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Abstract A rapidly growing population across mountain regions is pressuring expansion onto steeper
slopes, leading to increased exposure of people and their assets to slow‐moving landslides. These moving
hillslopes can inflict damage to buildings and infrastructure, accelerate with urban alterations, and
catastrophically fail with climatic and weather extremes. Yet, systematic estimates of slow‐moving landslide
exposure and their drivers have been elusive. Here, we present a new global database of 7,764 large
(A ≥ 0.1 km2) slow‐moving landslides across nine IPCC regions. Using high‐resolution human settlement
footprint data, we identify 563 inhabited landslides. We estimate that 9% of reported slow‐moving landslides are
inhabited, in a given basin, and have 12% of their areas occupied by human settlements, on average. We find the
density of settlements on unstable slopes decreases in basins more affected by slow‐moving landslides, but
varies across regions with greater flood exposure. Across most regions, urbanization can be a relevant driver of
slow‐moving landslide exposure, while steepness and flood exposure have regionally varying influences. In
East Asia, slow‐moving landslide exposure increases with urbanization, gentler slopes, and less flood exposure.
Our findings quantify how disparate knowledge creates uncertainty that undermines an assessment of the drivers
of slow‐moving landslide exposure in mountain regions, facing a future of rising risk, such as Central Asia,
Northeast Africa, and the Tibetan Plateau.

Plain Language Summary Slow‐moving landslides can damage buildings and infrastructure, while
potentially leading to thousands of fatalities with a sudden collapse. As populations expand in mountain regions,
more communities settling into steeper terrain could be exposed to landslide‐prone areas. Yet, our estimates of
populations exposed to landslides excludes slow‐moving landslides. We address this by identifying unstable
slopes, inhabited by human settlements, from a new global database of 7,764 reported large slow‐moving
landslides located in nine IPCC mountain‐risk regions. Across most regions, we find that landslide exposure
increases with sprawling urbanized areas, though clearly not with steeper terrain. We show regional contrasts in
how exposure to floods may drive people to settle on unstable slopes. East Asia stands out in how landslide
exposure increases in more urbanized basins with gentler slopes and less flood exposure. Our results indicate
that communities in mountain regions, facing increasing future landslide and flood risk, have the least certain
insight on slow‐moving landslide exposure and their drivers.
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1. Introduction
The world's rapidly rising and expanding population, together with migration and contemporary climate change,
are significantly contributing to increased landslide and flood risk for 1.28 billion people across mountain regions
(Adler et al., 2022). More than half of the global population is urban (United Nations, Department of Economic
and Social Affairs, Population Division, 2019) and up to 40% of the mountain population in cities (Thornton
et al., 2022). People are pulled toward a promise of better livelihoods in cities, while pushed away from rural
mountain regions by conflict and environmental degradation (Bachmann et al., 2019). Amid limited terrain
suitable for settlements (Omurakunova et al., 2020; Rusk et al., 2022; Shi et al., 2023), communities may need to
opt for a compromise in hazard avoidance, with damaging floods capable of driving settlements away from rivers
(Mård et al., 2018) and onto hillslopes prone to landslides (Gong et al., 2021).

In steep terrain, many slopes that appear amenable to human settlements may host slow‐moving landslides
(Cignetti et al., 2023; Forno et al., 2013; Reyes‐Carmona et al., 2023). These landslides are mass movements of
coherent soil and rock moving along discrete shear zones (Hungr et al., 2014; Lacroix et al., 2020; Mansour
et al., 2011) and can involve entire continuously deforming hillslopes (Cignetti et al., 2023; Pánek &
Klimeš, 2016). Slow‐moving landslides that claim lives are rare (Lacroix et al., 2020) and communities may find
benefit in expanding uphill despite the landslide risk present (Depicker et al., 2021; Maki Mateso et al., 2024;
Tuladhar et al., 2015). Their motion inflicts damage to buildings and infrastructure (Mansour et al., 2011) and can
culminate in catastrophic failure (Handwerger, Huang, et al., 2019; Pánek & Klimeš, 2016). The associated costs
and risks can be substantial, but remain cursorily documented. For example, slow‐moving landslides in the Tena
Valley, Central Spanish Pyrenees, cost € 15 million to roads two decades ago (Herrera et al., 2013), while € 7
billion in assets are presently at risk in the Arno River basin, Italy (Caleca et al., 2022). Abrupt accelerations and
movements of slow‐moving landslides can require evacuation or even abandonment and resettlement (Bellas &
Voulgaridis, 2018; Gizzi et al., 2019; Solari et al., 2018). In 2023, an abrupt subsidence of a landslide beneath the
towns of Joshimath and Bhatwari (∼20,000 inhabitants) in Uttarakhand, India, required an evacuation (Sundriyal
et al., 2023).

The influence of climate change on processes governing movements of large landslides is difficult to ascertain.
The changes in surface and subsurface hydrology that accompany an urbanization of slopes could accelerate
slow‐moving landslides (Dille et al., 2022; Lacroix et al., 2020; Notti et al., 2015). They may further accelerate in
response to seasonal rainfall (Emberson et al., 2021; Handwerger et al., 2022; Handwerger, Huang, et al., 2019),
or even atmospheric pressure fluctuations (Pelascini et al., 2022; Schulz et al., 2009). Moreover, shifts from dry‐
to‐wet extremes could lead to rapid acceleration of some of these slopes (Handwerger, Fielding, et al., 2019),
imposing greater risk in the future to exposed communities and their infrastructure.

