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Human Vulnerability to Landslides
William Pollock® () and Joseph Wartman'

'Department of Civil and Environmental Engineering, University of Washington, Seattle, WA, USA

Abstract Landslides pose a devastating threat to human health, killing thousands of people annually.
Human vulnerability is a crucial element of landslide risk reduction, yet up until now, all methods for
estimating the human consequences of landslides rely on subjective, expert judgment. Furthermore, these
methods do not explore the underlying causes of mortality or inform strategies to reduce landslide risk.

In light of these issues, we develop a data-driven tool to estimate an individual's probability of death based on
landslide intensity, which can be used directly in landslide risk assessment. We find that between
inundation depths of approximately 1-6 m, human behavior is the primary driver of mortality. Landslide
vulnerability is strongly correlated with the economic development of a region, but landslide losses are not
stratified by gender and age to the degree of other natural hazards. We observe that relatively simple
actions, such as moving to an upper floor or a prepared refuge space, increase the odds of survival by up to a
factor of 12. Additionally, community-scale hazard awareness programs and training for citizen first
responders offer a potent means to maximize survival rates in landslides.

1. Introduction

Due to their high velocity, large impact pressures, and the ability to run out long distances over flat terrain,
rapid landslides are a particularly devastating threat to human health. From 2004-2016, landslides have
caused an annual average of over 4,000 deaths worldwide, and in the United States alone, they are
estimated to kill 25-50 people each year (Froude & Petley, 2018; Schuster & Highland, 2001).
Understanding human vulnerability to landslides is essential for predicting and preventing human loss of
life. While much scholarship has been devoted to quantifying the physical vulnerability of buildings to
landslides, there is no comparable work that quantifies human vulnerability for use in risk assessment.
The few methods that exist rely extensively on expert judgment and are not easily transferable
(AGS, 2007; Corominas et al., 2014; Lee & Jones, 2014). Furthermore, these methods only inform the
potential for human losses and do not explore the underlying causes of human mortality, leaving
scientists, decision-makers, emergency responders, and the public without evidence-based strategies for
maximizing survival rates in landslides (Kennedy et al., 2015). In this paper, we address this void by (1)
presenting a new landslide fatality data set; (2) creating an empirical human vulnerability relationship to
estimate an individual's probability of death; (3) detailing the human characteristics, behaviors, and
settings that contribute to landslide mortality; and (4) proposing a suite of evidence-based, actionable
strategies to minimize personal landslide risk.

2. Background
2.1. Landslide Modes

The term “landslide” has many meanings in academic and colloquial usage. In this work, we focus on rapid
landslides, having velocities of >5 m/s (Cruden & Varnes, 1996), as these pose the greatest threat to human
life (Petley, 2010). All the events considered here fall within the categories of debris flow, flowslide, rock/
debris avalanche, or debris slide (Hungr et al., 2014), with the majority being highly fluidized, channelized
debris flows spreading onto populated depositional fans.

2.2. Vulnerability

Vulnerability is the potential to suffer harm from a human perspective. The natural sciences focus on physical
vulnerability, which quantitatively describes the degree or probability of tangible damage, injuries, or deaths
on a scale from zero (none) to one (complete). Physical vulnerability is a fundamental component of risk
analysis (Fell et al., 2005). A recent emphasis on vulnerability—rather than hazard—as the primary driver
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in environmental disasters has prompted numerous efforts to quantify human and infrastructural vulner-
ability to different natural hazards such as snow avalanches (Barbolini et al., 2004), tsunamis (Reese
et al., 2007), floods (Milanesi et al., 2015; HR Wallingford, 2006), hurricanes (Pita et al., 2011), and earth-
quakes (Spence et al., 2008).

2.3. Human Vulnerability to Landslides

The physical vulnerability of infrastructure to landslides has been the subject of an emerging body of
data-driven studies and practical tools for practitioners (Fuchs, Keiler, et al., 2019; Massey et al., 2019;
Papathoma-Kohle et al., 2015). Although infrastructural losses are of secondary importance to the risk to
humans themselves, research investigating the vulnerability of people to landslides is rare (Glade, 2003;
Lin et al., 2017; Massey et al., 2019). The reasons for this are manifold. Human casualties in landslides are
often related to the collapse of occupied buildings and thus are indirect, a function of structural vulnerability
(Jakob et al., 2012). Human vulnerability also depends on human behavior, including factors that are diffi-
cult to measure, such as prior knowledge of hazards, situational awareness, and decision-making capability
(Eidsvig et al., 2014). Human data are ephemeral and challenging to collect in the chaotic aftermath of a dis-
aster. While damaged buildings are measurable weeks or months after an event, the people involved will
often have relocated, been dispersed to hospitals, or be dead. Finally, ethical approval is required for human
subjects research, presenting a further challenge to studies of human vulnerability. As a consequence, all
existing methods of estimating human vulnerability rely on elements of expert judgment and typically pro-
vide discrete vulnerability values for broad ranges of landslide process and intensity (AGS, 2007; Corominas
et al., 2014; Lee & Jones, 2014; Safeland, 2011). Such ranges provided little power to accurately discriminate
ex-ante between trivial and life-threatening events, as is necessary for risk assessment and mitigation.

While early risk analyses relied on heuristic vulnerability matrices, many modern analyses utilize the semi-
empirical estimates of human vulnerability from two place-based studies (Corominas et al., 2014; Lee &
Jones, 2014). Finlay (1996) compiled a data set of 27 fatal or near-fatal landslides, primarily in Hong
Kong. Single-valued estimates of human vulnerability were provided in an event tree, associated with sce-
narios of landslide debris striking a building only, intruding into a building, or causing complete structural
collapse. The data set does not include the number of people exposed to each landslide, and thus, the prob-
ability of death or injury of an exposed individual cannot be directly estimated. Michael-Leiba et al. (2005)
computed human vulnerability as the ratio of fatalities to building occupants in 24 landslides in the
Australian landslide database, three of which involved fatalities. Based on these events, they produced an
average human vulnerability of 0.1 for all landslides and recommended heuristically reducing this value
to 0.05 to account for intrinsic underrepresentation of nonfatal landslides in the database (Michael-Leiba
et al., 2005). Most modern landslide risk assessments utilize the findings of these pioneering studies; how-
ever, the results may not be particularly transferable, as they are constrained by the limited types of land-
slides, process intensities, building stock, and socio-behavioral idiosyncrasies of the original study
locations (AGS, 2007; Lee & Jones, 2014). Furthermore, vulnerability estimates such as these only inform
the potential for loss rather than strategies to reduce such losses (Papathoma-Kohle et al., 2015).

