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Landslides after wildfire: initiation, magnitude,
and mobility

Abstract In the semiarid Southwestern USA, wildfires are com-
monly followed by runoff-generated debris flows because wildfires
remove vegetation and ground cover, which reduces soil infiltra-
tion capacity and increases soil erodibility. At a study site in
Southern California, we initially observed runoff-generated debris
flows in the first year following fire. However, at the same site
three years after the fire, the mass-wasting response to a long-
duration rainstorm with high rainfall intensity peaks was shallow
landsliding rather than runoff-generated debris flows. Moreover,
the same storm caused landslides on unburned hillslopes as well as
on slopes burned 5 years prior to the storm and areas burned by
successive wildfires, 10 years and 3 years before the rainstorm. The
landslide density was the highest on the hillslopes that had burned
3 years beforehand, and the hillslopes burned 5 years prior to the
storm had low landslide densities, similar to unburned areas. We
also found that reburning (i.e., two wildfires within the past 10
years) had little influence on landslide density. Our results indicate
that landscape susceptibility to shallow landslides might return to
that of unburned conditions after as little as 5 years of vegetation
recovery. Moreover, most of the landslide activity was on steep,
equatorial-facing slopes that receive higher solar radiation and had
slower rates of vegetation regrowth, which further implicates veg-
etation as a controlling factor on post-fire landslide susceptibility.
Finally, the total volume of sediment mobilized by the year 3
landslides was much smaller than the year 1 runoff-generated
debris flows, and the landslides were orders of magnitude less
mobile than the runoff-generated debris flows.
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Introduction
Wildfire disturbs normal hydrologic and soil conditions. Burned
forest soils often repel water, causing fire-induced reductions in
infiltration (DeBano et al. 1979; DeBano 2000; Ebel and Moody
2016; McGuire et al. 2018), leading to an increased likelihood of
flooding and runoff-generated debris flows (Wells 1987). This is
commonly described as the “fire–flood cycle” (Kotok and Kraebel
1935). Post-fire debris flows, in particular, can be lethal hazards,
resulting in high numbers of fatalities (Dowling and Santi 2014;
Eaton 1935; Kean et al. 2019a).

Post-fire landslides have also been observed. Scott (1971) docu-
mented several landslides in areas that had burned the prior year,
but the storm that triggered the landslides also triggered landslides
in many unburned areas (Campbell 1975). Several additional au-
thors have observed landslides in areas that burned 5 or more
years beforehand (Benda and Dunne 1997; May and Gresswell
2003; Meyer et al. 2001; Rice and Foggin 1971). These landslides
can subsequently transition into debris flows (De Graff 2018;
Jackson and Roering 2009; Woodsmith et al. 2004, 2007). The
increase in landslide susceptibility after wildfire has been

attributed to increases in soil moisture that persists for several
years after wildfire as a result of decreased evapotranspiration
(Helvey 1980). In addition, researchers have found that roots can
lose strength following fire, thereby reducing the apparent cohe-
sion provided by roots and leaving hillslopes more prone to failure
(De Graff 2018; Gehring et al. 2019; Jackson and Roering 2009;
Lanini et al. 2009; Regelbrugge and Conard 1993). Modeling stud-
ies have shown that post-fire landslides are an important contrib-
utor of sediment to low-order channels (Martin 2007).

Understanding the conditions leading to landsliding after wild-
fire is important due to the hazard that landslides pose to life and
infrastructure (Froude and Petley 2018; Petley 2012). Landslides
also play an important geomorphic role in the evolution of moun-
tainous landscapes (Densmore et al. 1997; Lavé and Burbank 2004;
Schmidt and Montgomery 1995). Landslides can be the primary
mechanism contributing coarse sediment to channels, and this
material is crucial for facilitating bedrock channel erosion (Attal
et al. 2015; Egholm et al. 2013). Moreover, sediment mobilized by
landsliding influences the long-term morphology of downstream
channel reaches (Korup 2004; Lévy et al. 2012; Ouimet et al. 2007).
Consequently, research into the timing and mobility of post-fire
landsliding is becoming increasingly important as wildfires in-
crease in size and frequency (Gillett et al. 2004; Hu et al. 2010;
Kasischke and Turetsky 2006; Miller et al. 2009; Pausas and
Fernández-Muñoz 2012; Westerling et al. 2006).