While these examples highlight potentially adverse consequences from exposure to slow‐moving landslides, our
current insight rests more on lessons learned than on proactive assessments. Hence, a global overview of slow‐
moving landslide exposure remains elusive. Most exposure assessments at present focus on fast‐moving land-
slides associated to climatic (Haque et al., 2019; Lin et al., 2023) or earthquake triggers (Nadim et al., 2006), but
exclude slow‐moving landslides (Emberson et al., 2020, 2021). Importantly, this generates an uncertain degree of
risk in regions with growing populations exposed to rising landslide and flood hazards (Adler et al., 2022).

Here, we systematically assess the global and regional exposure to large slow‐moving landslides affecting at least
0.1 km2; we refer to these simply as landslides. We estimate the occupation status of landslides in our new global
database (containing landslides with reported deformations rates from 1mm y− 1 to 3 m y− 1) using high‐resolution
human settlement data (Marconcini et al., 2020). Our results aim to inform policy and governance processes with
a first estimate of slow‐moving landslide exposure and their potential drivers, aggregated at basin‐scale. To this
extent, we located basins with slow‐moving landslides in IPCC regions, representing climatic consistency
harmonized with models projecting future scenarios (Iturbide et al., 2020), that were assessed for projected
climate‐driven risk from flood and landslide hazards affecting growing populations in mountain regions (Adler
et al., 2022).

We introduce concepts of landslide exposure at the drainage basin‐level as the fraction of inhabited landslides
(Figure 1a) and density to which landslides are inhabited with the relative area of settlements present on a given
landslide (Figure 1b). We further derive insight on the drivers of the extent of human settlements inhabiting
landslides, using the linear responses between the relative areas of settlements on landslides to an abundance of
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slow‐moving landslides, or the level flood exposure in basins across IPCC regions. We interpret heightened
exposure from positive linear responses to the basin area affected by either hazard, whilemanaged exposure from
negative ones (Figure 1c). Finally, we investigate regional influences of basin characteristics in predicting the
patterns of human settlements on landslides using the fraction of area urbanized, average slope steepness, and the
fraction of flood‐exposed area.

2. Data and Methods
2.1. Compiling a Global Database of Slow‐Moving Landslides

We systematically assessed the global and regional exposure of settlements on large slow‐moving landslides
affecting areas ≥0.1 km2; we refer to these simply as landslides. Our new global geodatabase is a compilation of
7,764 large slow‐moving landslides identified by reported deformation rates (ranging from 1 mm y− 1 to 3 m y− 1),
and slope failures labeled as “active” or labeled as a “deep‐seated gravitational slope deformation” (DSGSDs)
(Demurtas et al., 2021; Hungr et al., 2014; Pánek & Klimeš, 2016) in the original publications. This database of
landslides is a compilation of mapped landslide areas taken from 40 sources (Table S1 in Supporting Informa-
tion S1); these are open‐access databases (17), journal articles with inventories obtained via correspondence (24),
and published maps that we digitized (9). We include slow‐moving landslides with movements in the range of

Figure 1. Concepts of exposure to slow‐moving landslides. (a) Exposure measured by the fraction of inhabited landslides that sustain human settlements. (b) Relative
area of human settlement footprints on a given landslide. (c) Possible relationship of relative landslide area inhabited (% of landslide area) with greater fractions of a
basin exposed to floods and or affected by landslides (% of basin area). The two lines show possible linear responses of settlement footprints to flood exposure and more
landslides; probability distributions on the right show the range possible of either linear trend.

Earth's Future 10.1029/2024EF004830

FERRER ET AL. 3 of 17

 23284277, 2024, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024E

F004830 by T
u D

elft, W
iley O

nline L
ibrary on [20/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



millimeters to meters per year that can damage buildings and infrastructure established on their surfaces (Mansour
et al., 2011). These landslides represent areas of significant hazard from fatal and destructive debris flows that can
initiate from the landslide bodies, or rapid failure following sudden accelerations (Lacroix et al., 2020).
Furthermore, very slow‐moving DSGSDs that involve entire hillslopes are areas that have been precursors for
many of the largest catastrophic rock avalanches (Chigira et al., 2013; Pánek & Klimeš, 2016). In compiling this
database, we modified some of the original shapefiles, after quality checks in consultation with local researchers,
to remove redundant or spuriously overlapping polygons. We provide information from our database on available
classifications of slow‐moving landslide types, states of activity, and measured rates of deformation with Table
S1 in Supporting Information S1.

2.2. Estimating the Exposure of Human Settlements on Slow‐Moving Landslides

Landslides in our database are primarily located in mountain regions that may have sparse or low population
densities. We estimated the exposure of rural settlements on slow‐moving landslides in regions that may be
eluded by urban footprint extent data. To this end, we used data from the World Settlement Footprint 2015
(WSF2015) that estimates human‐occupied land with 10 m resolution, thus also including settlements in rural and
suburban areas (Marconcini et al., 2020). Though, coverage is limited to permanent structures and excludes small
or temporary structures with light building materials such as nomadic or refugee camps. The WSF2015 data
product has been validated by crowd sourcing and offers improved coverage compared to similar previous
products.

