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Abstract: Postwildfire forests are dynamic environments. Wetting-induced shallow landslides are observed at varying times after wildfires,
but the reasons are not fully known. This study investigates the time-dependent changes in soil properties and mechanical and hydrologic soil
behavior of hillslopes after the 2019 Williams Flats Wildfire near Keller, WA and demonstrates the implications of these changes to slope
stability. Soil water repellency, organic content, fine content, soil water retention curve, hydraulic conductivity, friction angle, and in-situ
suction-saturation data provides initial evidence that soil properties fluctuate over a year after the wildfire. The results therefore suggest that
soil properties that are measured immediately after the wildfire are misleading for long-term slope stability analysis. The stability of a steep
(45°) slope is found to be most affected by the fluctuations in friction angle and soil water retention over the year. The comparison of suction-
saturation response near a burned and unburned location demonstrates the effects of macropores that are formed after the wildfire and evapo-
transpiration on slope stability. The hillslope stability at the unburned location reduces rapidly in April upon snowmelt, whereas the stability
at the burned location, which has macropores, shows the rapid decrease in late-January, with the onset of snowfall. DOI: 10.1061/
JGGEFK.GTENG-11348. © 2023 American Society of Civil Engineers.

Introduction

TheWestern United States experiences largewildfires every summer,
which have been increasing in both size and frequency in recent
decades (Westerling et al. 2006; Dennison et al. 2014; Westerling
2016). The projected increase in summer droughts and global tem-
perature is expected to increase the magnitude and severity of wild-
fires (Masson-Delmotte et al. 2021). Wildfires are multiscale,
multidisciplinary problems that have both primary (or direct) and
secondary (or indirect) effects. Landslides during wet seasons fol-
lowing wildfires and corresponding flood hazards are among the
“cascading and often unacknowledged” secondary effects of wild-
fires (Abatzoglou et al. 2014; Smith et al. 2016). However, research
on postwildfire landslides is limited, and the landslide trigger mech-
anisms are not explained in a complete framework (Parise and
Cannon 2012). Identifying a wildfire event as the trigger of a land-
slide is challenging because, while landslides can occur as early as
during the first rainy season after the fire, they can also occur months
or even years after the fire (e.g., Wondzell and King 2003). The time-
dependent changes on soil properties after a wildfire and implica-
tions to hillslope stability are unknown.

Postwildfire slope stability is a global concern because instability
issues (i.e., erosion and wetting-induced shallow landslides) can
(1) cause direct downstream damage as hillslope material moves into

streams, transportation corridors, or settlements; or (2) trigger cata-
strophic debris flows and be a serious threat to human life, ecosys-
tems, and infrastructure. So far, post-wildfire slope stability research
has mainly been focused on analyzing (1) erosion (e.g., Robichaud
et al. 2000; Parise and Cannon 2012); or (2) debris flow initiation
through empirical, empirically based probabilistic, or statistical mod-
els that use historical data (e.g., Gartner et al. 2008, 2014; Cannon
et al. 2010; Staley et al. 2013, 2016, 2017). Few studies on post-
wildfire shallow landslides have identified the main landslide trigger
mechanisms as loss of structural support from roots (i.e., root cohe-
sion) or rises in positive pore water pressures with the rise of the
water table after a wetting event (e.g., Meyer et al. 2001; Cannon
and Gartner 2005; Wondzell and King 2003; Schmidt et al. 2001;
De Graff 2018). Few researchers have observed an increase in soil
saturation in field measurements or identified increased saturation
due to reduced transpiration rates as a potential landslide trigger
mechanism (e.g., Megahan 1983; Cannon et al. 2001; Swanson
1981). Wetting-induced shallow landslide mechanisms and the
effect of roots on slope stability, independent of wildfires, have been
studied for decades. The mechanisms of wetting-induced shallow
landslides have been identified as increases in positive pore water
pressures with a rise of the water table and decreases in negative pore
water pressures (or matric suction) with the advancement of a wet-
ting front without a rise of the water table (e.g., Fourie et al. 1999;
Collins and Znidarcic 2004; Sidle and Ochiai 2006; Muntohar and
Liao 2008; Godt et al. 2009; Lee et al. 2009). The effect of roots on
slope stability has been identified in controlled studies as an increase
in stability due to structural support and matric suction around the
roots (e.g., Wu et al. 1995; Gray and Sotir 1996; Ng et al. 2016;
Oorthuis et al. 2018). However, the suction-saturation response of
wildfire-burnt slopes and corresponding effects on slope stability
have not been investigated.