In this study, we document a set of shallow landslides in the San
Gabriel Mountains, California, USA, that were initiated by a rain-
storm in January 2019. This rainstorm led to landslides in areas
that were (i) unburned, (ii) burned 3 years beforehand, (iii) burned
5 years beforehand, and (iv) burned by successive wildfires 10
years and 3 years prior. Prior research in Southern California
chaparral-dominated ecosystems has found that the number of
rainfall-induced shallow landslides was five times greater on more
sparsely vegetated south- and west-facing slopes (Corbett and Rice
1966). The dataset presented here provides an opportunity to
explore the influence of slope aspect on landsliding after wildfire.
These landslide observations also provide an opportunity to com-
pare the magnitude, mobility, and initiation style of post-fire
landslides across slopes in various stages of vegetation/
hydrologic recovery. Specifically, we use the dataset to explore
the following research questions: (1) whether landslide density is
influenced by burn severity, (2) how the density and runout of
landslides vary with years of post-fire recovery, and (3) whether
landslides cluster in areas based on geomorphic metrics (e.g.,
slope, aspect).

Study site and previous work
Our study area is in the San Gabriel Mountains in Southern
California, USA, and encompasses an area of approximately 70
km2 (Fig. 1). The San Gabriel Mountains are situated in a
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Mediterranean climate and receive most precipitation during the
winter. The soils in the region are typically composed of gravelly
sandy loams (Web Soil Survey 2020).

The dominant vegetation type in the area is chaparral, which is
a drought-resistant ecosystem composed of sclerophyllous woody
shrubs (Halsey 2005). This vegetation has a relatively shallow
rooting depth, with 90% of the root mass occurring within
40 cm of the surface; however, roots can penetrate and extend
into underlying bedrock (Kummerow et al. 1977). Chaparral plants
are relatively resilient to wildfires. Some species such as Toyon
(Heteromeles arbutifolia) and holly-leafed cherry (Prunus
ilicifolia) are known as obligate resprouters and can resprout
directly from burned roots (Halsey 2005). Facultative seeders, such
as chamise (Adenostoma fasciculatum) and whitebark ceanothus
(Ceanothus leucodermis), can resprout from burned roots as well;
however, seeds produced by facultative seeders can also survive
fire, and germination is stimulated by heat (Halsey 2005). Finally,
some chaparral plants such as cupleaf ceanothus (Ceanothus
greggii) and bigberry manzanita (Arctostaphylos glauca) are obli-
gate seeders (Halsey 2005). During a wildfire, obligate seeders will
die, but their seeds respond to fire-related triggers such as heat
and smoke, encouraging new plants to grow after the fire. Conse-
quently, the unique fire adaptations of chaparral plants to wildfire
often allow the plants to regrow quickly after a fire.

The study site includes areas burned by the 2009 Morris fire
(started on 25 August 2009 with a total burn area of 8.8 km2), the
2014 Colby fire (started on 17 January 2014 with a total burn area of
11.5 km2), and the 2016 San Gabriel Complex (SGC) fire (started 20
June 2016 with a total burned area of 21 km2). The SGC fire is a
general name for two separate fires that burned together, the Fish
and Reservoir fires. In addition, the SGC fire also reburned the
area previously burned by the Morris fire. The areas burned by the
SGC and Colby fires are primarily underlain by similar geology:
the San Gabriel Reservoir tonalite and layered gneiss units
(Morton and Miller 2003). The geology that underlies the Morris
fire and the portion of the SGC that reburned the Morris is
dominated by the Pelona Schist and a gneissic granodiorite
(Morton and Miller 2003). Above-ground vegetation was entirely
consumed in portions of the burn areas with moderate and high
severity. However, in the years following the fires, the burned areas
experienced vegetation regrowth. No data are available to estimate
the depth of heat penetration during the burn, but prior studies in
Southern California show high temperatures (> 110 °C) up to 10 cm
below the surface (Rengers et al. 2017), and high heat is known to
kill fine roots near the soil surface that promote soil stability
(Nyman et al. 2013).