2.4. Landslide Mortality

Mortality refers to the rate of death within a population. Here we adopt the term, using landslide mortality to
refer not only to the rate of death in landslide incidents but also more generally to the contributing human
factors and actions. Although landslide vulnerability is widely understudied, the underlying causes of land-
slide mortality have rarely even been discussed in academic literature (Kennedy et al., 2015). A handful of
studies describe the patterns of injury and death in landslides (Gueri & Perez, 1986; Homma et al., 2016;
Langdon et al., 2019; Memchoubi et al., 2012; Pereira et al., 2013; Sheeju et al., 2019). However, we are aware
of only two studies that analyze the situations and behaviors that contribute to these outcomes (Agrawal
et al., 2013; Sanchez et al., 2009). In practical terms, this represents a critical gap in our understanding of
the human consequences of landslides, leaving decision-makers, first responders, and at-risk citizens with
little scientific guidance for reducing human losses.

2.5. The Role of Human Behavior in Landslide Mortality

Ex-post evidence shows that landslide damage to structures scales with the process intensity, measured as
flow velocity, impact pressure, inundation depth, or failure volume (Fuchs, Keiler, et al., 2019). While the
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vulnerability of structures and the vulnerability of the people inside them are conceptually linked
(Du et al., 2013; Finlay, 1996), the relationship between the two is unclear, and they may be dramatically
different in similar processes (Fell, 1994). Some researchers have suggested there is a process intensity
threshold at which the probability of death of indoor populations dramatically increases due to common
structural design elements. Debris intrusion through windows is credited with the exponential increase in
building damage at debris heights of 1.0-1.7 m (Papathoma-Kohle, 2012, 2016; Totschnig et al., 2011),
and Massey et al. (2019) noted that fatalities become more likely when inundation depths exceed the bottom
window height (typically 1.0-1.4 m), evinced by three fatal landslides in New Zealand.

Finlay (1996) notes that indoor populations have a high vulnerability (>0.8) if they are buried by intruding
debris or if the building collapses. Functional destruction of masonry structures is estimated to occur at deb-
ris heights greater than 2.5 m (Akbas et al., 2009; Fuchs, Keiler, et al., 2019; Quan Luna et al., 2011), while
the lateral load-bearing capacity of a typical timber-frame wall is exceeded by debris heights of 1.4-1.6 m
(Massey et al., 2019).

Based on structural vulnerability, we would expect mortality to approach 100% once the structural resistance
is exceeded. However, there are numerous cases of humans surviving large landslides even when inundation
depths exceed 1-2 m (e.g., Diver, 1999; Metivier-Hart, 2017). A direct relationship between structural and
human vulnerability ignores the inherent differences in coping potential between individuals and the ability
of humans to act to dynamically change their vulnerability (Crozier & Glade, 2005). In this work, we test the
idea that human behavior—rather than process intensity—governs landslide mortality over a range of pro-
cess intensities.

3. Methods
3.1. Construction of the Fatality Data Set

We reviewed academic literature, government reports, news stories, survivor accounts, coroner reports, and
legal filings to compile a data set of landslide events that impacted occupied structures. The basic informa-
tion required for inclusion in the data set was the flow depth of debris at the structure, the number of occu-
pants, and the outcome for the exposed individuals (survived or deceased). We recorded basic information
about the landslide (date, time of day, and mode of failure), structure (construction material and location),
and individuals (age and gender). When available, we also used first- or second-hand accounts to reconstruct
individuals’ prior knowledge of the threat, location in the structure, and behavior around the time of the
impact, using proxies for deceased individuals (Sanchez et al., 2009). For deceased victims, we compiled
the cause of death when coroner reports were available. For survivors, we recorded if they escaped on their
own or were rescued by others and, if rescued, the time of rescue and relation to the rescuer. We were unable
to reconstruct complete information in all fields for all individuals. No direct human subjects research was
performed as part of this work, and all sources are public record. Identifying information, even when pub-
licly available, was anonymized to protect individuals' privacy.

The influence of landslide inundation depth on the probability of death was examined through nonlinear
regression. Binary logistic regression was used to assess the impact of demographic, situational, and beha-
vioral factors on human mortality. The inclusion criteria introduce a nonrandom sampling bias, although
it is not systematic for most variables. News reports that include inundation depth are infrequent unless
the event is particularly noteworthy, such as cases of partial burial or dramatic rescues, or contains other
human-interest elements. Thus, we anticipate the underrepresentation of extreme low- and high-intensity
events associated with total survival and total mortality, respectively. We do not believe the reporting bias
systematically affects the results other than understating the fit of statistically derived vulnerability curves
at the extremes.

3.2. Uncertainties Related to Postevent Reconstruction

Reconstructing technical details of rapid, traumatic events, sometimes many years after they occurred, has
many sources of uncertainty. We assigned qualitative levels of confidence (low, medium, and high) to flow
depth estimates based on the method through which they were produced.

Without photographic evidence during a landslide, flow depths are most reliably estimated from measuring
mudlines. Such data are highly ephemeral and rarely collected in the chaos immediately following a
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large-scale disaster (Kean et al., 2019a). In lieu of such data, postevent debris deposition depth can be used as
a proxy for the flow depth (Akbas et al., 2009; Fuchs, Heiser, et al., 2019). Although also altered by erosion,
rescue operations, or recovery and rebuilding, landslide deposits may last months to years after an event and
be measured in ground surveys or elevation differencing (e.g., Wartman et al., 2016). Where either of these
methods was used, we categorized flow depth measurements as high quality. Estimates of flow depths based
on witness recollections, especially when they were gauged using objects of known height, were regarded as
medium quality. We categorized as low quality the minority of cases in which flow depth was approximated
nonnumerically, for example, “chest high” or “waist high.” In such cases, we must ask, “whose chest?” We
used average biological measurements for the country of origin and gender of the victim to estimate the
likely range of flow heights. This included cases in which victims were reported as being buried up to their
chest (waist, neck, etc.), with the assumption that such approximations are only relevant to a standing
(rather than prone) human. When referring to the landslide process intensity, we use the generic term
“inundation depth.”