This study presents the changes in soil properties, suction-
saturation response of the slope, and corresponding slope stability
over time after the 2019 Williams Flats wildfire in Colville Indian
Reservation, near Keller WA. An extensive laboratory and field
work to measure soil water repellency, organic content, friction
angle, hydraulic conductivity, soil water retention curve was
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complemented with field data from suction and water content sen-
sors to quantify the changes. A hypothetical steep slope was used
to demonstrate the implications to hillslope stability. The time-
dependent changes in model input parameters and effects on slope
stability calculation were presented.

Field Work

Study Site

The study site was selected after the 2019 Williams Flats Fire in
Colville Indian Reservation near Keller, WA (Akin and Akinleye
2021) from an intersection between a high-burn severity area and
moderately-burn severity area as defined by Parsons et al. (2010).
Burn severity map of the site (Fig. 1) was generated using Landsat
8 OLI satellite imageries from data produced under the monitoring
trends in burn severity (MTBS) program jointly implemented USGS
Earth Resources Observation and Science Center and the United
States Forest Service (USFS) Geospatial Technology and Applica-
tions Center (GTAC). This program provided computed informa-
tion on fire occurrence locations based on data made available

by federal and state agencies, and other reliable resources. The
burnt vegetation was primarily ponderosa pine (Pinus ponderosa)
and mixed conifer. In addition, light logging slash, different brush,
and grass species, including antelope bitterbrush (Purshia triden-
tata) and Ceanothus, and seasonal wildflowers comprised the
vegetation at the site.

The fire was contained on August 25, 2019, and the first field
visit took place on October 2, 2019. Two trees and surrounding
areas of 2-m radii were selected for field instrumentation and sam-
ple collection [Fig. 2(a)]. The first area is next to a burned tree from
a high burn severity area and will be referred as the dead tree lo-
cation. The vegetation in this area was charred and wildfire ash was
apparent on the soil surface in October 2019. In addition, this site
consisted of macropores generated by burned roots [Fig. 2(b)]. The
second location is next to an unburned tree from a moderately-
burned area that is 300 m away from the dead tree location and
will be referred as live tree. This area showed little or no evidence
of vegetation or soil burn, and this was used as a baseline for com-
parison on the time-dependent changes in soil properties and influ-
ence of evapotranspiration on the suction-saturation response of
the site.

Fig. 1. Burn severity map of the site. [Map courtesy of MTBS (Monitoring Trends in Burn Severity).]

Fig. 2. (a) Sampling areas at the dead tree and live tree locations (image from ZENTRA Cloud, data sources © Mapbox © OpenStreetMap Improve
this map © Maxar); and (b) macropores at the dead tree location.
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Field Instrumentation

Soil water potential sensors with 2,000 kPa capacity (TEROS 21)
and water content sensors (TEROS 11) were installed in October
2019 at three different depths (0.3, 0.5, and 1 m) in both locations,
2 m away from the trees. In addition, a standalone tipping bucket
rain gauge was installed in May 2020 between the dead tree and
live tree locations.