The 2016 SGC fire was monitored for overland flow, runoff-
generated debris flows, and landslide activity (Kean et al. 2019b).
In one watershed within the SGC fire perimeter (Las Lomas, Fig. 1),
we observed 11 debris flows during seven precipitation events in
the first wet season after the wildfire (Tang et al. 2019). Observa-
tions and model simulations from the site showed that the runoff-
generated debris flows were initiated via channel-bed mass failure
and grain-by-grain progressive entrainment of sediment. More-
over, 15-min rainfall intensities that exceeded the regional thresh-
old for post-fire, runoff-generated debris flows (approximately 19
mm/h) generated debris flows via runoff for all storms in the first
wet season (Tang et al. 2019). During the second wet season after
the wildfire, no runoff-generated debris flows were observed.

Widespread shallow landsliding was observed in the third year
after the wildfire.

Methods

Mapping landslides
We mapped landslides that occurred following a rainstorm on 16–
17 January 2019 within our 70-km2 study area using orthophotos
(30-cm pixel size) and airborne lidar data (50-cm pixel size). The
orthophotos were obtained from DigitalGlobe (https://
www.digitalglobe.com/) imagery before any widespread landslid-
ing (26 September 2018) and after landslide initiation (11 February
2019). Landslides were identified by their spectral contrast with the
background vegetation and were only mapped if they appeared in
imagery captured on 11 February and not in the 26 September
imagery. Airborne lidar was collected during 11–24 August 2017
prior to the landslides, and a lidar-derived digital elevation model
was used to visually aid with landslide mapping by helping to
interpret the locations of landslides and to distinguish between
unvegetated areas such as dirt roads and landslides. We used the
airborne lidar data to look for trends in the landslide scarp loca-
tions to quantify any large-scale landscape controls on the land-
slide location. In particular, we calculated the hillslope aspect for
each landslide main scarp (sensu Varnes 1978) as well as the pre-
failure slope angle at the scarp location.

For each landslide, we mapped the top of the main scarp, the
slide toe, and a polygon encompassing the landslide failure source
area. We used the mapped locations to estimate the landslide
density in different parts of the study area (unburned and burned
during different wildfires). In addition, the landslide polygons
were used to explore the role of burn severity on landslide initia-
tion. Landslide volumes were estimated for the Las Lomas water-
shed (0.12 km2, Fig. 1) using the landslide polygons in order to
directly compare the landslide volumes with estimates of the
runoff-generated debris flow volumes in the same watershed dur-
ing the first year after fire (Staley et al. 2018). The landslide
volumes were estimated by multiplying the size of the mapped
source area of each landslide by the average landslide depth
measured in the field.

Landslide mobility is typically characterized using the
Fahrböschung or angle of reach, which is the angle of a line
connecting the landslide main scarp to the most distal portion of
the landslide toe (Dai and Lee 2002). The tangent of the angle of
reach tends to be inversely related to landslide volume (Corominas
1996), and the travel distance of landslides increases in areas that
are unobstructed, are steep, and have a rapid failure mechanism
(e.g., debris avalanches tend to move farther than earth flows)
(Corominas 1996). Mobility also varies as a function of debris
properties and hydrologic properties (Rickenmann 2005). The
mapping was used to calculate the tangent of the angle of reach
for each landslide using H/L measurements (Corominas 1996),
where H is the change in vertical height between the landslide
scarp and the landslide toe, and L is the horizontal runout length.
To determine L, we mapped the curvilinear path of the landslide
centerline and calculated the horizontal distance of that line,
similar to the approach described by Coe et al. (2018). This metric
provides a comparison of the mobility of the landslides in this
burned setting compared with landslides in other settings
(Corominas 1996; Legros 2002; Rickenmann 2005) or even other
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types of mass failure such as rock avalanches (Coe et al. 2018). The
H/L values were used to examine landslide mobility based on the
time since burning and reburning, and burned/unburned areas.
We evaluated mobility by using a Kruskal–Wallis test to probe for
statistical differences between the four groups of landslides
(burned in 2016, burned in both 2009 and 2016, burned in 2014,
and unburned).

In order to contrast the effectiveness of the landslide transport in
year 3 to debris flow transport in year 1, we compared the H/L of the
landslides with runoff-generated debris flows in the Van Tassel water-
shed (4.2 km2) in the SGC fire. This watershed was chosen because it is
not blocked by a debris basin, and therefore, the sediment deposition
from debris flows reflects an unobstructed runout distance. To generate
the H/L for the runoff-generated debris flows in year 1, we used 357
channel heads as the starting point for our estimation ofH and L, based
on prior studies revealing channel heads as an initiation point for debris
flows (Hyde et al. 2014). We used the canyon outlet of the Van Tassel
watershed as the debris flow end point for our calculation of H and L
based on deposition we saw in a horse corral at the canyon outlet.