Issues of scale limit the back-analysis of past events. At the scale of a community, a single flow depth may be
associated with an entire structure (e.g., Kean et al., 2019b). However, at the scale of a building, it is unlikely
that all rooms will be inundated equally (Quan Luna et al., 2011). The disparity between the scale of reported
flow depths (often for an entire structure) and the scale of exposed individuals (who may be anywhere within
the structure, including on upper floors) adds further uncertainty to postevent analysis (Totschnig &
Fuchs, 2013).

3.3. Vulnerability Curves

Landslide vulnerability curves mathematically link relative damage from none (zero) to complete (one) to
the process intensity for each element at risk (Ciurean et al., 2017). The production of robust landslide vul-
nerability curves is data intensive, requiring extensive data sets of damage-intensity pairs for individual ele-
ments at risk (e.g., per building), making vulnerability curves rare and typically tied to a specific event and
region (Papathoma-Kohle et al., 2015; Totschnig & Fuchs, 2013). Many proxies for process intensity have
been used in vulnerability curves for physical infrastructure, such as landslide area (Galli &
Guzzetti, 2007), momentum flux (Prieto et al., 2018), impact pressure (Zhang et al., 2018), velocity (Kang
& Kim, 2016), volume (Winter et al., 2013), and inundation depth (Quan Luna et al., 2011; Totschnig &
Fuchs, 2013). We adopted inundation depth, as it is one of the most easily reconstructable landslide charac-
teristics ex-post-facto and is relevant to a primary cause of death in landslides (suffocation due to burial).

In landslide risk analysis, human vulnerability may be expressed as the probability that an individual will be
killed in a landslide (Corominas et al., 2014). The probability of death for an individual in a given structure
can be calculated as the ratio of fatalities to occupants (Michael-Leiba et al., 2005):

_ number of fatalities
"~ number of occupants’

D

The basic mathematical requirements for a vulnerability curve are that it (1) must define vulnerability
within the confined interval [0, 1], passing through the origin, and (2) be monotonically increasing within
the interval [0, +o0) of the independent variable (Papathoma-Kohle et al., 2012). In light of these criteria,
we chose a modified Weibull cumulative distribution as the underlying model to represent human vulner-
ability to landslides, of the form

_ —a*1®
V=1-e R

where I is the landslide intensity measured as inundation depth (Totschnig et al., 2011).

4. Data Set
4.1. General Statistics
Our data set consists of 334 exposed individuals in 95 impacted buildings and 38 unique landslide events

between 1881 and 2019. The gender distribution of exposed individuals is 44% male and 36% female, with
the remainder unknown. Victim ages range from 4 months to 91 years with a mean of 36.4 + 24.2 years.
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Table 1
Primary Cause of Death in Selected Landslide Disasters (Percent)
Location Mechanical asphyxia Simple asphyxia Traumatic injury Reference
India (2011) — 1(17) 5(83) Memchoubi et al. (2012)
India (2019) — 1(5) 18 (95)* Sheeju et al. (2019)
Micronesia (2002) 39 (91) — 4(9) Sanchez et al. (2009)
Brazil (2011) (75) (25) — Pereira et al. (2013)
California (2018) — — 17 (100) SBCSO (2018)
Washington (2014) — — 43 (100) Snohomish County MEO (2014)
Australia (1995) 8 (44) 1(6) 9 (50)b Hand (2000)
Australia (2011) — 2 (100) — Barnes (2012)
New Zealand (1998-2013) 3 (60)° — 2 (40) Massey et al. (2019)

Asphyxia was a contributing cause in 10 cases. °Asphyxia was a contributing cause in two cases. °Type of asphyxia not specified in two cases.

Inundation depths range from 0.2-11.3 m (8 in. to 37 ft) with a mean of 2.8 + 2.3 m. Fifty-seven percent of the
inundation depths were deemed of “high” quality, 28% of “medium” quality, and 15% of “low” quality,
reflecting the high proportion of cases which came from two well-studied landslide events in Washington
and California. These two events, the 2014 SR 530 “Oso,” Washington, flowslide, and the 2018 Montecito,
California, debris flows, contribute 39% of the individuals and 52% of the structures in our data set.
Forty-nine percent of all exposed individuals were killed, while 20% were rescued by others, and 28% escaped
or self-rescued. In the remaining cases, all we know is that the individual survived.

4.2. Landslide Location

Due to the specific inclusion criteria, the data set is not representative of global landslide-human interactions
and is subject to reporting bias based on the existence of English language media accounts and academic stu-
dies. Most of our data come from the United States, with 36% of total landslides events, 73% of impacted
structures, and 75% of affected individuals, reflecting the limitations of an English language search and
the intense scrutiny of fatal landslides in the United States (Kirschbaum et al., 2010). Reporting bias is espe-
cially pronounced when considering countries by the United Nations threshold of economic development
(United Nations, 2020). Economically developing countries represent 42% of events, 17% of structures,
and 15% of individuals, although global data sets indicate that these nations experience greater numbers
of fatal landslides and overall fatalities than economically developed countries (Dowling & Santi, 2014;
Froude & Petley, 2018; Kirschbaum et al., 2010; UNISDR, 2009).

4.3. Cause of Death

Of the 157 decedents, the primary cause of death is known for 77 (49%). Traumatic injury was the immediate
cause of death in 66 cases, while 8 individuals died by mechanical asphyxiation and 3 by drowning.
Traumatic injury is a common cause of death in other landslides (Table 1). In a single landslide event in
July 2011 in India, blunt force trauma to the head and vital organs was the cause of death in five out of
the six fatalities (Memchoubi et al., 2012). In a 2019 landslide in Kerala, India, blunt force trauma was the
primary cause of death in 18 out of 19 fatalities (Sheeju et al., 2019). A 2013 landslide in Oshima, Japan,
resulted in a high proportion of nonfatal, severe chest and pelvic trauma, which the authors extrapolated
as the presumed cause of death among decedents, although no postdeath analysis was performed
(Homma et al., 2016).