A hand auger was used to drill 1.2-m-deep boreholes and the
water content sensors were placed horizontally using the sensor in-
stallation tool. The TEROS 21 sensor consists of two fixed porous
ceramic discs that are separated by a printed electric circuit board
that forms a capacitor and a thermistor is located underneath the
sensor that measures temperature. The ceramic discs are poor con-
ductors of electric current and when placed in contact with soil, the
water content and suction attain equilibrium with that of the soil
after an elapsed time. The sensor then measures the water content
of the ceramic discs and is translated into matric suction based on a
predetermined relationship between water content and matric suc-
tion of the ceramic discs. To ensure good contact between the
ceramic disks and surrounding soil, the soil that was removed from
the borehole at each sensor depth was first packed near field density
around the suction sensors in plastic cups that were used as molds.
Then the soil blocks where the sensors were embedded were ex-
tracted from the cups and placed in the boreholes. For each set
of sensors, a ZL6 data logger with a capacity of 6 sensors was used
for automated data acquisition. The sensors, sensor installation
tool, and data loggers were obtained from Meter Group, Pullman
WA. The TEROS 11 sensor at live tree location at 1 m depth was
replaced with a TEROS 12 sensor in July 2020, after a bear attack.
TEROS 12 water content sensor is identical to TEROS 11 but has
an additional electrical conductivity sensor.

Sample Collection and Field Measurements

Bulk and intact samples were collected to a depth of 2.2 m to iden-
tify the soil profile and perform the standard soil classification tests.
Bulk samples were collected with a hand auger and intact samples
were collected using 0.15-m-long thin-walled samplers. Additional
intact and bulk samples were collected in subsequent field visits in
November 2019, May 2020, June 2020, July 2020, August 2020,
and September 2020 from the surface and from a depth of 0.5 m
to perform the laboratory experiments. 0.5 m was selected to avoid
the top layer with high organic content as a representative depth to
determine the soil properties that are necessary for slope stability
analysis or modeling (i.e., friction angle, hydraulic conductivity,
soil water retention curve). The organic content, fine content, and
soil water repellency of the surface soil was measured both for
0.5 m soil and surface soil to understand the trends in hydraulic
conductivity. In each visit, a 0.5-m trench was dug, sample collec-
tion and field measurements were performed, the trench was closed
and flagged to avoid double-sampling from the same location in the
following visits. 8-cm-diameter and 5-cm-height thin-walled sam-
pling rings were used to collect intact samples for water droplet
penetration time (WDPT) tests. 6.3-cm-diameter and 2.5-cm-height
sampling rings were used to collect intact samples for direct shear
test. Bulk soil was collected to perform loss on ignition, water re-
tention curve (with WP4C), and standard soil classification tests.

Laboratory Experiments

Water droplet penetration time (WDPT) tests (Van’t Woudt 1959)
were performed with 16 equally-spaced deionized water droplets as
explained in Akin and Akinleye (2021). The water repellency was

classified based on the average time required for the droplets to be
absorbed in the soil, according to King (1981) and Chenu et al.
(2000).

Loss on ignition (LOI) test was performed as described in Scalia
et al. (2014). Oven-dried (105°C) soil samples were kept in a fur-
nace (550°C) for 4 h. The mass difference before and after the fur-
nace was used to calculate LOI and related to soil organic content.

The soil water retention curves were measured in the labora-
tory using a chilled-mirror dew point technique (WP4C, Meter
Group, Pullman WA) as described in Akin and Akinleye (2021).
Oven-dried (105°C) bulk soil was mixed with deionized water to
achieve target degree of saturations (between 0.1 and 0.8) and
compacted in steel WP4C cups at a constant void ratio of 0.57.
The cups were sealed with plastic caps after compaction for 24 h
and suction measurements were taken. Saturation of the samples
were calculated from gravimetric water content measured after
suction measurements.

For the direct shear tests, intact samples were carefully ex-
tracted and placed in the shear box. A stepper-motor controlled
load frame was used to apply shear at a constant displacement
rate of 0.5 mm=min.