Field verification of landslides
Field investigation of the landslides was conducted to confirm the
presence of slope failures identified in satellite imagery. Field
measurements of landslide length, width, and depth were taken
at 31 main scarps. In addition, the rooting depth was measured at
19 landslides in the field.

Wildfire influence on landslides
We explored the influence of wildfire and burn severity on each of
the mapped landslide. Using the landslide polygons, we deter-
mined the percent of each landslide polygon that was burned or

unburned. Similarly, we calculated the proportion of each land-
slide polygon that occupied an area burned at high/moderate
severity versus low severity/unburned. Burn severity is a key
parameter used to indicate the likelihood of debris flows
(Cannon et al. 2010; Staley et al. 2013; Staley et al. 2017), and
therefore, we expect that it also could influence landsliding. Burn
severity is a scaled categorical index based on both remotely
sensed data, such as the differenced normalized burn ratio
(dNBR) (Cocke et al. 2005) and field observations (Hudak et al.
2004; Key and Benson 2004). The dNBR is the change in the pre-
versus post-fire normalized burn ratio (NBR), which is defined as:

NBR ¼ NIR−SWIR
NIRþ SWIR

where NIR is the near-infrared band of an image, and SWIR
is the shortwave-infrared band of an image. Qualitative indi-
ces based on surface conditions are used to field check the
dNBR in order to define the burn severity. For example, areas
with low burn severity have organic layers that are not fully
consumed, soil aggregate stability, unburned roots, and por-
tions of green canopy in the overlying vegetation (Parsons
et al. 2010). By contrast, in areas burned at moderate severity
more than 80%, the surface litter and ground fuels are con-
sumed, fine roots (< 0.25 cm) are often scorched, and the
canopy shows signs of scorching (Parsons et al. 2010). A high-
severity fire fully consumes litter and the duff layer on the
soil surface as well as nearly all the ground fuel, the tree
roots show signs of char (> 80 mm), and the soil aggregate
structure is disturbed (Parsons et al. 2010).
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Rainfall
The presence of new landslides in the post-event imagery showed
that a rainstorm starting on 16 January 2019 produced the land-
slides described here. Rainfall began over the study area on 16
January 2019 (local time) with peak rainfall occurring on 17 Janu-
ary 2019. This was the only major rainstorm to impact the area
between the 26 September 2018 imagery collection date and 11
February 2019 imagery, and an eyewitness account further con-
firmed that landslide scars appeared following this storm. We used
rainfall data from three tipping bucket rain gages to calculate the
cumulative rainfall during the storm as well as the 15-min rainfall
intensity.

Results

Observed landslides
We identified 286 landslides in the study area (Fig. 1). Most of the
mapped landslides were located in the San Gabriel Reservoir
tonalite or layered gneiss (Morton and Miller 2003). Generally,
the slides had a well-defined scarp that showed mass detachment
and translational downhill movement. The slides initiated within
4.8 m from hillslope ridgetops, on average. However, the masses
broke up as they moved downhill, and intact landslide toes were
rare. Most of the landslide toes were jumbled masses of soil and
rock that blanketed underlying vegetation with shallow deposits.
Unlike purely rotational or translational landslides, the observed
slides demonstrate a transition from sliding to flowing because the
landslide bodies did not remain intact.

The depth measured at landslide scarps in the field ranged from
0.15 to 0.5 m, with an average depth of 0.35 m. Failure planes
appeared to coincide with the contact between soil and underlying
saprolite. The saprolite layer is highly weathered and considerably
more cohesive than the overlying soil, but rills were carved into the
saprolite at some of the landslide scars. The average rooting depth
measured at exposed landslide locations was 0.26 m.

