment area of 198 km?, compared to 235 km? for landslides. Over
82 % of DFLs in Italy and 74 % in Japan were in catchments under 500
km?, compared to 69 % of landslides in Italy and 80 % in Japan. These
rivers fall under the “streams or small rivers” classification according to
Bernhofen et al. (2021).

When considering both upstream catchment area and elevation dis-
tribution, it's notable that although DFLs are located in relatively up-
stream areas, their elevation distribution does not concentrate in higher
ranges, even after elevation adjustment. DFLs in Japan exhibit a wider
elevation range compared to general landslides.

DFLs in both Japan and Italy have larger SPI values compared to
general landslides (Fig. 6). In Italy, the SPI distribution of the upstream
subset of landslides is similar to that of DFLs but with higher values,
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likely due to DFLs having smaller upstream catchments (Wu et al.,
2022). The occurrence of river knickpoints, where the channel slope
changes sharply, may also explain the high SPI in LDam formations,
although the mechanism remains under discussion (Fan et al., 2020).
Steep, narrow valleys require less material for dam formation, making
even small landslides potential LDams in these areas. Detailed
geomorphological data for Italy is available in supplementary materials
section 1.1.

3.1.2. Spatial cluster differences

The spatial cluster analysis highlights hotspots for DFL and landslide
occurrences, allowing us to explore differences in clustering locations.
The local spatial cluster analyses for Italy and Japan (Fig. 7 and Fig. 8)
show distinct high-high clusters for DFLs and general landslides. In Italy,
DFL high-high clusters are found in the northern Apennine, southern
Calabria, and southeastern Sicily, while landslide clusters are located in
the European Alps, central Apennine, and central Liguria. Both DFLs and
landslides show consistent low-low clusters in the Po Basin, Sardinia,
downstream Tiber River basin, and southeastern Puglia, where the
terrain is largely flat. Additional results for Italy are in supplementary
materials section 1.2.

In Japan, the high-high clusters for DFLs and general landslides also
showed distinct patterns. Landslide clusters are concentrated in western
Hokkaido, the Hida Mountains, western Miyagi, and northern Shikoku,
while DFL clusters are found in southern Nara and scattered areas
around the Hida Mountains. Both DFLs and landslides share low-low
clusters in the Kanto Plain, Osaka Plain, Nobi Plain, and several
coastal regions.

The uniform clustering of low-low clusters in plain regions highlights
the influence of local topography on landslide occurrence or absence,
despite the differing high-high clusters for DFLs and general landslides
in both Italy and Japan. The reasons for this difference are discussed in
the following section.

3.2. Mobility and landslide size

Dufresne et al. (2021) found that rockfall/rock avalanche events
generally have the smallest H/L ratios, mostly below 0.3. The RSA-
Central Asia dataset (Strom and Abdrakhmatov, 2018) showed slightly
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I High-High cluster
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higher H/L ratios, but still generally below 0.5. In contrast, the RAGLAD
dataset (Wu et al., 2022) contained more records with H/L ratios
exceeding 0.5 (Fig. 9). Landslides and combined landslide/DFL records
tend to have H/L ratios below 0.5, consistent with values reported for
general landslides (Iverson et al., 2015). Notably, RAGLAD's rock
avalanche/slide records (DFLs) show higher H/L ratios, suggesting that
these events travelled shorter distances before damming rivers, while
those with lower H/L ratios may have lost material before reaching the
river.

To expand the mobility comparison across more landslide types, we
collected additional H/L ratio data from the literature (Table 2) along-
side the initial three datasets. Since outliers can skew the mean, we used
the median H/L ratio to minimize the influence of extreme events. The
median H/L ratios of DFLs are generally larger or close to those of
general landslides (with a difference of ~ + 0.1). Across various land-
slide types, DFLs tend to exhibit lower mobility than the wider group of
landslides.