Slope Stability Analysis

The general form of the infinite slope stability equation is given
(e.g., Lambe and Whitman 1969; Cho and Lee 2002) as

FS ¼ τf
τm

¼ c 0 þ cos2β½q0 þ γHwt þ ðγsat − γwÞzw� tanϕ 0

sin β cos β½q0 þ γHwt þ γsatzw�
ð1Þ

where FS = factor of safety; c 0 = soil cohesion; β = slope angle;
q0 = vegetation surcharge; Hwt = vertical depth of the water table
from the ground surface; zw = vertical depth to the failure surface
from the water table; ϕ 0 = effective friction angle; γ = total unit
weight; γsat = saturated unit weight; and γw = unit weight of water.

A modified form of Eq. (1) was used in this study for slope
stability analysis [Eq. (2)], following the suction stress concept
(Lu and Likos 2006; Lu and Godt 2008)

FSðzuÞ ¼
tanϕ 0

tan β
þ 2cr
γðHwt − zuÞ sin 2β

− σs

γðHwt − zuÞ
ðtan β þ cot βÞ tanϕ 0 ð2Þ

where zu = depth from the water table in the unsaturated zone. Here
suction stress includes the contribution of cementation and inter-
particle forces as due to water retention (i.e., adsorptive interpar-
ticle forces, σs

a and capillary interparticle forces, σs
c) and defined

by Akin and Likos (2020) as:

σsðψÞ ¼ σs
aðψÞ þ σs

cðψÞ ð3aÞ

σs
a ¼

�
ψ
106

�
× σs

dry ð3bÞ

σs
c ¼

�
ψae

ψae þ ψ

�
× ψ ×

�
Se
Se;ae

�
ð3cÞ

where σs
dry = suction stress at oven-dry (105°C) conditions; 106 =

theoretical maximum suction (kPa); ψ is suction; Se = effective sat-
uration; ψae = air entry pressure (which was equated to the inverse
of α); and Se;ae = effective saturation at air entry pressure. The
model requires an experimental measurement of suction stress at
dry conditions, which can be measured with Brazilian tensile
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strength test (Akin and Likos 2017a, b) among other methods, and
the remaining scaling parameters are from SWRC. Both ψae and
Se;ae are determined using the Van Genuchten (1980) model as

Se ¼
S − Sr
1 − Sr

¼
�

1

1þ ðαψÞn
�ð1−1=nÞ

ð4Þ

where S = saturation; Sr = residual saturation; and α and n = fitting
parameters.

A hypothetical steep slope (45°) was used for slope stability
analysis. Two FS analyses were conducted. The first analysis,
which will be referred as constant soil properties analysis, used
the minimum friction angle measured over the year (27.1°) and con-
stant SWRC parameters (α ¼ 0.008, n ¼ 1.4, Sr ¼ 0.0004), with
the goal of demonstrating only the effect of suction-saturation re-
sponse of wildfire-burnt soil on slope stability. In the second analy-
sis, which will be referred as monthly analysis, the input parameters
of Eq. (2) were altered based on field measurements. October 2019
soil parameters were used until November 2019, November 2019
parameters were used until the end of March 2020, May 2020
parameters were used from April to June 2020, June 2020 param-
eters were used until July 2020. August 2020 parameters were used
from August 2020 until the end of October 2020.

Results

Soil Properties

The initial soil properties at the dead tree location measured with
October 2019 soil samples showed that fine content was 47% at the
surface, 31% at 0.5 m, and 10% at 1.2 m depth. The organic content
was 9.3% at the surface, 2.8% at 0.5 m, and 1.3% at 1.2 m. The void
ratio was 1.57 at the surface and 0.57 at 0.5-m depth.

The soil properties changed over time both at the surface and at
0.5 m depth. The water repellency of the surface soil (Fig. 3) fluc-
tuated from slightly-repellent in November 2019, May 2020, and
August 2020 to strongly repellent in July 2020. The 0.5-m soil
showed nonrepellent behavior over the year except for occasional
local slightly repellent spots detected in July 2020.