Mass movement volume year 1 versus year 3
We estimated total volumes from three runoff-generated debris
flows in year 1 (Staley et al. 2018) in the Las Lomas basin (Fig. 1).
The year 1 runoff-generated debris flows mobilized 3200, 2500, and
2100 m3 of sediment following rainstorms with peak 15-min inten-
sities of 26.4, 28.8, and 36 mm h−1, respectively. For comparison,
the shallow landslides in year 3 mobilized only 160 m3 in the same
Las Lomas basin following a storm with a maximum 15-min
rainfall intensity of 53 mm h−1 (Fig. 2 and Table 1).

Landslide density
The vast majority of landslides (98%) were observed in the burned
areas; only 2% of the mapped landslides were in the unburned
parts of the study area despite the fact that the unburned area (38
km2) represents 54% of the study area. In addition, burn severity
strongly influences landslides: 69% of the landslide polygons were
completely burned at moderate to high severity over 90% of the
landslide polygon area (Fig. 3). Moreover, only 12% of the land-
slide polygons occupied areas that were a combination of un-
burned and low severity, without any moderate or high burn
severity.

In addition, the landslide scarp density following the storm on
16–17 January 2019 differs distinctly depending on the time since

wildfire (Fig. 4). The most recent fire, the 2016 SGC, had a land-
slide scarp density of 11.8 landslide scarps per square kilometer. In
contrast, the area burned in the 2014 Colby fire only had 0.8
landslide scarps per square kilometer, and the unburned areas
had 0.2 landslide scarps per square kilometer. The area that
burned in the 2009 Morris fire and then reburned in the 2016
SGC fire had 11.6 landslide scarps per square kilometer (Fig. 4).

Landslide aspect and slope
Landslide mapping revealed that most landslides occurred on
steep, south-facing slopes. The pre-failure median slope angle at
the locations of the landslide main scarps was 39.5° (Fig. 5), which
is slightly higher than the average slope angle in each of the
individual wildfire area (Table 2). In addition, 95% of the land-
slides occurred on south-facing (90–270°) slopes (Fig. 5), although
south-facing slopes are limited to approximately 60% of each of
the burn area (Table 2).

Landslide runout
The tangent of the angle of reach (H/L) for all of the year 3
landslides in this study is 0.89, with maximum and minimum

Fig. 2 Cumulative rainfall during the landslide-triggering storm from three rain
gages near the study area (top). The Las Lomas and Morris Dam gages are shown
in Fig. 1, and the Big Dalton Dam (34.17265, − 117.80834) is located about 5 km
east of the Morris Dam gage (outside of the study area). A 15-min rainfall intensity
at the three rain gages compared with the year 1 regional 15-min rainfall intensity
threshold for runoff-generated debris flows in Southern California (bottom) (Staley
et al. 2017)
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values of 1.5 and 0.26, respectively (Fig. 6a). The Kruskal–Wallis
test of four different groups of landslide H/L distributions (fire in
2016, fire in both 2009 and 2016, fire in 2014, and unburned)
returned a value of p = 0.13. This result demonstrates that land-
slide mobility was not statistically different at a significance level
of α = 0.1 between landslides in burned versus unburned areas or
in areas that burned at different times.

The mobility of the landslides in year 3 contrasted strongly with
the debris flows that were observed in year 1 (Fig. 6). The median
H/L of the year 1 debris flows in the Van Tassel watershed (Fig. 1)
was 0.14 with maximum and minimum values of 0.2 and 0.06 (Fig.
6b). Here, we used evidence of debris flow deposition at the
canyon outlet (Fig. 7) to establish a debris flow deposition point
and assumed that the debris flows were initiated at the channel
heads.

Discussion
Observations from this study demonstrate that wildfire influences
landslide initiation in this study area within a relatively short time
window, and the link between wildfire and landsliding declines
rapidly with time due to vegetation recovery. Temporal changes in
soil infiltration rates may also play a role. At our study site, the
first-year response to rainfall resulted in runoff-generated debris
flows that mobilized large volumes of sediment and deeply
scoured the channels (Staley et al. 2018; Tang et al. 2019). However,
infiltration rates generally increase to values near pre-fire condi-
tions after 1–3 years (Mayor et al. 2007; Moody and Martin 2001).
Within the Las Lomas watershed at our site, we found that the
wetting front suction head, a parameter that controls infiltration

rates in the Green–Ampt infiltration model, increased by an order
of magnitude over an 18-month period from September 2016 to
March 2018 (McGuire et al. 2019). Therefore, wildfire-induced
reductions in soil infiltration capacity, which promoted infiltration
excess overland flow in year 1, were not as strong by year 3.
Therefore, when a long-duration rainstorm with peak 15-min rain-
fall intensities between 40 and 53 mm/h moved over our study site
in the third year following wildfire, we observed landslides in the
most recently burned area, rather than runoff-generated debris
flows. This contrast is particularly striking since the rainfall inten-
sities that triggered runoff-generated debris flows in the first year
after the fire had lower peak 15-min rainfall intensities (26.4–36
mm/h).