In contrast, a study of landslide fatalities after a series of storm-triggered landslides in Chuuk, Micronesia, in
2002 found that suffocation by burial was the primary cause of death in approximately 90% of decedents,
regardless of their location inside or outside of a home (Sanchez et al., 2009). In January 2011, a tropical
storm triggered flooding and mudslides around Rio de Janeiro, Brazil, killing 845. The primary causes of
death were mechanical and simple asphyxia, respectively. One third of the deceased experienced a traumatic
injury, but it was not determined to be the primary cause of death in any case (Pereira et al., 2013). Out of five
landslide fatalities in New Zealand 1998-2013, asphyxia (unspecified) was the primary cause of death in
three cases (Massey et al., 2019). In one of these cases, the debris flow entered the dwelling but did not
cause its complete collapse (Beetham, 2012).
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o The nature of fatal and nonfatal injuries appears to be a function of the
08 landslide mode and the location of the victim. Both the 2014 Washington
£ and 2018 California events were highly fluid but contained large quantities
é 0.6 of boulders, trees, and massive debris, such as cars and disintegrated struc-
2 tures (Kean et al., 2019a; Keaton et al., 2014). Most of the decedents in these
g > events were indoors at the time of inundation, and their homes were
" 024 partially or entirely destroyed. This may have temporarily protected the
victims from burial and suffocation but also increased their chances of
0.0f@ amawo 000 o . ‘ o . receiving a fatal traumatic injury from moving furniture or structural
’ ’ ' Inundationﬁdepth (m) ? v " elements.
© fowconfidence @ medium/high confidence @ 3ormore exposed @ 1 or2 exposed While the 2002 Micronesia and 2011 Brazil events were also characterized
Figure 1. Human vulnerability curve based on the entire data set by highly fluidized landslides, the construction and contents of residences
(solid line). Considering only cases in which more than two people are in these areas likely contributed to the lower percentage of deaths caused

exposed (dotted line) or only medium/high confidence cases (dashed line) by traumatic injury. Sanchez et al. (2009) found that of 22 indoor dece-

has little effect on the relationship. One additional total fatality case
(30 m inundation depth) is not shown but included in all regressions.
Between inundation depths of 0.9-5.9 m (gray shading), there is no

dents, 68% sheltered in structures with concrete walls, which are less
likely to collapse in small or midsized debris flows.

statistical relationship between the probability of death and process

intensity, suggesting that there is a critical zone in which other factors

dominate landslide mortality.

5. Results
5.1. Probability of Death and Critical Depth

The likelihood of dying in a landslide generally increases with increasing

process intensity. The regression statistics indicate a mild correlation
between human vulnerability and inundation depth. The probability of death rapidly increases between 0
and 2 m, although no fatalities are recorded below inundation depths of 0.8 m. Based on experience in
New Zealand and Europe, we believe this is due to the intrusion of debris into buildings through structural
weak points such as windows, commonly set at heights of ~1 m, after which debris may overwhelm and bury
occupants (Massey et al., 2019; Totschnig et al., 2011).

Between inundation depths of 0.9-5.9 m, the mortality rate varies widely, encompassing 82% of exposed
individuals and 76% of structures. Only one fatality occurred at depths shallower than 0.9 m, while the max-
imum inundation depth survived by an individual is 9.6 m. Approximately 90% of individuals were in a
structure impacted by less than 6 m of debris, including 99% of survivors. Within the zone of 0.9-5.9 m,
the probability of death has no correlation with inundation depth through nonlinear regression or binary
logistic regression (depth binned in 1 m increments), suggesting that this is a critical zone for human mor-
tality (Figure 1). While the exact values of 0.9 and 5.9 are somewhat arbitrary, they fit the observations and
rationale of prior literature as well as the range of inundation depths compiled for this work in which both
survivors and decedents were observed.

Fifty-three percent of structures only had one to two occupants, reflecting the prevalence of adults living sin-
gly or with a partner. Since the probability of death is a function of the number of people exposed, values of 0,
0.5, and 1 are over represented in our data set. This led to additional uncertainty, particularly at the extreme
ends of the range of inundation depths. For instance, in the case of the second-highest inundation depth that
was survived (9.1 m), the victim was the only person home, resulting in a probability of death of zero.
However, the victim survived with severe injuries in very favorable circumstances, while all four occupants
of an adjacent home were killed, indicating that the actual probability of death in this home was closer to
one. Considering only buildings in which three or more people are exposed mildly improves the fit of the
vulnerability function (Table 2) but only minimally alters the form of the final vulnerability function
(Figure 1.)

We also tested the influence of cases in which the debris depth was estimated with low confidence. The
regression results indicated a slightly weaker fit when using only the cases of medium or high confidence
rather than using all cases (Table 2), indicating the data quality was insignificant relative to the other factors
contributing to human vulnerability.

Disaggregating by the economic development of the host nation suggests a strong socioeconomic component
to human vulnerability (Figure 2). Human vulnerability in economically developing nations shows less
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Table 2

Regression Parameters for the Vulnerability Functions Shown in Figures 1-3

Subset a b Pseudo R* RMSE n
More than two individuals exposed 0.2899 0.9343 0.415 0.302 46
Inundation depths 0.9-5.9 m 0.4917 0.5164 0.053 0.376 72
Medium/high confidence cases 0.3216 0.9115 0.320 0.354 82
Economically developing nations 0.8782 1.6095 0.480 0.139 17
Economically developed nations 0.2752 0.9520 0.344 0.341 79
Final (all points) 0.4096 0.7758 0.277 0.348 96

scatter than in developed nations (Table 2), although due to the low number of data points (17) and the lack
of zero-fatality cases, there is potential for overfitting. Even so, economically developing nations have
significantly greater human vulnerability than developed nations at almost all inundation depths.
Although vulnerability curves for both economically developing and developed nations show the highest
increase in vulnerability in the 0-2 m range, the increase is almost twice as rapid for developing nations.
In developing nations, the probability of death reaches ~100% at 2.5 m, while the corresponding
probability in developed nations is only 50%. Considering only cases of inundation depth 0.9-5.9 m,
individuals in developing nations had six times the likelihood of death of those in developed nations
(p value < 0.001).

Figure 3 shows the final vulnerability curve for the entire range of inundation depths represented in the data
set. Regression parameters are given in Table 2. The poor fit of the regression model indicates that caution
must be used for any predictive application and highlights the need for more human vulnerability data to
disentangle the influence of additional complicating factors. Nevertheless, the explicit data scatter has the
advantage of being statistically quantifiable for use in probabilistic analyses, as has been done for vulnerabil-
ity curves for other types elements at risk (Massey et al., 2019), as well as in other aspects of landslide risk
assessment (McDougall et al., 2012; Schilling, 2014).