Soil organic content (Fig. 4) ranged between 3.4% and 9.5% for
the surface soil whereas stayed relatively constant between 2.4%
and 3.7% for the 0.5-m soil. The most drastic changes for the sur-
face soil were the steep reduction from October 2019 (9.3%) to

November 2019 (3.4%) and steep increase from August 2020
(6.6%) to September 2020 (9.5%).

The fine content (Fig. 5) of the surface soil stayed relatively
constant at around 45%, except for August 2020 (33%) and
September 2020 (38%), whereas for 0.5-m soil, fine content in-
creased over time from 31% in October 2019 to a maximum of
53% in May 2020. The increase was primarily because of an in-
crease in clay content. The clay content was 6% in October 2019
and reached a maximum of 17% in May 2020. For the surface soil,
clay content fluctuated between 6% and 10%, with no apparent
trend over the year.

The saturated hydraulic conductivity fluctuated by two orders of
magnitude for the surface soil and an order of magnitude for the
0.5-m soil over the year (Fig. 6). A prominent difference (i.e., order
of magnitude difference) in hydraulic conductivity between the
two depths was measured only in November 2019, May 2020, and
October 2020. The minimum and maximum hydraulic conduc-
tivity were measured in May 2020 (minimum) and August 2020
(maximum).

The friction angle of the 0.5-m soil gradually decreased from
38.1° in October 2019 to a minimum of 27.1° in June 2020 (Fig. 7).
After the minimum is reached, the friction angle gradually increased
and reached 37.9° in August 2020.
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Fig. 4. Soil organic content of the surface and 0.5 m soil at the dead
tree location over the year.
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Fig. 5. Fine content and clay content of the surface and 0.5 m soil at the
dead tree location over the year.
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Fig. 3. Water repellency of surface soil at the dead tree location over
the year.
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The SWRC of the 0.5-m soil measured in the laboratory varied
each month. The Van Genuchten (1980) effective saturation-based
best-fit curves are shown for clarity (Fig. 8). The November soil
maintained the lowest suctions over the entire saturation range.
This was followed by September 2020, August 2020, October
2019, July 2020, October 2020, and May 2020 soils.

Sensor Data and Hillslope Stability

Limited rainfall data was recorded over the year (Fig. 9). The delay
in installation of the rain gauge and the region being snowmelt-
dependent rather than rainfall-dependent limited the hydrology data.
Major storm events are seen in June 2020 and October 2020, result-
ing in a cumulative rainfall of 160 mm by the end of the first year
after the wildfire.

The suction and saturation trends in 0.3, 0.5, and 1 m and cor-
responding factor of safety of the hypothetical slope calculated with
the constant soil properties are shown in Fig. 10. The complete data
set is published in Akin (2023). The gaps in data in summer 2020
are due to two bear attacks that took down the data loggers or un-
plugged the sensors from the loggers. In all three depths, the live
tree generally maintained higher suctions and lower saturations
than the dead tree. At the live tree location, a distinct reduction in
suction that corresponds to a rapid increase in saturation was ob-
served in early April 2020 in all three depths. A second distinct

increase in saturation and corresponding decrease in suction were
seen earlier, in mid to late October 2019 at 0.3 and 0.5 m. Con-
versely, in mid-June to early July, a distinct increasing trend in suc-
tion that is paired with a gradual decreasing trend in saturation was
observed at all three depths. At the dead tree location, at 0.5 m, a
sharp increase in saturation that coincided with a decrease in suc-
tion was in mid- to late-October, at the same time as the live tree
location. After that, the first rapid increase in saturation that cor-
responded to a rapid decrease in suction was observed in mid-
to late-December. From that point on, the saturation kept increasing
incrementally, until nearly saturated state was achieved in April
2020.

The factor of safety analysis at 0.5 m depth showed an initial
increase in FS at both locations, followed by a sharp decrease in late
October 2019. After that, at the live tree location FS remained con-
stant at around 1.7 until a rapid decrease to 1.4 in April 2020. At the
dead tree location, the first reduction in FS was from 2.1 to 1.8 in
late December 2019, followed by a distinct reduction to 1.3 in late
January, eventually reaching close to 1 in June 2020.