We intersected our global database of landslides with WSF2015 data to estimate how densely occupied each
landslide was with permanent structures, measure the relative area of landslides with human settlements
(Figure 1b), and identify those landslides that are inhabited. Hence, we identified inhabited landslides considering
only those with ≥1% of their area inhabited, or with settlement footprints ≥10,000 m2.

2.3. Drainage Basin Characteristics

We aggregated our analysis at the scale of drainage basins and located the slow‐moving landslides in basins from
the BasinATLAS database, version 10, which is a subset product of the HydroATLAS database (Lehner
et al., 2022; Linke et al., 2019). The HydroATLAS provides high spatial resolution hydro‐environmental in-
formation for watersheds at a global scale. The BasinATLAS database derives sub‐basin characteristics from
hierarchically nested watersheds at 12 spatial scales. We used drainage basins from level 10 to have sufficient
basin areas for containing all slow‐moving landslide areas from our database.

We estimated slow‐moving landslide exposure in terms of the fraction of landslides inhabited in a basin
(Figure 1a) to give context of the hydro‐environmental characteristics and investigate where human settlements
locate onto landslides. Within these basins, we investigated the influence characteristics on landslide exposure,
taking the fraction of area urbanized, average slope steepness, density of slow‐moving landslides, and fraction of
flood‐exposed area as predictors. The predictor variables in our analysis utilized descriptors of mean steepness,
flood exposure, slow‐moving landslide density, and degree of urbanization. We characterized the steepness of
each basin by using the mean slopes (in degrees) from the HydroATLAS. The slopes were originally computed
from a 3 arc‐second digital elevation model (Robinson et al., 2014), and aggregated into a 15 arc‐second reso-
lution in the HydroATLAS database.

We further derived a flood exposure characteristic from inundation data (Fluet‐Chouinard et al., 2015) to describe
the extent of areas affected in a basin that may be unsuitable for establishing permanent structures. We took the
spatial average of inundation extent within a basin, using monthly observations between 1994 and 2003 from the
HydroATLAS, and computed a proxy for flood exposure by taking the difference between annual minima and the
12‐year maximum inundation extent. However, this data is based on observations from 1993 to 2004, and is
unlikely to fully cover extreme and rare flood events (Dryden et al., 2021). We conducted an additional analysis to
compare the influence of basin‐wide flood exposure derived from areas inundated (Fluet‐Chouinard et al., 2015)
and floodplain areas identified (Nardi et al., 2019) on the relative areas of landslides inhabited (Text S1 in
Supporting Information S1). We selected an inundation‐derived flood exposure characterization in basins to
include coastal flood effects, acknowledging that high return period floods may not be captured by the inundation
data (Dryden et al., 2021).
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Furthermore, we calculated the fraction of the total WSF2015 settlement footprint area per unit basin area to
express the degree of urbanization. Finally, we further calculated a fraction total area with landslides per unit
basin area to express slow‐moving landslide density; we refer to this simply as landslide density.

2.4. Bayesian Hierarchical Modeling

Our objective was to assess slow‐moving landslide exposure and identify possible drivers at the basin‐scale.
Hence, each landslide was assigned to a basin, with predictor variables aggregated at a basin‐scale. To this end,
our study not just considers areas affected by slow‐moving landslides, but the basins in which they are situated,
thus, incorporating areas that are also unaffected. Basins in our study were labeled with IPCC regions (Adler
et al., 2022; Iturbide et al., 2020) that served as groups for our hierarchical models. We incorporated projected
levels of risk to people and infrastructure from landslides and floods across mountain regions of the IPCC regions.
The projections of climate‐related hazards in scenarios beyond 1.7° were assessed to lead to growing risk across
nearly all mountain regions (Adler et al., 2022). Hence, we labeled the regions in our study by changing risk levels
beyond a threshold of 1.7°.

We assessed the exposure to slow‐moving landslides across IPCC regions by modeling both the fraction of
inhabited landslides in basins and the relative area of those inhabited by human settlements. We implemented our
models in a Bayesian hierarchical approach (Gelman, 2006; Gelman & Hill, 2006; McElreath, 2018), where
individual IPCC regions serve as labeled levels for groups of data. We numerically approximated the posterior
distributions using a Hamiltonian Monte Carlo algorithm implemented in STAN (S. D. Team, 2023) and a No‐U‐
Turn Sampler (NUTS) within the software package brms (Bürkner, 2017) implemented in the R statistical
computing language (RC Team, 2023).

First, the relative area, representing the fraction of the landslide area with settlement footprints, can conven-
tionally be modeled with a beta distribution (Ferrari & Cribari‐Neto, 2004), which is defined on the unit interval
and thus suitable for modeling proportions. We considered a zero‐inflated variant, however, because the relative
areas we estimated with the WSF2015 data had many zero values, with only 7% of landslides in our database
inhabited (Figure 2). Hence, we assume that human settlements on slow‐moving landslides are rare and expect
this surplus of zero‐values. To account for this distortion, we used a Zero‐Inflated Beta (BEZI) distribution
(Ospina & Ferrari, 2010) to overcome the limitations of the beta distribution and account for excess zeros in our
data with a Bernoulli distribution. This approach has been successful in predicting ratios of data with dominant
zero‐values (B. Tang et al., 2023; Schoppa et al., 2020). The combination of distributions has the following
cumulative distribution function (CDF):

BEZI( y|γ, μ, ϕ) = FBernoulli( y|γ) + FBeta( y > 0|μ, ϕ) (1)

where y is the response, relative area, FBernoulli (y|γ) is the CDF of the Bernoulli distribution with the parameter γ.
FBeta(y > 0|μ, ϕ) is the CDF of the beta distribution for y response variables greater than zero. The beta distri-
bution is reparametrized here such that μi and ϕi are its mean and precision parameters (Ferrari & Cribari‐
Neto, 2004).