The drop height, or elevation difference between the landslide crown
and deposits, is a key factor influencing the H/L ratio and landslide
dynamics, such as motion and the center of gravity (Li et al., 2021). The
fall height of DFLs is slightly smaller than that of general landslides, with
a median height of 585 m for DFLs, compared to 950 m (Dufresne et al.,
2021) and 660 m (Strom and Abdrakhmatov, 2018) in other datasets
(Fig. 9). The higher H/L ratio of DFLs is likely due to their shorter runout
distance, as their fall height is smaller than that of general landslides.
These findings suggest that the spatial distribution of LDams is not
random or simply a subset of general landslides but may be a key factor
in LDam formation. The steepness of hillslopes, which influences land-
slide travel distance and volume, plays a crucial role in the formation of
LDams.

DFLs are primarily concentrated in volumes under 5 million cubic
meters and generally have smaller volumes than typical landslides
(Fig. 9). A slight difference occurs for landslides exceeding 500 million
cubic meters, likely due to differences in data collection focus: Dufresne
etal. (2021) and Strom and Abdrakhmatov (2018) focused on landslides
over 1 million cubic meters, while RAGLAD covered a broader range. If
volume loss due to erosion were considered (Malamud et al., 2004), the
volumes in the historical landslides dataset by Dufresne et al. (2021) and
Strom and Abdrakhmatov (2018) might be larger than those in RAGLAD

Hydrobasin Iv 12
cluster types (All
landslides)

Il High-High cluster
High-Low outlier
Low-High outlier

I Low-Low cluster
Not significant

Fig. 8. Local spatial clustering analysis result of Japan: (a) DFLs (b) All landslides.
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Table 2

H/L ratio comparison based on different landslide types in DFLs and landslides more generally, coloured by landslide type.

Landslide type Number of Min H/L Max H/L Median H/L Database/Reference (Spatial scale)
records ratio ratio ratio
Landslides more Rockslide/rock avalanche 122 0.020 0.858 0.235 Dufresne et al., 2021 (Global)
generally N/A 0.083 0.929 0.641 Fan et al., 2014 (Regional)
DFL/landslide combination — Rockslide/ 538 0.091 0.982 0.376 Strom and Abdrakhmatov, 2018
rock avalanche (Regional)
Translational /rotational slide 36 0.089 0.919 0.406 Devoli et al., 2009 (Local)
14 0.258 0.485 0.398 Sun et al., 2021 (Local)
N/A 0.275 1.090 0.624 Fan et al., 2014 (Regional)
Debris flow/avalanches 65 0.052 0.739 0.467 Corominas, 1996 (Global)
12 0.009 0.153 0.021 Capra et al., 2002 (Local)
17 0.240 0.410 0.340 Toyos et al., 2007 (Local)
N/A 0.205 1.025 0.528 Fan et al., 2014 (Regional)
Earth flow 17 0.041 0.800 0.257 Corominas, 1996 (Global)
Rockfall 45 0.117 1.087 0.664 Corominas, 1996 (Global)
N/A 0.288 0.942 0.733 Fan et al., 2014 (Regional)
DFL Rockslide/avalanche 21 0.150 1.930 0.804 RAGLAD (Wu et al., 2022; Global)
N/A 0.253 0.876 0.519 Fan et al., 2014 (Regional)
Translational/rotational slide 229 0.040 1.400 0.375 RAGLAD (Wu et al., 2022; Global)
N/A 0.323 1.578 0.859 Fan et al., 2014 (Regional)
Debris flow/avalanches 15 0.132 0.700 0.407 RAGLAD (Wu et al., 2022; Global)
N/A 0.170 0.837 0.488 Fan et al., 2014 (Regional)
Earth flow 1 0.163 - - RAGLAD (Wu et al., 2022; Global)
Rockfall 14 0.011 1.534 0.443 RAGLAD (Wu et al., 2022; Global)
N/A 0.859 1.766 1.108 Fan et al., 2014 (Regional)

(Wu et al., 2022). We also analyzed landslide area distributions in Japan
with similar results (see Supplementary materials section 1.3).