Discussion

Soil Properties over Time

The WDPT results showed that water repellency is not specific to
immediately after the wildfire, but water-repellent conditions can
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Fig. 6. Saturated hydraulic conductivity of the surface and 0.5 m soil at
the dead tree location over the year.
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location over the year.

Fig. 9. Rainfall data.
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be observed and change over time after the fire. Soil water re-
pellency is associated with organics, but no apparent trend was
observed between the LOI and WDPT data because measured re-
pellency values are reported as actual water repellency rather than
potential water repellency, which incorporates the effect of water
content in addition to organics (e.g., Dekker et al. 2001; Doerr
et al. 2000). Soil water repellency depends on water content,
where hyperdry soils remain water repellent until water retention

mechanism transitions from adsorption to capillary condensation
(e.g., Doerr and Thomas 2000). The hottest month July resulted in
the most severe water repellency. To demonstrate the effect of
water content, a second WDPT test was performed on the July
2020 surface sample, after the surface was wetted, and the average
WDPT was found as 2 s. The potential contribution of seasonal
wildflowers on soil organic matter was also discussed in Akin and
Akinleye (2021), which resulted in an increase in organic content
and water repellency in September 2020. An additional WDPT
test was performed on the September 2020 surface soil collected
from the live tree location, where a higher density of wildflowers
was observed showed severely-repellent behavior with an average
WDPTof over 20 min, demonstrating the contribution of organics
on water repellency, independent of the wildfire.

The increase in fine content of 0.5 m soil in May 2020 to 53% is
in the same line with the increase in clay content to 17%. The re-
duction in fine content of surface soil in August 2020 coincides
with the increase in clay content in the 0.5-m soil. The temporal
fluctuations in fine content at the surface and at 0.5 m depth indi-
cate spatial variability or perturbation of the soil. To evaluate the
variability, the fine contents of the surface soil and 0.5 m soil were
also measured at the live tree location between May 2020 and
October 2020. The fine content ranged between 37% and 44%
for the surface soil and between 35% and 43% for the 0.5 m soil.
Clay content in the live tree location ranged between 6% and 8% at
the surface and 5% and 8% at 0.5 m depth. The more extreme fluc-
tuations seen at the dead tree location indicates potential perturba-
tion of soil. An apparent pathway for perturbation was through the
macropores next to the sampling location. No animal burrows were
observed in the site, but chipmunks and bears were present that
could contribute with bioturbation.

The saturated hydraulic conductivity, k, showed an apparent
trend with fine content, where an increase in fine content resulted
in a decrease in k, as expected (e.g., Terzaghi and Peck 1967). At
the surface, the maximum k (8.7 × 10−4 cm=s) was measured in
August 2020, where fine content (32.8%) and clay content (6.6%)
were minimum and conversely the minimum k (1.5 × 10−5 cm=s)
was measured in May 2020, when fine content (47.6%) was the
maximum. The influence of water repellency of the surface soil
on k was not clearly observed. In July 2020, when the water repel-
lency was the most severe, the k (6.3 × 10−4 cm=s) was close to the
maximum k measured over the year, even though the fine content
was 45.5%. Similarly, the other two months that showed strong
water repellency, October 2019 and September 2020, did not show
evidence of an influence on hydraulic conductivity.

The fluctuations in friction angle and SWRC are the most in-
fluential factors for a slope stability analysis. Particularly the 11°
fluctuation in friction angle is critical for a slope stability analysis,
although the reasons could not be explained fully. The fluctuations
in the remaining soil properties do not correlate with the trend in
friction angle over the year. The 0.5-m soil remained nonrepellent
over the year. The organic content stayed in a narrow range and
fluctuated between 2.4% and 3.7%. The only significant fluctua-
tions seen in the 0.5-m soil was in fine content, which showed
a minimum of 31% in October 2019 and a maximum of 53% in
May; yet, the minimum friction angle was measured in June 2020,
when fine content was 39%. The minimum friction angle was ex-
pected to be measured in May, when clay content was the highest
(17%). Other potential factors that could affect friction angle in-
cludes seasonal changes in void ratio, presence of ash in soil in
different concentrations, and presence of fine roots in the shearing
plane, will be investigated in future studies.