5.2. Rescue and Time to Rescue

The first minutes after a landslide are critical. Of victims who were rescued, 77% were first located by neigh-
bors and 11% by emergency response personnel. Due to their proximity, neighbors located and began to res-
cue landslide victims more rapidly than emergency personnel who often had to travel miles to reach the
landslide site. Of those located by neighbors, the majority (68%) were found in the first minutes after the
event, with only five victims (10%) being located more than an hour after the event. Although the time at
which emergency personnel located and began the rescue of landslide victims is known in only four cases,
the minimum time is 1 hr with a maximum time of 12 hr. Rescues begun by neighbors were often completed
by emergency personnel, as specialized equipment was needed to extract buried victims.

5.3. Demographic and Situational Risk Factors

01 SO RIS eeeree e e Y 5.3.1. Gender and Age

081 o o T o Our data show an overrepresentation of men, with a male to female ratio
5 ﬁ" . - of 1.24 compared to 1.02 globally and 0.98 in the United States, from
§ 0.6 1 ’ o e which the majority of our data comes (United Nations, 2019). The reasons
z goamm a0 o0 o for this are unclear. Since almost all cases are from residential structures,
g 041 ,/"8 o occupational or recreational overexposures to hazard are unlikely causes
< ' (HR Wallingford, 2006), although the difference may be explained by

o2 o ° the relatively high proportion of individuals for which gender is not

0_0_';:,, @@o 000 o ' o ' known (19%). Women are slightly more likely to be killed than men,

0 2 4 8 10 12 although the correlation is not statistically significant (Table 3).

Inundation depth (m)

Individuals between 40 and 59 years of age were 3.25 times more likely to

Figure 2. At inundation depths of approximately 2 m, predicted human be killed in a landslide than those from 0-19 years (Table 3). Children

vulnerability in economically developing nations (red dashes) is over 50%
higher than in economically developed nations (black dashes). One

(0-19 years) and the elderly (80-99 years) have the highest survival rates

additional total fatality case (30 m inundation depth) is not shown but of all age groups, both 57%. We suspect sampling bias is partially respon-
included in the regression for developing nations. sible for the high relative survival rate among children and the elderly.
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Children's ages were almost always included in news reports, whereas
midrange adult ages were often only available from obituaries.

0.8
£ Additionally, among the 115 individuals for which we could identify the
E 0.6 occupied floor at the time of the landslide, 82% of individuals on the sec-
g ond or third floors were under the age of 40. Eleven percent of children
8 0.4 L. Lo
: were on upper floors, a far safer location in a landslide impacted structure,

as is discussed in section 5.4.2.
5.3.2. Construction Material
The physical vulnerability of structures, and thus also their occupants, is a
function of the construction material, with timber-frame structures hav-
ing less resistance to landslides and rock falls than masonry or concrete
Figure 3. Human vulnerability to landslides over the range of common  structures (Massey et al., 2019). We differentiate between rigid construc-
landslide inu.nd‘ation depths (n = 96). Gray shading represents + one tion materials, including masonry, stone, and reinforced concrete, and
standard deviation. more flexible materials such as wood, bamboo, and plastic. The latter cate-
gory dominates the data set at 76% of the structures, while rigid materials
were used in only 9% of structures. Surprisingly, individuals in rigid structures were 3.1 times more likely to
be killed than those in the flexible structures (Table 3). Considering only those structures impacted by
0.9-5.9 m of debris, the median inundation depth was 2.7 m for rigid structures and 1.8 m for flexible struc-

e
N

0.0

0 5 10 15 20 25 30
Inundation depth (m)

tures, suggesting that the overrepresentation of large events impacting rigid structures helps to explain this

Table 3
Crude Odds Ratio (OR) for Factors Potentially Associated With Mortality in Landslides of Inundation Depths 0.9-5.9 m
Factor Deaths Survival rate (%) OR 95% CI p value
Economic development
developed 92 59.6 ref
developing 37 19.6 6.077 2.800-13.192 < 0.001
Gender
female 46 49.5 1.356 0.785-2.342 0.274
male 52 57.0 ref
Age
0-19 (children) 24 57.1 ref
20-39 22 37.1 2.256 0.949-5.365 0.066
40-59 22 29.0 3.259 1.275-8.335 0.014
60-79 13 38.1 2.167 0.775-6.054 0.140
80-99 (elderly) 3 57.1 1.000 0.204-4.893 1.000
Construction material
rigid 23 37.8 3.119 1.495-6.506 0.002
flexible 59 65.5 ref
Distance from slope (m)
0-99 53 50.0 1.622 0.927-2.837 0.090
100-499 6 0 n/a n/a n/a
500-999 10 54.5 1.351 0.531-3.438 0.527
>1,000 37 61.9 ref
Time of day
12-8 p.m. 7 53.3 1.157 0.379-3.534 0.798
8 p.m. to 4 a.m. 84 53.1 1.169 0.674-2.029 0.578
4am. to 12 p.m. 31 56.9 ref
Awareness
not aware 32 36.0 8.081 3.858-16.924 < 0.001
aware 22 82.0 ref
Protective action
no 39 51.9 5.014 2.484-10.123 < 0.001
yes 15 84.4 ref
Floor occupied
ground 77 60.1 11.948 1.563-91.356 0.017
upper 1 94.7 ref

Note. p values associated with statistical significance (<0.05) are in bold.
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difference. The structural resilience of rigid materials may be both a blessing and a curse. Although debris
may exert less damage on rigid structures at low and moderate inundation depths, if it intrudes into the
building through structurally weak areas such as windows and doors, debris may fill the building rather than
exiting, thus trapping and burying the occupants. At inundation depths capable of collapsing buildings
regardless of construction material, falling masonry or concrete slabs may be more deadly than the landslide
itself (e.g., Hand, 2000; Hudson, 1982).

5.3.3. Distance From Slope

While the exact duration of warning prior to inundation is not known in most cases, the distance of an
impacted structure to the slope where the landslide initiated can serve as a proxy for time. The odds of death
increase with decreasing distance, with individuals less than 100 m from the slope 1.6 times more likely to be
killed, although the results are not statistically significant (Table 3). We suspect that this is due to decreased
time to identify and react to approaching landslide debris, although the people closest to the slope may also
be more likely to notice warning signs of an impending landslide such trees cracking, sudden changes in sur-
ficial water flow, or outrunner rocks and soil. No statistically significant relationship exists between aware-
ness and distance from slope for individuals in our data set.