We hypothesize that predictors of basin‐level characteristics on exposure vary across IPCC regions. Hence, we
model regional effects with partial pooling in a hierarchical model to derive models and gain regional insight
while informing a pooled model across all regions. We addressed the imbalance of samples across IPCC regions
in our database (Figure 2) by implementing our BEZI models with a hierarchical Bayesian model (Gelman, 2006;
Gelman & Hill, 2006; McElreath, 2018):

Yi ∼ BEZI( γi, μi, ϕi) (2)

where Yi is response variable for the observation i (i.e., the relative extent of occupancy on a landslide in a basin,
i). The parameter γ of the Bernoulli distribution is the conditional zero‐inflation probability (i.e., the probability
that the response is 0). When Yi > 0, the mean μ of the beta distribution is estimated alongside the precision
parameter ϕ.
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We explore different processes that we assume to influence exposure in the forms the fraction inhabited of
landslides in a basin, and the relative area of settlements on landslides. To this extent, we used different sets to
estimate the parameters of the Bernoulli distribution (γ) and for the beta distribution (ϕ and γ) with regression
models.

Figure 2. Global distribution of landslides and their occupation status as of 2015. (a) Global overview of IPCC reference regions in this study: EAS, East Asia; MED, the
Mediterranean; NEAF, Northeast Africa; NWS, North‐Western South America; SEAF, Southeast Africa; TIB, the Tibetan Plateau; WCA, Central Asia; WCE, Western
Central Europe; WNA,Western North America. Landslide and flood risk assessments were adapted from Adler et al. (2022). (b, c) Villages on a slow‐moving landslide
in the Poqueira Valley, Spain. (d, e) Slow‐moving Pampahasi landslide embedded in La Paz, Bolivia. Global outline in panel (a) is from NaturalEarth, and mountain
regions in dark gray from the Global Mountain Biodiversity Assessment (V2). Source of base maps in panels (c–e): Google Earth Imagery, 2014. Photograph in panel
(c) by Reyes‐Carmona, Granada, Spain.
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We then looked at the fraction of inhabited landslides in a basin with inhabited areas. In this model, each
observation refers to a drainage basin that is labeled by the appropriate IPCC region. We estimated the response of
the fraction of inhabited landslides inhabited to standardized basin characteristics as linear predictors describing
degree of urbanization (urb), mean steepness (stp) and flood exposure ( flo) to predict γ:

logit(γi) =∑
J

j=1
αji + βstp[ ji]xstp[i] + βurb[ ji](βstp ∗ urb[i]xstp[i] + xurb[i]) + β f lo[ ji]xf lo[i] (3)

where the intercepts, a, and model coefficients β, are composed of the pooled effect and regional effects. xvar[j,i]
denotes respective observations of the predictor variables for the corresponding variable var in the corresponding
regions for j= 1,…, J, where J= 9 IPCC regions. We introduce an interaction coefficient βstp∗urb in the prediction
of γ, following an anticipation of a negative relationship between steeper basins and larger degrees of urbani-
zation. The regional interaction coefficients show no credible influence and are reported in Table S2 in Supporting
Information S1.

In reporting our results, we derived a posterior fraction by taking our models estimates (γ) and transforming this
from log‐odds to a percentage form through the logit function. Hence, we reported our estimates in the form of the
average percentage landslides in a basin inhabited. Furthermore, the posterior coefficients are the log‐odds of the
response to marginal effects, where positive values indicate an increase in the fraction of inhabited landslides and
negative values show a decrease. Formally, the odds ratio is a multiplicative factor describing the predicted
probability of a landslide being occupied rather than unoccupied. This odds ratio can be calculated from the
posterior coefficients (β) simply as eβ. We analyzed the odds ratios of observing an inhabited landslide in response
to a marginal increase of one standard deviation in either urbanization (2% in area), steepness (11° in mean slope)
or flood exposure (5% in area) of given basin, while keeping the other two variables at their means.

We also investigated how the presence of mapped slow‐moving landslides and exposure to floods in basins across
IPCC regions might affect the fraction of relative area of a landslide inhabited by permanent structures
(Figure 1a). In this model, each observation (Yi > 0) also corresponds to a drainage basin that is labeled by the
appropriate IPCC region. In further using this model output in a hierarchical structure, we estimate the basin‐
averaged relative areas across IPCC regions.

We introduced slow‐moving landslide density (lan) and flood exposure ( flo) as linear predictors to the response
of relative areas. The relative area values are on the continuous variables ranging between 0 and 1, and hence
within the capabilities of the Beta distribution.

logit(μi) =∑
J

j=1
αji + βlan[ ji]xlan[i] + β f lo[ ji]xf lo[i] (4)

log(ϕi) =∑
J

j=1
αji + βlan[ ji]xlan[i] + β f lo[ ji]xf lo[i] (5)

where avar and βvar are composed of the pooled and regional effects for intercepts and coefficients corresponding
to basin characteristics (var), respectively. xvar[j,i] denotes respective observations of the predictor variables for
the corresponding variable var for the corresponding j = 1, …, J regions. In this model, we only predict the mean
parameter μ of the beta distribution. Although the precision parameter ϕ is estimated during the inference, we do
not consider it further.