This study points toward a lagged peak in the amount of
sediment derived from shallow landsliding after fire, similar to
the influence of timber harvest on landsliding (Sidle 2005). We
propose a possible conceptual model with three distinct time
periods (no recovery, initial recovery, and fully recovered). During
the no recovery period, the water repellency initially after wildfire
delays infiltration-related landsliding. At a slightly longer time-
scale after the fire during the initial recovery phase, infiltration
rates recover allowing more water into the subsurface, creating a
higher probability of the positive pore water pressures needed
during rainstorms to induce landsliding. Simultaneously, roots
decay, which reduces the apparent root cohesion and provides
less resistance against landsliding. Finally, in the fully recovered
phase, as new vegetation roots are established, hillslopes stabilize
again. Rice (1982) uses the same conceptual model of increasing
infiltration with time since wildfire to explain observations of

Table 1 Cumulative rainfall and maximum 15-min rainfall intensity measured at the Las Lomas rain gage from 12 to 17 January 2019

Date Cumulative rainfall (mm) Maximum 15-min rainfall intensity (mm/h)

2019-01-12 40.0 28.0

2019-01-13 40.0 0.0

2019-01-14 78.0 16.0

2019-01-15 91.0 16.0

2019-01-16 121.0 40.0

2019-01-17 344.0 53.0

Fig. 3 Histogram showing the percentage of each landslide polygon burned at moderate to high severity
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differing landslide-driven erosion rates in three watersheds within
the San Gabriel Mountains following a rainstorm in 1969. Erosion
attributable to landslides was 16 m3/ha in a watershed that had not
burned in the last 50 years (fully recovered), 10 m3/ha in a water-
shed that burned the year prior to the storm (no recovery), and
298 m3/ha in a watershed that burned 9 years before the storm
(initial recovery) (Rice 1982). At our study site, the landslide-
driven erosion rate from the 16–17 January 2019 rainstorm at the
Las Lomas basin was 8 m3/ha, which is slightly less than what has
been observed during other cases of widespread shallow landslide
activity in the San Gabriel Mountains (Rice 1982), and much

smaller than the volume of the debris flow–transported sediment
in year 1 (Staley et al. 2018).

We found that the landslide density varied strongly with num-
ber of years of post-fire recovery. The area that burned 5 years
prior to the rainstorm had a much lower density of landsliding
than the area burned 3 years prior, presumably because of the
longer time for root strength recovery from vegetation regrowth
(Fig. 4). In fact, the landslide density in the 2014 Colby fire (0.8
landslide per km2) was much closer to the density in the unburned
area (0.2 landslide per km2) than to that in the 2016 SGC fire (11.8
landslide per km2). In addition, the part of the Morris fire that
burned in the 2009 fire and then reburned in 2016 had a similar
landslide density (11.6 landslide per km2) to the rest of the 2016
burn area that was not a recent reburn. This shows that, in this
region, after approximately 5 years, vegetation recovery may be
sufficient to reduce landslide risks to levels near those of back-
ground rates in unburned terrain. Consequently, the landscape is
most susceptible to landsliding during a short temporal window
between the time required for hydrologic recovery and vegetation
recovery (i.e., 3–5 years at this study site). We refer to this as the
initial recovery phase in our conceptual model.

Another major finding from this study was that the overwhelm-
ing majority of landslides occurred in areas that were burned at
moderate/high severity (Fig. 3). These data show that landslide
initiation, even several years following fire, is strongly controlled
by burn severity. As the site recovers, we hypothesize that the
moderate and high burn severity areas have lower vegetation
density, weaker root strength, and less rainfall interception (i.e.,
rain captured by vegetation leaves and branches) relative to areas
burned at low severity. In this case, the rainfall could infiltrate
moderate/high-severity burn areas faster than in the immediate
post-fire condition, but the recovering vegetation might not have
the strength to prevent soil instability during large rainstorms.
Consequently, post-wildfire landslide susceptibility appears to be
linked to the stage of vegetation recovery.