We also analyzed the relationship between landslide area and fre-
quency density for rockslides and rock avalanches to investigate size
distribution (Fig. 10). For DFLs with smaller areas, around 10° m? (the
roll-over point where the frequency-area distribution begins to decline),
the distribution differed from the RSA-Central Asia dataset (Strom and
Abdrakhmatov, 2018). This may be due to the small sample size of DFLs
or the fact that smaller landslides are less likely to form dams. Another
possible reason is the differing focus of datasets: Dufresne et al. (2021)
emphasizes landslides larger than 1 million cubic meters, while
RAGLAD (Wu et al., 2022) includes both large and small landslides.

4. Discussion
4.1. Interpretations of spatial distribution differences

4.1.1. Factors affecting the spatial clustering analysis

The spatial distribution results highlight differences in high-high
spatial clusters between DFLs and general landslides. One possible
reason for these differences is data collection. The clusters of general
landslides in Italy and Japan are considered reliable due to the avail-
ability of multiple national-scale landslide datasets (Trigila et al., 2010;
NIED, 2014; IFFI, 2022; Martino et al., 2022), and global-scale records
(Schmitt et al., 2017; Kirschbaum, 2019). For DFL records, data
collection bias could is likely increased due to the limitations of LDam
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record availability (Fan et al., 2020; Wu et al., 2022). Most dated LDam
records in high-high cluster areas, such as southern Calabria and
southeastern Sicily in Italy, and southern Nara and western Miyagi in
Japan, are linked to specific extreme events, including the 1783 Cala-
brian earthquakes, the 1693 Sicily earthquake, the 1889 Totsukawa
floods, and the 2008 Iwate-Miyagi Nairiku earthquake. However, the
LDam records from the northern Apennines in Italy, and scattered re-
gions around the Hida Mountains in Japan were collected from various
events over different periods, indicating a potential difference in the
spatial distribution of DFLs and general landslides. These areas are
tectonic active and located in upstream mountainous regions, which
provide ideal conditions for landslide occurrence and narrow receiving
rivers for LDam formation.

Another factor could be the distribution of extreme hazards, such as
large earthquakes and intense rainfalls, which are the primary triggers of
both DFLs or general landslides globally (Costa and Schuster, 1988;
Schmitt et al., 2017; Kirschbaum, 2019; Wu et al., 2022). Keefer (1984)
demonstrated a correlation between the magnitude of seismic events
and the area affected by landslides. Marc and Hovius (2015) found that
landslide occurrence peaks after large earthquakes may be linked to the
reduction and recovery of ground strength, rather than external factors
such as rainfall or aftershock activity. Some high-high clusters of land-
slides align with areas of highest rainfall intensity across the whole
country, such as Liguria (Cevasco et al., 2014), or regions of highest
seismic risk, including the Apennines, Calabria and southeastern Sicily
in Italy (Crowley et al., 2009), as well as southeastern Honshu Island and
Shikoku in Japan (Saito et al., 2022).

4.1.2. The contribution to LDam formation of landslide occurrence and
river proximity
Both landslide occurrence and river proximity are factors that could
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contribute to LDam formation. To assess their roles, we compared the
relationship between landslide occurrence density and LDam formation,
as well as the distribution of distance to rivers and LDam formation.

LDams may form in areas with higher landslide occurrence density,
as formation susceptibility evaluations consider both the reactivation of
existing landslides and the formation of new ones (Tacconi Stefanelli
et al., 2020). Fan et al. (2012) found that the landslide occurrence
density influences LDam occurrence along four cross-sections of the Min
River, China. However, we did not find a strong relationship between
LDam occurrence and landslide density. Using over 1 million landslide
records in Italy, we mapped landslide density and extracted values at
record LDam locations (Fig. 11). Many LDams were located within low-
density areas, with most near only a single landslide. Similarly, when
extracting density values for DFLs locations, we found they were not
situated in high density areas (Fig. 12).