A Bayesian approach requires a prior distribution for each parameter to be estimated. We encoded the absence of
prior knowledge to characterize the drivers of slow‐moving landslide exposure with wide symmetric priors used
for Bayesian regression analysis instead of utilizing default (flat and improper) priors. We used weakly infor-
mative priors for pooled intercepts and standard deviations of coefficients across groups by assigning half
Student‐t prior distributions centered around 0, with 3 degrees of freedom, and a standard deviation of 2.5. In
modeling the response of relative areas occupying a given slow‐moving landslides at the population‐level, we
used Gaussian priors, centered at 0 with a standard deviation of 3, for the coefficients across all parameters of the
Beta regression in Equations 4 and 5. Our choice of prior accommodates positive or negative responses of relative
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area of settlements on slow‐moving landslides to greater areas in a basin exposed to flooding or affected by slow‐
moving landslides (Figure 1a). We used Cauchy distributions as a weakly informative prior for the Bernoulli
distribution in the Zero‐inflated component (Gelman et al., 2008) in Equation 3, centered at zero and with a scale
of 2.5. We used a Lewandowski‐Kurowicka‐Joe (LKJ) Cholesky correlation distribution as a prior for group‐level
effects to express uniform density over correlation matrices.

We standardized predictors across the database to increase the efficiency of the samples and improve numerical
performance. This eases interpretation of the model intercepts as the expected target value if all predictors are at
their average values. This also enables us to interpret credible deviations observed between posterior intercepts
between the regional models from the pooled model.

We implemented a set‐up of the Hamiltonian sampler in brms, using four parallel chains each with 3,500 samples
after 1,000 warm‐up runs. This resulted in total draws of 10,000. We observed Rhat ≤ 1.01 in all runs, indicating
stability chains in the numerical approximation. Model diagnostics and experiments with more samples showed
that ≥2,000 bulk and tail effective samples resulted in reliable estimates of a posterior distribution.

We used 90% credible intervals (CIs) to summarize the posterior distribution of parameters estimates across IPCC
regions. We selected a 90% interval, that has 5% of the distribution on both sides beyond its limits that indicate the
5th and 95th percentiles. A 90% interval is computationally more stable than a 95% interval, which relies on only
2.5% of the posterior draws on its ends (Goodrich et al., 2024).

Furthermore, we assessed and compared regional posterior predictive estimates of median fractions of inhabited
landslides and relative areas to those observed in our database, that were interpreted from the intercepts of the
BEZI model (Figure S1 in Supporting Information S1). We evaluated the marginal influence of basin charac-
teristics at one standard deviation from the mean across regions in Figure 5a. We illustrate that the marginal
influence of each basin characteristic can vary for selected regions in Figures 5b–5d. Our model is most informed
by observations about the 1 standard deviation from the global mean values, showing where the chance classifier
deviates from marginal influence with the posterior predictive across each basin characteristic (Figure S2 in
Supporting Information S1). We note our models' posterior predictions better follow the distribution of observed
relative areas in IPCC regions informed by more inhabited landslide samples (Figure S3 in Supporting
Information S1).

3. Results and Discussion
3.1. Human Settlements Exposed to Slow‐Moving Landslides

Our database of 7,764 large slow‐moving landslides is distributed across nine IPCC reference regions, assessed
for future landslide and flood risk to people and infrastructure in the mountains (Adler et al., 2022). These
IPCC regions represent areas of consistent climatic scenarios (Iturbide et al., 2020) (Figure 2). In five of these
regions, landslide and flood risk levels could increase with global warming scenarios beyond 1.7°C; three
regions are anticipated to remain unchanged. We located 1,134 landslides (15% of our database) in the
Mediterranean (MED) and included this region in our study, although not assessed in the IPCC report on
mountains. Four other IPCC regions that were assessed in this report (Adler et al., 2022) were not covered in
our database.

We find a total settlement area of 55 km2 on 563 landslides (7% of our database) in 2015 (Table S1 in Supporting
Information S1). While the number of landslide samples per region differs from tens (SEAF, NEAF, and NWS) to
thousands (EAS, MED, WCE, and WNA), we observe the most human settlements on landslides in MED
(22 km2), WCE (19 km2) and EAS (5 km2) (Figure S4 in Supporting Information S1). The most densely inhabited
landslides are, on average, in NWS (33%) and SEAF (10%) with total settlement footprints covering 0.67 and
3.65 km2, respectively.

Our pooled estimates across all IPCC regions show that 9+16− 5 % (median and 90% Credible Interval (CI)) of
landslides mapped in a given basin are inhabited (Figure 3a). The only region that has a credibly differing estimate
is EAS, where this fraction is lowest (1+0.4− 0.4%). Regions such as SEAF, NEAF, NWS, and TIB have broad ranges
of posterior estimates, but hardly stand out from the global average.
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Human settlement footprints occupy 12+7− 5% of a given landslide in our pooled model (Figure 3b). This fraction is
lowest in WCE (6+1− 1%) and is credibly below the pooled estimate. Landslides are most densely occupied in NWS
(21+16− 14%) and SEAF (21

+11
− 12%), on average. Narrow posterior distributions for WNA, EAS, and the MED partly

reflect high regional sample sizes of >1,000 landslides.