We also see a strong aspect control on landsliding. The aspect
dependence could reflect the storm direction, which impacted the
area while moving primarily from south to north. But it also could
reflect the vegetation density contrast between the south- and
north-facing aspects. For example, different hillslope aspects were
burned at moderate severity 3 years prior (Fig. 8a). The post-fire
south-facing slopes show lower vegetation density as well as land-
slides, whereas the north-facing slopes show higher vegetation
densities and no landslides. The denser vegetation and associated
root strength on north-facing slopes provide an explanation for
the relative paucity of landslides on north-facing slopes (5%)
compared with south-facing slopes (95%). This aspect dependence
contrasts strongly with the first-year, runoff-generated debris
flows that did not have any notable aspect dependence.

Fig. 4 Density of landslide scarps per square kilometer based on the time since
fire. The fires in this histogram are SGC fire (2016), Morris fire (2009), and Colby fire
(2014)

Fig. 5 Polar plot where each line represents a single landslide. The line length
indicates the slope angle (degrees) at the location of each landslide scarp prior to
failure. The corresponding cardinal direction of the landslide aspect is indicated by
the angle that the lines are plotted

Table 2 Slope and aspect characteristics by the fire area

Fire Mean slope (degrees) % south-facing

San Gabriel Complex 37.7 61%

Morris 34.1 61%

Colby 35.9 66%
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In contrast to the aspect, the geology seems to exert little
control on the landslide distribution. Within the SGC fire perim-
eter, slides occur in both the San Gabriel River tonalite and a
layered gneiss unit (Morton and Miller 2003). In the Colby fire,
landslides are concentrated in the leucocratic and granitic rocks,
and the slides in the Morris fire reburned by the SGC fire are in the
Pelona Schist and a gneissic granodiorite (Morton and Miller
2003). This corresponds to the prior observations in the San
Gabriel Mountains that rock type may not strongly influence
erosion and that erosion rates may be more strongly tied to
fracturing due to tectonic deformation (Lifton and Chase 1992;
Pelletier 2017; Spotila et al. 2002).

Meteorological characteristics of the storm that initiated the
landslides (16–17 January 2019), though favorable for intense pre-
cipitation, are less likely to have played a role in the landslide
spatial distribution. This storm event was associated with an
atmospheric river, which is characterized by moist low-level flow
and a moist-neutral stability profile (e.g., Ralph et al. 2005). The
event also featured low-level southerly winds roughly orthogonal
to the trend of the San Gabriel Mountains. These characteristics,
combined with the location of the study area in a region of general
concavity in the range (Fig. 1), create conditions favorable for
intense orographic rainfall along the windward (southern) slopes
of the San Gabriel Mountains (Lin et al. 2001). Additionally, such
conditions have been demonstrated as characteristic of storm
events producing precipitation that exceeds various published
landslide-triggering thresholds in the San Gabriel Mountains
(Oakley et al. 2018). However, the orographic precipitation pro-
cesses described operate on the scale of a few to tens of kilometers,
represent enhanced precipitation along the windward side of the
mountain range, and are not likely to describe variations in land-
slide aspect over slope-scale distances (< 1 km) as observed in this
study. High-resolution atmospheric simulations would be needed

to definitively rule out meteorological characteristics as a driver of
landslide distribution and are currently beyond the scope of this
study. Moreover, this was not the first atmospheric river to hit the
area since the 2016 SGC fire, but it was the only storm that
produced shallow landsliding.

In addition to the primary atmospheric river–related precipita-
tion event described above, if we include rainfall from several days
prior, the cumulative rainfall amounts are between 200 and 340
mm. Prior observations show that landsliding in Southern Cali-
fornia typically requires a threshold of 254 mm of winter season
precipitation followed by a burst of 6.4 mm of rainfall in 1 h before
the onset of widespread landsliding (Campbell 1975). In this study,
the total rainfall measured at the Las Lomas gage between 1
October 2018 and the end of the rainstorm on 18 January 2019
was more than 600 mm, and there was a burst of 34 mm of rainfall
in 1 h, well above the threshold proposed in Campbell (1975).