5.3.4. Time of Day

Time of day has no clear influence on landslide mortality (Table 3). However, individuals were 15-20 times
more likely to be aware of an imminent threat in the morning (4 a.m. to 12 p.m.) than in the night (8 p.m. to
4 a.m.) or evening (12-8 p.m.; p values < 0.05). Twice as many people were killed during the night than dur-
ing the rest of the day, reflecting the high proportion of people in their homes at this time. People killed by
landslides while outside—more likely during daytime hours—are not included in our results.

5.4. Behavioral Risk Factors

5.4.1. Awareness and Mitigative Action

Based on firsthand accounts of landslide survivors, we were able to coarsely identify their awareness of an
imminent threat and their subsequent actions. This information cannot be precisely known for those who
were killed, so we relied on the survivor accounts as proxies for the deceased. We were not able to recon-
struct the extent of forewarning; in some cases, it may have been as long as tens of minutes. However, in
all cases, the individuals exposed to landslide inundation did not have sufficient time, will, or means to
evacuate.

Awareness of an approaching threat, even if its location and nature were unknown, sharply decreased the
odds of death, with those who were not aware eight times more likely to be killed (p value < 0.001;
Table 3). Three quarters of individuals who recognized a threat took some form of protective action, such
as moving away from the perceived direction of the threat, escaping vertically to a higher floor or the top
of furniture, or sheltering in a prepared refuge area in their home. However, a significant minority of indi-
viduals either took no action or moved closer to the oncoming landslide out of curiosity. Those who took no
protective action were five times more likely to be killed (p value < 0.001). The survival rate among those
who were aware of a threat was 82%, while among those who took protective action, it increased to 84%.
5.4.2. Floor Occupied

The exact location of individuals in a home was rarely available, but in 77% of cases we could identify the
floor occupied at the time of the landslide. The survival rate of individuals on the second or third floors,
including attics and roofs, was 95%, with those on the ground floor 12 times more likely to be killed
(p value < 0.001; Table 3). The only known case of a second floor fatality involved the violent destruction
of the entire home.

5.5. Key Actions

In the 1970s, health professionals pioneered the concept of “positive deviance,” or the uncommon, beneficial
practices of a few members of an at-risk community that lead to better outcomes than those of their neigh-
bors (Wishik & Van der Vynckt, 1976; Wray, 1972). Such practices are typically affordable, acceptable, and
sustainable in a community because they are already practiced by at-risk peers (Marsh & Schroeder, 2002).
The concept of positive deviance can be adopted for disaster risk reduction. Engineering, political, or societal
solutions to reduce risk may be unaffordable, unpalatable, or infeasible; however, behavioral change is a
potent means for individuals to reduce their own risk. As we examined survivor stories, we identified six
key, “positively deviant” actions that lead to beneficial outcomes.
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Before a landslide event:

1.

Be informed about potential hazards and talk to people who have experienced them: Prior experience with
natural hazards is associated with greater preparation, more realistic perception of risk to future hazards,
and enhanced ability to cope during hazardous events (Becker et al., 2017; Dunn et al., 2016; Hoffmann &
Muttarak, 2017; Sattler et al., 2000). In two cases, individuals with prior firsthand experience of landslides
recognized the signs of oncoming debris before seeing it and dashed to safer areas, narrowly escaping
death.

Move areas of high occupancy, such as bedrooms, upstairs, or to the downbhill side of a home: Bedrooms are
often on the uphill side of residential dwellings, placing occupants closest to potential landslide hazards
during the night, when they are least likely to be aware of an imminent threat (Taig et al., 2015). One
family survived a debris flow by sheltering in a downhill bedroom, while the two uphill bedrooms were
completely inundated (McPhee, 1989). If moving bedrooms is unfeasible, moving beds away from exter-
ior walls may also reduce risk (Faber, 2016).

During a landslide event:

3.

Escape vertically: Mortality rate dramatically decreases for those above the ground floor of a
landslide-impacted structure, even when the entire home is destroyed. Two survivors of the 2014 Oso
landslide in Washington State credited this with saving their lives: “Being upstairs [in our home], I think
that gave us a chance” (Keaton et al., 2014). For those in one-story homes without roof access, moving
higher onto countertops and furniture protected them from suffocation or being swept away (Cobery
et al., 2012; McPhee, 1989).

Identify and relocate to interior, unfurnished areas: Areas such as closets, bathrooms, and interior hall-
ways can offer additional protection in landslides disasters. These small spaces are less likely to collapse
due to the density of structural elements and are generally free from unsecured furniture, which could
pin or crush a person. In an exceptional case of survival, a victim of the 2005 La Conchita, California,
landslide dove into a closet that had been prepared as a refuge area and survived being buried by over
9 m of debris (Metivier-Hart, 2017).

Open downhill doors and windows: Doors commonly open inward, making it easier for landslide debris to
enter structures than exit. In the case of fluid landslides, this may lead to a buildup of debris than can
bury and suffocate occupants or, in extreme cases, develop enough pressure to rip apart the structure.
We were surprised by the number of quick-thinking individuals who opened downhill doors or kicked
out windows to allow debris to flow through their home. However, we also note that individuals who
did so after debris had begun to accumulate risked being swept out of their homes (McPhee, 1989).

If caught in landslide debris:

6.

Continue to make noise and motion: It is rare for a landslide to engulf an entire community, meaning that
the family and neighbors of victims usually begin rescue activities within minutes after the event. In most
cases, victims are found quickly, even if they cannot be fully rescued without professional aid. Buried sur-
vivors who were successfully rescued often made noise through calling, whistling, or tapping on debris.
Those partially buried attracted rescuers through waiving, and in at least one case, a fully buried man was
able to poke a stick to the surface and use it to flag down rescuers.

Conversely, we also identified key actions which put individuals at greater risk:

1.

Opening a door out of curiosity: It is a typical human response to move toward unknown or unfamiliar
phenomena, whether to identify a potential threat or out of curiosity (HR Wallingford, 2006). In at least
four cases, as a result of hearing unfamiliar sounds or seeing mud flowing in the streets, residents opened
their front door only to be swept away by a surge of debris.