3.2. Response of Settlement Areas to Floods and Landslides

The extent of human settlements on landslides credibly varies in response to flood exposure across regions
(Figure 4a). We compared the linear responses of the relative area of landslides inhabited to the presence of
mapped slow‐moving landslides and the fraction flood‐exposed area in their basins. The sign of the posterior
predictor weights learned from our models were interpreted to distinguish between heightened and managed
landslide exposure as a function the level of hazards present in basins across IPCC regions (Figure 1).We attribute
heightened exposure from credible positive weights that indicate landslide exposure increases with the predictors
describing flood exposure or the abundance of slow‐moving landslides in a basin. Conversely, we attributed
managed exposure to credibly negative weights.

Regionally, settlement footprints on landslides consistently tend to decrease with more mapped landslides in a
given basin (Figure 4a). All regional posterior coefficients overlap with the pooled model and only WCE has a
credibly negative range of estimates (Figure 4c). We observe that flood exposure raises relative areas of landslide
inhabited by settlements from the pooled posterior coefficients (Figure 4b), but find diverging effects across IPCC
regions (Figure 4d). Flood exposure credibly decreases the relative areas of settlements on landslides in EAS and
WCE, but increases them in WNA and SEAF.

Figure 3. Estimates of posterior fraction of inhabited landslides in a basin and posterior relative area of settlements on landslides. (a) Posterior fraction of inhabited
landslides in basins across IPCC regions. (b) Posterior relative areas in a basin across IPCC regions. Pooled estimates within a 90% Confidence Interval (CI) are shaded
in gray and bounded by the black dotted lines, pooled median shown by a thick black line. The labels of IPCC regions are colored based on the projected change in
landslide and flood risk in Figure 2.
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3.3. Role of Basin Characteristics on Landslide Exposure

We surmise that the patterns of settlement footprints on slow‐moving landslides reflect an interaction between
human decisions to retain geographical benefits amid landslide‐prone areas (Maes et al., 2019; Satterthwaite
et al., 2007), establish settlements in settings limited by steep terrain (Forno et al., 2013; Omurakunova
et al., 2020; Reyes‐Carmona et al., 2023; Rusk et al., 2022), and avoid flood exposure (Devitt et al., 2023; Gong
et al., 2021; Mård et al., 2018). Our model indicates that the fraction of landslides inhabited across IPCC regions
grows with urbanization, except in WCA (Figure 5a). However, the influence of steeper basins is ambiguous and
the response to flood exposure varies regionally. All three of our predictors have credible non‐zero influences for
EAS, WNA, WCE, and MED, while only urbanization has positive influence for SEAF, TIB, NEAF, NWS;
neither of the basin characteristics have credible influence in WCA.

Figure 4. Responses of relative areas of settlements on landslides to the presence of slow‐moving landslide and flood
exposure in each basin. (a) Pooled response of relative areas to standardized slow‐moving landslide density. (b) Pooled
response of relative areas to standardized flood exposure. Shaded regions are the posterior predictive values within 90%
credible intervals. Gray dots are the observed basin‐averaged relative areas. (c) Regional posterior coefficients showing the
model responses of relative areas to slow‐moving landslide density, and, (d) show regional responses to flood exposure.
Labels of IPCC regions are colored based on the projected change in landslide and flood risk in Figure 2. Pooled estimates
shaded in gray are within a 90% Confidence Interval (CI) and bounded by the black dotted lines; pooled median shown by a
thick black line.
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In EAS, posterior coefficients of urbanization, steepness, and flood exposure have credible non‐zero influences
on the fraction of landslides inhabited (Figure 5b). Urbanization increases the odds ratio of observing an inhabited
landslide by 1.8+0.3− 0.3 times, for fixed steepness and flood exposure. In contrast, the odds ratio decreases by 0.6

+0.2
− 0.2

times with steeper terrain and by 0.5+0.1− 0.1 times in settings more exposed to flood, with all other predictors held
constant. The posterior coefficients for WCA show that our selected basin characteristics are inconclusive in
predicting the odds of observing an inhabited landslide (Figure 5c). In SEAF, only urbanization has a credible
marginal influence to increase the odds by 2.9+6− 1.6 times (Figure 5d).

3.4. Exposure Responds to Floods Over Slow‐Moving Landslides

Could the impact of flood exposure eclipse the hazard posed by slow‐moving landslides? The extent of human
settlements on large, slow‐moving landslides might be a response to greater flood exposure than the reduced
availability of stable terrain. Globally, we observe that flood exposure raises relative areas of settlements on
landslides (Figure 4b). We infer a heightened landslide exposure (defined in Figure 1c) from the positive posterior
coefficients in WNA and SEAF, and managed landslide exposure in EAS and WCE, which have negative
posterior coefficients (Figure 4d). However, the relative area of settlements on landslides decreases with an
abundance of mapped slow‐moving landslides in a basin. Judging from the negative pooled posterior coefficients
(Figure 4a) and across regions (Figure 4c), we infer managed exposure.

Our interpretation of managed exposure in East Asia might reflect how a combination of structural and
nonstructural measures has been effective in mitigating negative impacts of landslides (Shinohara & Kume, 2022;
H. Tang et al., 2019). Nearly half of our database consists of landslides from Japan, where up to 30% of the
country's area is affected by upstream inundation from dams constructed since the 1980s (Itsukushima, 2023).
Landslides in reservoir areas across Japan are subject to structural measures and enhanced erosion control fa-
cilities specified in legislation enacted in the mid‐1900s (Shinohara & Kume, 2022). Nationwide efforts under the
Sediment Disaster Prevention Act of 2000 (Junichi & Naoki, 2020) have further introduced measures to stabilize
slopes to mitigate the impacts from deep‐seated landslides, alongside early warning systems and evacuation plans.