To assess the relationship between river proximity and LDam for-
mation, we analyzed the distance between landslide and DFL records
and the river channels, using different fluvial datasets. Similar to our
adjustment of LDam elevation, we adjusted the distance to the river
channels, accounting for the fact that most LDam records are located at
the valley bottom rather than on the slope. We added the landslide
length from RAGLAD to the extracted river distance. Both before and
after the adjustment, DFLs, were located closer to river channels
(Fig. 13). The distance distribution from GFD channel points for both
DFLs and general landslides showed similar patterns. The distribution of
distance to the EU-Hydro River channels shows a shorter distance for
LDam records compared to general landslides. However, the median
value of adjusted distance to rivers from EU-Hydro and GFD were 848 m
and 6654 m, respectively, slightly higher than other DFL results (56 m
and 5274 m, respectively), but much smaller than those of general
landslides. This highlights the influence of spatial accuracy in LDam and
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landslide records. While were able to adjust LDam distance, general
landslide records may reflect varying points (crown, center, or toe) in
different datasets. Despite these location inaccuracies, our findings
confirm that proximity to rivers is a crucial factor in LDam formation.

4.2. Morphometric relationship for LDam formation

We further explored the relationship between landslide volume and
landslide runout length (horizontal travel distance). The data showed a
distinct pattern at 2000 m (Fig. 14): for runout length <2000 m, a larger
landslide volume was required to block the river; while for runout
lengths >2000 m, smaller volumes could still form dams. Additionally, a
clear division between landslides and DFLs is visible on the fitted curve,
with a 95 % confidence band. The relationship between landslide length
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Fig. 13. Distribution of distance to river channels from either EU-hydro or a
combination of GFDs for DFLs and landslides (LS). (GFD: combined global
fluvial datasets, including GRWL (Allen and Pavelsky, 2018), MERIT Hydro
(Yamazaki et al., 2019), and GLOW (Feng et al., 2022)).

and volume shows strong significance coefficients (R?) in the RSA-
central Asia dataset (Strom and Abdrakhmatov, 2018) and RAGLAD
(Wu et al., 2022), but not for rockslides and rock avalanches (Dufresne
et al., 2021, R% < 0.2). The division suggests that the length-volume
relationship could be a useful indicator for determining LDam poten-
tial, provided other conditions for LDam formation are also met. How-
ever, further exploration is needed for other types of landslides beyond
rockslides and avalanches, if more data becomes available.

In summary, shallow landslides are more likely to form LDams. This
is consistent with the observation of shallow slides being dam forming
slides: in RAGLAD (Wu et al., 2022), the LDam materials descriptions
related to fragmented material, such as debris (26.6 % of all LDam
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records) and clay (10.8 %), occur more frequently than descriptions
related to obstacles, such as boulders (0.03 %) and blocks (4.2 %).

4.3. Limitations

The scarcity of landslide records, especially for DFLs, limits global-
scale research due to uneven investment in research and development
(R&D) across regions. Despite collecting 13 datasets from around the
world, most lacked quantified morphometric data. As a result, most
comparisons in this study focus on specific types of landslides, such as
rock avalanches and rockslides, which offer the most reliable data for
landslides and DFLs. The use of point features for landslide records
highlights the challenge of calculating landslide dimensions using GIS or
empirical relationships, such as volume-area (Larsen et al., 2010; Fan
et al., 2014). We did not conduct further analysis as it would not alter
the finding that LDams are located in more confined upstream areas than
general landslides. These data limitations underscore the need for
developing global fluvial datasets (GFD) and open-access, geolocated
landslide inventories with comprehensive morphometric data and
landslide types.

4.4. LDam formation zone

Despite the imperfections of current datasets, valuable insights can
still be gained by conceptually detailing the LDam formation zone.
Spatial distribution likely influences landslide morphometrics, as DFLs
often occur in the upper reaches of drainage systems with smaller
catchment areas. This leads to shorter runout distances and differences
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in mobility and size. The focus of landslide and LDam formation studies
differ. LDams require specific quantification of the LDam formation
zone, i.e. why the dams form at specific river reaches. Whereas general
landslide research emphasizes slope conditions, such as increased shear
stress, low material strength, and strength reduction (Cruden and Var-
nes, 1996). Therefore, it is essential to record both the DFLs and the
geomorphological and hydrological characteristics of the valley at the
points of river blockage (Korup, 2004; Fan et al., 2020).