. Sheltering behind or beside large furniture: The high percentage of landslides deaths that occur due to

blunt force trauma, even among victims who are indoors at the time, suggests that unsecured furniture
is a significant contributor to landslide mortality. In the Crescenta Valley flood, a man was crushed by
a piano propelled by debris (Cobery et al., 2012). When a debris flow in Los Angeles inundated the home
of a family of four, the two teenage children almost drowned from being pinned between a bed and a wall
by the force of the flow, while the parents, buoyed on the top of the bed, survived unscathed
(McPhee, 1989).
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U 6. Discussion

6.1. Physical Vulnerability

Human vulnerability to landslides increases with increasing process
intensity, although the relationship is neither as clear nor as robust as
for buildings (Fuchs, Keiler, et al., 2019). Differences in building construc-
tion and material quality, size, orientation, and flow characteristics intro-
duce inherent uncertainty in structural vulnerability curves. Human
vulnerability couples structural vulnerability, with its already significant

Figure 4. Compilation of published data sets of structural vulnerability to

s 10 2 degree of variability, with a diverse range of demographic, situational,

6
Inundation depth (m) and behavioral human factors that produce further scatter in the data.

However, many human factors are not readily predictable ex-ante for

landslides. Structural vulnerability varies widely for inundation depths use in quantitative risk assessment. As such, human vulnerability curves
0.25-2.5 m (gray shading), but above this range, almost all buildings are such as Figure 3 provide a practical improvement on single-valued, heur-

destroyed. Data from Pollock (2020).

istic estimates by coupling vulnerability and process intensity while quan-
tifying model uncertainty.

Differences in the vulnerability curves for humans and buildings demonstrate the difficulty in mathemati-
cally linking structural and human vulnerability (Li et al., 2010; Uzielli et al., 2008). While the vulnerability
of buildings is most varied between inundation depths of 0.25-2.5 (Figure 4), human vulnerability is most
varied at greater inundation depths, between 0.9 and 5.9 m. The lower bound may be a function of anthro-
pometric measures. Based on average leg to height ratios, Du et al. (2013) suggest a critical landslide depth of
0.8 m, although structures will shelter an indoor population until the debris intrudes through openings or
exceeds the load capacity of a wall. Inundation depths of 2.5 m or greater result in the functional destruction,
and often collapse, of almost all buildings regardless of construction material (Akbas et al., 2009; Tsao
etal., 2010). However, 23% of the survivors in our data set occupied buildings inundated by at least this much
debris, indicating that human vulnerability is not a simple function of either the vulnerability of the occu-
pied structure or the process intensity; rather, within this zone, human behavior is the primary factor in
landslide mortality.

Within the critical inundation depths of 0.9-5.9 m, the overall mortality rate is 47%. While this is lower than
global landslide mortality rates produced by other methods (Kennedy et al., 2016), it is high relative to other
environmental hazards, reflecting the violent nature of landslide processes (Alderman et al., 2012;
Alexander & Magni, 2013; Dresser et al., 2016; Kennedy et al., 2015). While the language colloquially used
regarding landslide victims such as “buried alive” (e.g., Metivier-Hart, 2017) implies death by suffocation,
traumatic injury is at least as common a cause of death. For indoor populations, unsecured furniture and
collapsing structural elements may be more dangerous than the landslide itself, as is the case for earthquakes
(Doocy et al., 2013; Glass et al., 1977).

6.2. Socioeconomic Pressures

Politically and economically disadvantaged populations suffer greater human losses in environmental disas-
ters of all types, including landslides (Dowling & Santi, 2014; Kennedy et al., 2016; Santi et al., 2011). Our
results suggest that a socioeconomic component to physical vulnerability is a dominant reason, with indivi-
duals in economically developing nations up to twice as vulnerable to landslides as those in developed
nations. The rate at which landslide victims were rescued was lower in economically developing nations
(15%) than in developed nations (20%), suggesting that fewer resources and personnel available for emer-
gency response are contributing to greater landslide mortality. However, no individuals in developing
nations were reported as self-rescuing compared to 32% of landslide victims in developed nations, leading
us to believe that there is a substantial reporting bias in the English language media, which omits landslide
events that do not include fatalities or dramatic rescues.

6.3. Gender

Men are overrepresented in our data set, but this is likely a by-product of uneven sampling rather than sys-
temic overexposure to landslide hazards. Landslide fatality data sets from Italy, Switzerland, and Portugal
show that in these countries far more men die in landslides than women, a difference attributed to
increased occupational exposure and more risk-taking behavior (Badoux et al., 2016; Pereira et al., 2016;
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Salvati et al., 2018; HR Wallingford, 2006). However, since most of the individuals in our data set were at
home at the time of the landslide, the first explanation is unsatisfactory. In our data set, women had a slightly
higher mortality rate than men, indicating that behavioral vulnerability associated with risk taking is also an
insufficient explanation.

As in this work, Sanchez et al. (2009) found that women had a higher mortality rate than men during the
2002 Micronesia landslides, although it was not associated with a statistically significant increase in the
probability of death. However, in the 2010 Uganda landslides, men were almost 2.5 times more likely to
be killed (Agrawal et al., 2013), leading us to believe that the location of the victim plays an important role
in the gender distribution of different landslide mortality data sets. In the Uganda event, more landslide inju-
ries occurred outdoors, whereas in Micronesia more landslide fatalities occurred indoors, where the mortal-
ity rate between males and females tends to equalize (Pereira et al., 2016).

6.4. Age

Environmental disasters do not impact populations uniformly or at random (Hewitt, 1997, Wisner
et al., 2004). A “saddle” shaped distribution of mortality rate by age, in which children and the elderly are
disproportionately likely to suffer injury or death, has been observed in other natural hazards (Glass
et al., 1977; Li et al., 2010; Zahran et al., 2008). Many explanations have been proposed, including that chil-
dren and the elderly are less physically able to escape from hazardous areas or resist the physical trauma of a
violent landslide or that children have a lesser understanding of the hazard and fewer life experiences to
draw on for rapid decision-making (HR Wallingford, 2006; Zahran et al., 2008). Indicator-based frameworks
for landslide vulnerability have adopted these results, assigning greater vulnerability to the young and aged
(Eidsvig et al., 2014; Li et al., 2010; Park et al., 2016; Uzielli et al., 2008).