Despite the ubiquity of new landslides, most of the slides are
relatively small and have a short runout distance. The H/L values
in the burned versus unburned landslides, which represent the
mobility of mass failure, appeared similar. Moreover, the low
mobility of the landslides is likely related to the small volume of
material that was mobilized (Iverson 1997; Legros 2002). The angle
of reach can be considered a proxy for the angle of friction
(Scheidegger 1973). In this study, the median angle of friction for
the slides would be 41.7 degrees, which corresponds closely to the
median slope angle at the location of the landslide main scarps
prior to failure (39.5 degrees) and indicates slope parallel failure.
Both the magnitude of the mobilized volumes in the year 3 land-
slides and the mobility of the mass movements were orders of
magnitude smaller than the volumes observed in the year 1 runoff-
generated debris flows. Because the landslides initiated on
hillslopes close to the top of the ridges and most of the concen-
trated debris flow erosion occurred in channels farther

Fig. 6 Box-and-whisker plot for the tangent of the angle of reach (H/L) of landslides. a Landslides grouped by wildfire timing. b Landslides and debris flows in the Van
Tassel (VT) watershed in year 1 after wildfire
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Fig. 7 a Google Earth imagery showing an overview of the Van Tassel watershed on 28 April 2017 in year 1 after the fire and after the first rainy season following the
wildfire. Dashed line shows the watershed boundaries, and blue lines indicate the primary pathways for debris flow sediment. b Google Earth imagery showing a closeup
view of the canyon outlet of the Van Tassel watershed on 18 October 2016, after the SGC fire and before any significant rainfall. c Google Earth imagery showing a closeup
view of the canyon outlet of the Van Tassel watershed on 28 April 2017, after the fire and after the first rainy season following the wildfire. Note the debris flow sediment
deposition in the horse corral

Fig. 8 a Photo showing shallow landslides in the study area. Blue arrows indicate landslide scarps. b View near the scarp of one landslide with the depth of the landslide
release zone indicated (photo credit. F. Rengers)
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downstream, the areas affected by these two mass movement
processes have little spatial overlap. Moreover, because debris
flows are more fluid and travel through a confined drainage, one
would expect the tangent of the angle of reach to be lower than those
observed from landsliding. Because of the differences between landslide
and debris flow processes, it is of limited value to directly compare the
angle of reach for the two types of mass movements. Nevertheless, the
observed values of H/L in this study may lead to helpful insights in
estimating the angle of reach for future post-fire landslides and debris
flows, respectively. The post-fire shallow landsliding from the 16–17
January 2019 storm was not particularly hazardous to life or infrastruc-
ture in our study area, but it played an important geomorphic role in
reloading downstream channels with sediment, priming the system for
future debris flows, and providing the tools necessary for bedrock
channel erosion.

Conclusion
In this study, wemapped 286 landslides on steep slopes composed of both
burned and unburned areas. The burned areas included regions that
burned 3 years prior to the landslide-producing storm, 5 years prior,
and slopes that had burned twice in the recent past (10 years prior to
the stormandagain 3 years prior). The landslide densitywas thehighest in
areas that burned 3 years prior to the storm. Reburned areas had a similar
landslide density, revealing that reburning did not create a higher suscep-
tibility to landsliding. In addition, the area burned 5 years prior to the
storm had a landslide density closer to the unburned area, which shows
that wildfire-enhanced susceptibility to landsliding was gone after 5 years.
Moreover, landslide scarps were mostly located on steep, south-facing
slopes, which may indicate that the vegetation recovery on north-facing
slopes was sufficient to prevent landsliding. Consequently, there appears
to be a brief temporal window when the landscape is particularly vulner-
able to landslides between the time it takes for partial hydrologic recovery
and the time it takes for vegetation recovery. The initial landscape re-
sponse after the fire was in the form of runoff-generated debris flows.
Partial hydrologic recovery is required so that post-wildfire rainfall is
primarily infiltrating into the soil rather than running off (a key require-
ment to generate landslides), and vegetation recovery allows roots to
increase the apparent cohesion of the soil, reducing the likelihood of
landslides. Despite the ubiquity of landslides in the study area, the total
landslide travel distances were short, and the volumes andmobility of the
shallow landslides were much smaller than those associated with the
runoff-generated debris flows in the first year after wildfire.
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