Figure 5. Regional variations in the posterior probability of inhabited landslides, and the marginal influences of urbanization,
steepness, and inundation extent. (a) Regional posterior coefficients for urbanization, steepness, and flood exposure from the
zero‐inflated component of the Bayesian BEZI model corresponding to a marginal increase in each basin characteristic.
(b) Regional posterior coefficients in East Asia (EAS), (c), Central Asia (WCA), and (d), Southeast Africa (SEAF). The
labels of IPCC regions are colored based on the projected change in landslide and flood risk in Figure 2.
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Although our model from EAS is heavily informed by samples from Japan, reservoirs across China have similar
landslide mitigation strategies and settlement relocation programs (Liu et al., 2021; H. Tang et al., 2019; Tomás
et al., 2014; Zhang et al., 2018). For instance, a settlement in Badong County along the Yangtze River, China, was
relocated between 1982 and 2003 due to construction of the Three Gorges Dam (Gong et al., 2021). However, the
new settlement was placed on the Huangtupo landslide, which was reactivated with the beginning of reservoir
operation (Tomás et al., 2014) and necessitated relocation (Gong et al., 2021). Relocation is costly and difficult to
implement (Li et al., 2019; Wu et al., 2022), while retaining structures to stabilize a landslide (Zhang et al., 2018)
can increase motion‐drive damage due to subsurface alterations in the construction process (Ma et al., 2021). The
managed exposure of EAS that we infer (Figure 5b) from the decrease of inhabited landslides in areas marginally
more exposed to flooding and inundation may have resulted from this range of measures, monitoring, and reg-
ulations implemented across reservoirs.

3.5. Urban Population Pressure Influences Landslide Exposure

In most regions of our study, landslide exposure increases in more urbanized basins (Figure 5a). People that
migrate from rural to urban areas in search of livelihoods, or fleeing conflict (Bachmann et al., 2019) may bring
communities onto areas hosting slow‐moving landslides. As an example from the city of Bukavu in the Dem-
ocratic Republic of the Congo (SEAF), communities fleeing conflict between the 1990s–2010s built‐up and
expanded their settlements on the Funu landslide, despite a rate of deformation ranging 0.6–3 m y− 1 (Dille
et al., 2022).

Communities surrounding economic and urban centers may expand despite the hazard imposed by these land-
slides (Depicker et al., 2021). For instance, in La Paz, Bolivia (NWS), heavy rainfall in February of 2011 caused
the Pampahasi landslide to fail (∼1.5 km2), destroying 1,000 homes, and displacing 6,000 people (Roberts
et al., 2019). Yet, nearly half this landslide area was built‐up in 2015 and a further expansion of structures by 2022
(Figure 6), despite evidence of continued post‐failure creep.

Poverty may further drive communities onto high‐hazard areas (Ozturk et al., 2022; Tuladhar et al., 2015).
Unplanned and unregulated patterns of growth across the Hindu‐Kush‐Himalayas (TIB) have brought many
informal communities into potentially unstable terrain (Rusk et al., 2022). Our estimates highlight stark differ-
ences in data availability and commensurate model precision in regions with limited samples (i.e., NEAF, NWS,
SEAF, and TIB in Figure 3). These regions need more investment in landslide detection and mapping to avoid
increasing vulnerable proportions of society unknowingly exposed to slow‐moving landslides.

As demographics of mountain populations change, the needs of communities situated on landslides should be
considered by monitoring efforts, early warning systems, and evacuation strategies (Godone et al., 2023).
Emigration will lead to declining populations in mountain regions of Europe (WCE, MED) (Adler et al., 2022)
and Japan (EAS) (Tsutsumi, 2021). WCE in particular, has more inhabited landslides found in steeper envi-
ronments (Figure 5 and Figure S5 in Supporting Information S1). This out‐migration reduces the rural population,
and changes the demographics of remaining communities. Hence, leaving largely ageing populations (Lutz
et al., 2008) with less mobility to escape from damaged structures and resist physical trauma (Pollock &
Wartman, 2020) could be exposed on slow‐moving landslides.

Communities are under pressure to find suitable areas to settle on amid steep terrain (Rusk et al., 2022). In Central
Asia (WCA), inhabited landslides are in steeper basins (Figure 5c and Figure S5 in Supporting Information S1).
Most landslides of WCA are in the Alai Range, Kyrgyzstan, where convex profiles created by rotational
movements (Teshebaeva et al., 2019) provide benches along hillslopes that are suitable to accommodate villages
(Forno et al., 2013; Reyes‐Carmona et al., 2023). We show a tendency of inhabited landslides inWCA to decrease
in steeper basins (Figure 5c). Major urban centers in Kyrgyzstan between valley floodplains and foothills
(Omurakunova et al., 2020) indicate that built‐up areas in WCA could be constrained by steep slopes.