However, our results indicated that landslides might not “discriminate” by age in the same manner as other
natural hazards. Middle-age adults (40-59) were statistically more likely to be killed in a landslide than any
other age group, contrary to the generally accepted view of age-based vulnerability. In part, this is because
landslides are a rapid-onset, localized hazard, which stratifies mortality by building, room, and floor, mean-
ing that social norms that organize residential spaces by generation strongly control who will be injured or
killed in a landslide. In U.S. homes, master bedrooms—more likely occupied by a middle-aged adult(s) than
by children or elderly parents—are often located on the ground floor (Vollmer et al., 2005), where landslide
impacts are the most severe. Since social norms and pressures vary by culture, region-specific mortality-age
distributions may take different forms. In the 1995 Kobe, Japan, earthquake, individuals over 60 years old
experienced higher mortality because many of the elderly lived in inexpensive and collapse-prone wooden
homes with heavy tiled roofs where, through custom and pragmatism, they slept on the ground floor
(Kunii et al., 1995).

6.5. Construction Material

More durable construction material does not necessarily commute landslide risk. While buildings con-
structed out of masonry or concrete may be able to resist greater inundation depths than timber frame build-
ings prior to catastrophic failure, when they do collapse, it is often fatal for the occupants (Massey
et al., 2019; Sanchez et al., 2009). Additionally, when masonry buildings collapse, they leave fewer cavities
in which individuals can be sheltered (Coburn & Spence, 2002). Du et al. (2013) estimate that the vulnerabil-
ity of humans during the total collapse of masonry and reinforced concrete structures is 1.9 and 1.3 times
greater than for timber frame structures.

6.6. Hazard Awareness

Education and awareness of potential landslide threats are a common risk-reduction strategy (Davis
et al., 2020; Highland & Bobrowsky, 2008; WGS, 2017). In a study of residents’ experiences during rock falls
triggered by the 22 February 2011 earthquake in Port Hills, New Zealand, Taig et al. (2015) found that the
ability to recognize approaching boulders and take evasive action likely saved the lives of multiple indivi-
duals. In particular, residents who have familiarized themselves with the local landslide history, the direc-
tion from which landslides will come, and landslide precursors such as extra surficial water, falling and
bouncing rocks, ground tremors, and rumbling noises are more likely to take early and appropriate mitiga-
tive action such as evacuating, moving to the interior or downhill side of a home, or relocating to a higher
floor, attic, or roof.
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Furthermore, knowledge of the local landslide hazards increases the likelihood of an individual making
advanced preparations, such as identifying or creating a structurally reinforced refuge space, relocating bed-
rooms to the downhill side of a home, and moving beds away from windows and doors (Faber, 2016;
Metivier-Hart, 2017; Taig et al., 2015). This indicates that outreach products that inform citizens of local
landslide hazard and risk, landslide triggers and precursors, and protective actions during a landslide event
are a critical component of landslide risk reduction (e.g., Davis et al., 2020; WGS, 2017; WGS &
DOGAMLI, 2015). However, public outreach and advisories must be unambiguous for their intended audi-
ence. In the days leading up to the 2018 Montecito debris flow disaster, different risk perceptions between
scientists, emergency managers, and the public led to a false sense of security among residents of a desig-
nated “voluntary evacuation zone” (Hayden, 2018a). During the debris flow event, an ambiguous emergency
SMS message instructing residents to “go to high ground” led some individuals to evacuate their homes only
to be swept away (Hayden, 2018b).

6.7. Emergency Response

Few people simply walk away from being caught in a landslide. The significant percentage of survivors who
were rescued suggests that an immediate emergency response may save up to 20% of potential fatalities. Such
a reaction is often launched immediately by the surviving family and neighbors of the victims, as is the case
in other environmental disasters (Clukey, 2010; Merchant et al., 2010). The presence of volunteer rescuers
may increase the initial effectiveness of emergency response due to the rapidity in which they can locate
trapped victims (Coburn & Spence, 2002). However, they may lack the specialized knowledge, training,
and equipment necessary to perform triage, complete a rescue, and avoid becoming secondary victims them-
selves (Hand, 2000; Pereira et al., 2013; Zhang et al., 2015).

6.8. Landslide Morbidity

Finally, fatalities are not the whole story. Direct experience of a landslide or membership in a community
affected by one—including first responders—may have repercussions that far outlast the emergency
response and are not limited to those who were physically injured by the landslide. After the 1998 Sarno,
Italy, debris flows, surviving community members reported financial, occupational, psychological, and
domestic problems resulting from the event. Symptoms of posttraumatic stress disorder (PTSD) were almost
universal among survivors (Catapano et al., 2001). Studies suggest that levels of PTSD, material damage,
social conflict, and the likelihood of bereavement are higher among landslide victims than those of other
natural hazards, while their loss of social support is greater (Norris et al., 2004; Yang et al., 2011). This
may be due to the relatively high mortality rate in landslide disasters, as well as the complete material
destruction, which often accompanies landslides, requiring survivors to relocate away from built-in social
support structures. Regardless of the reasons, landslides can have severe, persistent consequences that
may not be apparent from immediate postdisaster assessments. The long-term personal and community
recovery necessary after a landslide disaster emphasizes the need for predisaster preparedness planning
and postdisaster interventions that focus on more than only survival actions (Gowan et al., 2015).

7. Conclusions

At intermediate inundation depths, human behavior is the most significant factor in landslide mortality.
Hazard preparation, situational awareness, and informed protective action such as moving to a higher floor
or a prepared refuge space are potent and readily accessible means of lowering personal landslide risk.
However, such strategies are predicated on scientific products such as landslide hazard and risk maps that
are understandable, accessible, and communicable to the general public. The development of such products
and education campaigns to put them in the hands of at-risk populations are the first steps to landslide risk
reduction. Rapid rescue operations after a landslide disaster save up to 20% of landslide victims but may be
hindered by the long distances emergency personnel must travel to a disaster site. Thus, community pro-
grams to train citizen first responders could be a crucial step to saving lives. Finally, this work highlights
the need for more human vulnerability data to be preserved in the aftermath of landslide disasters to inform
landslide risk assessments, understand the complex situational and behavioral factors that contribute to
landslide mortality, and design evidence-based emergency-response plans and outreach products to maxi-
mize survival rates in landslides.
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