Based on the differences in morphometric data and spatial distribu-
tion between DFLs and general landslides, we use a simplified schematic
(Fig. 15) to show their locations along the river's longitudinal profile.
The LDam formation zone, where DFLs are more likely to occur, lies
between headwater regions and sediment transfer zones. These areas
have steeper slopes, but within a smaller range than general landslides.
The steeper, shorter slopes in upstream areas may confine landslides,
limiting their size and travel distance. Hillslope length increases as the
distance to the watershed outlet decreases (D'Odorico and Rigon, 2003).
Since river flow magnitude and slope gradient determine stream power
(Church, 2002), flow increases while slope decreases with distance from
the headwaters. The SPI distribution (Fig. 5) shows that LDams form in
areas with significantly higher SPI values compared to general land-
slides, suggesting that DFLs are located in regions with the highest SPI
values along the river reaches.

For identifying LDam formation zones, key prerequisites include
landslide occurrence and river presence, with river proximity being a
significant factor. However, high landslide density is not necessarily
required, as LDam occurrence did not strongly correlate with it. Based
on this schematic figure, several geomorphological factors may help
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Fig. 15. Schematic figure of the LDam formation zone (stream power modified from Church, 2002).

identify potential LDam areas: headwater sediment source zones (V-
shaped valleys), sediment transfer zones (U-shaped valleys), and sedi-
ment depositional zones (flat-shaped valleys), in addition to proximity
to river and landslide occurrence:

1) Elevation limitation: Elevations either above the headwater or
below the depositional area are excluded for LDam formation;
2) River width or upstream area limitation: Focus should be on
upstream areas, as sufficiently large volumes of landslide material
needed to dam the river are less common when the river width ex-
ceeds 300 m, according to RAGLAD records (Wu et al., 2022).
Coastal area exclusion: A “landslide in the coastal zone” typically
refers to a landslide onto a beach or rocky shoreline, not into a river
valley, and thus cannot form DFLs. Coastal areas can generally be
ignored for LDam formation, as they are often depositional zones, or
the landslide may cause displacement waves. However, coastal areas
on mountainous islands may need to be considered due to the pres-
ence of smaller river systems.

3

-

5. Conclusions

To identify the specific characteristics of DFLs compared to land-
slides more generally, we collected and analyzed 13 open-access data-
sets. These datasets allowed us to compare differences in landslide
mobility, size, and spatial distribution. The morphometric data, pri-
marily from rock avalanches/rockslides, were drawn from the most
complete datasets available. For spatial distribution, we examined
geomorphological parameters like elevation, upstream catchment area,
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and stream power index for DFLs and landslides in Italy and Japan. We
used GFDs, such as MERIT Hydro, and previously derived global-scale
geomorphological datasets, such as geomorpho90, to extract relevant
geomorphological characteristics. This study is the first large-scale
comparison of landslide and DFL spatial distributions within a river
system context.

The spatial distribution comparison shows that LDam formation lo-
cations are unique based on geomorphological parameters and local
spatial cluster analysis. The result revealed that the high-high clusters of
DFLs and general landslides occur in different areas, while low-low
clusters overlap. DFLs are concentrated in the upstream river areas, in
more laterally confined areas zones with higher SPI values compared to
general landslides. This may explain the smaller landslide volume
observed, as steeper hillslopes limit the landslides size. By examining
landslide density and proximity to rivers, we found that proximity to
rivers likely explains the spatial differences, whereas high landslide
density is not a necessary condition for Ldam formation.

The comparison of landslide morphometric data shows that DFLs
typically have a larger H/L ratio than general landslides, suggesting that
LDams can be more easily formed by landslides with less mobility. In
terms of volume and area, larger, shallower landslides are more effective
at forming LDams compared to deeper landslides. There is a distinct
difference in the relationships between runout distance and volume for
general landslides compared to DFLs.

Based on the data distribution comparison, we propose a schematic
zone along the river longitude profile to conceptually identify areas
prone to LDam formation. This schematic considers factors such as the
presence of landslides, river channels, river proximity, as well as fluvial
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and geomorphology characteristics. The research also offers insights
into selecting variables for distinguishing between river blockage and
non-blockage events, highlighting the differences between DFLs and
general landslides, most of which did not block rivers.
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