4. Outlook on Future Slow‐Moving Landslide Risk
This study identifies IPCC regions with mountain populations that are at an elevated risk of experiencing
increased climate change‐related impacts. With evidence indicating growing exposure will drive risk in mountain
regions (Adler et al., 2022), communities may be exposed to unstable slopes with ambiguous responses to
changes in surface and subsurface hydrology that accompany urbanization (Dille et al., 2022; Notti et al., 2015) or
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acceleration from extreme weather accompanying changing climate conditions (Handwerger, Fielding,
et al., 2019; Lacroix et al., 2020). However, there is considerable uncertainty regarding the extent to which these
populations may be exposed to slow‐moving landslides (Figure 3). In East Asia (EAS), landslide exposure
credibly increases in more urbanized basins with gentler slopes, and less flood exposure (Figure 5b). In contrast,
our estimates for the other IPCC regions facing growing landslide risk (Figure 2a) are least certain (i.e., for
Northeast Africa (NEAF), Southeast Africa (SEAF), the Tibetan Plateau (TIB), and Central Asia (WCA)).

Countries within IPCC regions facing growing risk and with limited monitoring may need hundreds of landslides
more to achieve assessments of exposure with credibility comparable to those in more monitored regions. Our
findings indicate at least a thousand landslide samples per region give the most reliable estimates of exposure and
their drivers (Figure 5a). The regional differences and limited landslide sample sizes in our database influence the
widths of our estimates' credible intervals. To this end, our global assessment of exposure to slow‐moving
landslides not only illustrates, but also measures, how disparate knowledge creates largely differing levels of
uncertainty.

The strength of our hierarchical model is that it offers an average perspective based on all available data on a
near‐global scale, with the advantage of highlighting regional deviations. Yet, it is the contrast between
regional and global exposure that our model tries to capture. Here, the hierarchical framework helps to inform
the models of regions with limited landslide data by learning from those with more data. We further argue
that the Bayesian treatment of this problem makes the results as robust and credible as possible, given the
available data. A natural refinement to our models would be to normalize sample size by the size per IPCC

Figure 6. Satellite images of settlements on the Pampahasi urban landslide in La Paz, Bolivia, from 2011 to 2022 and the
settlement footprints as of 2015. Source: Google Earth Imagery, 2011, 2015, and 2022.
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region. However, IPCC regions include large areas without mountains or sufficient susceptibility to slow‐
moving landslides.

Growing flood hazards may outpace flood protection and displace communities, leading to migration away from
flood‐prone areas (Bachmann et al., 2019; Mård et al., 2018), thus, raising a risk of settlements expanding onto
slow‐moving landslides (Figure 4d). For instance, in the south of Italy, laws imposing building restrictions in
floods‐prone areas (Salvati et al., 2014) have led to an expansion into landslide‐prone areas (Caleca et al., 2022).
Despite constraints of sample size, we learn more about regional landslide exposure from our proxy of flood
exposure than from slow‐moving landslide density (Figures 4c and 4d). Evidence from our results leads us to
emphasize that integrating landslide exposure, alongside flood risk assessments, in land use policy is crucial to
manage relocation within mountain regions in the face of growing risks.

Our findings on the ambiguous role of catchment steepness on slow‐moving landslide exposure (Figure 5a)warrant
further inquiry into landslide exposure driven by the global expansion of urban land onto steeper slopes (Shi
et al., 2023). Furthermore, competition between agricultural and urban land use has prompted uphill development
(Zhou et al., 2021). Patterns of seasonal irrigation, characterized by the inundation data of this study (Dryden
et al., 2021), could be used to investigate the influences of pressure from food security and agriculture on landslide
exposure.

Future research looking into probable scenarios of failure mechanisms, and the likely areas impacted by cata-
strophically failing slow‐moving landslides can provide a more comprehensive local understanding of exposure
to communities and stakeholders. Our database is a compilation of heterogeneous types of slow‐moving land-
slides in diverse geographical locations, and environments that could comprise multiple movements and complex
failure mechanisms (Bhuyan et al., 2024). Populations, assets, and infrastructure in areas beyond slow‐moving
landslide areas may be exposed to down‐slope impacts of catastrophic failure (Lacroix et al., 2020; Pánek &
Klimeš, 2016), or up‐slope to retrogressive failure (Bru et al., 2017). We recommend considering likely scenarios
of failures to help stakeholders better assess their exposure to the cascading effects of specific landslides failure
mechanisms posing a hazard to their communities.

We underline contrasts between well‐monitored regions and those in demand of more landslide research. Four
IPCC regions (South Asia, Southern Australasia, New Zealand, Northwestern North America) assessed for future
mountain risks (Adler et al., 2022) are absent in our database. We emphasize that slow‐moving landslides with
settlements in these regions are present across New Zealand (Cook et al., 2022; Massey et al., 2016), Canada
(Mansour et al., 2011), and India (Jain et al., 2024). Remote sensing workflows to expand systematic mapping of
slow‐moving landslides (VanWyk de Vries et al., 2024) have the potential to strengthen the exposure assessments
of data‐scarce regions identified in our study. Our new database can be used for future assessments at different
geographical scales or together with new inventories to inform populations, with uncertain slow‐moving landslide
exposure, that face a world with evolving risks.

Data Availability Statement
All codes and model data used for the statistical analysis and figures in the study are openly accessible and
available at Zenodo via (Ferrer, 2024) (https://zenodo.org/records/12549429).
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Erratum
The originally published version of this article omitted the contributions of one coauthor. Lisa Köhler contributed
to “Writing – review & editing.” The error has been corrected, and this may be considered the authoritative
version of record.
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