For SWRC, the May 2020 soil maintaining higher suctions than
the remaining 0.5-m soils particularly in mid- to high suction range

Fig. 10. Suction and saturation data from the field sensors for
(a) 0.3 m; (b) 0.5 m; and (c) 1 m soil. The factor of safety of a 45°
slope calculated using 0.5 m data is also shown in (b).
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imply a high surface-active material (therefore high adsorptive water)
or a material with small pores (therefore high capillary water) is
present in the soil. This is reflected in fine content and clay content.
The May soil has the maximum amount of fines (53%).

Temporal changes in soil properties are also seen in soils that are
not affected by wildfires because of biological and structural mac-
ropores or seasonal precipitation (e.g., Das Gupta et al. 2006). For
example, Zhao et al. (2021) found less than an order of magnitude
decrease in the saturated hydraulic conductivity of 0.1-m and 0.2-m
deep soil in the dry season in the Chinese Loess Plateau.

The results provided initial evidence that soil properties change
over time after a wildfire. Whether these measured trends are be-
cause of spatial variability in soil properties, or they reflect the time-
dependent changes in soil properties during the recovery of the forest
requires more investigation. The spatial variability is expected to be
minimal because of the sampling area confined within a 2-m radius.
However, more data are required to reach a conclusion.

Post-Wildfire Slope Stability over Time

At all three locations, greater suctions and smaller saturations at the
live tree location are attributed to evapotranspiration by the trees.
The hydrology of the region is snowmelt-dominated, which is re-
flected in the sensor data. The snowmelt in April resulted in the
most distinct jumps in saturation at the live tree location in all three
depths. The constant parameter analysis for the 0.5 m soil showed
the direct relationship between suction, saturation, and correspond-
ing slope stability. At both locations, an increase in saturation cor-
responded to a decrease in suction and a decrease in factor of safety.
The earlier onset of increase in saturation at the dead tree location
resulted in a reduction in factor of safety four months earlier than
what was observed in the live tree location. The gradual, stepwise
increase in saturation at the dead tree location and the early onset of
the increase was attributed to the presence of macropores at this
location, which could facilitate snowmelt starting earlier than the
surface.

The slope stability analysis was performed for the hypothetical
steep slope, whereas the sensor data is from a mild slope. If the sen-
sors were installed in a steeper slope, up to 30°, the sensors are
expected to give the same output (e.g., Philip 1991). However, for
even steeper slopes, the sensors are expected to measure lower water
contents and higher suctions because of the reduced capillary effects.
45° angle was chosen to demonstrate a steep slope that gives factor
of safety values approaching 1 in the wet season. Lower slope angles
would show similar trends in factor of safety, but with higher
magnitudes.

The nonuniform trends in post-fire soil properties have brought
up two essential questions for a post-wildfire slope stability analy-
sis in forest lands (1) can we rely on single measurements of soil
properties; and (2) can single set of soil parameters measured at a
certain time after the wildfire be used to model the stability over
time?

The first question has been extensively addressed for slope
stability analysis, even though not specifically for forest lands.
Probabilistic models were developed to determine the probability
of failure of the hillslopes rather than performing a deterministic
factor of safety analysis (e.g., Hammond 1992). Such models con-
sider the spatial variation of soil properties and uncertainties in-
volved in field or laboratory testing (Cho 2007, 2010; Das et al.
2017; Griffiths and Fenton 2004; Hazra et al. 2017; Jha 2015; Jiang
et al. 2015; Phoon et al. 2010). To address the second question, an
additional FS analyses was conducted for the 0.5-m dead tree soil
by keeping the October 2019 soil properties constant for the entire
year and the results were compared with the monthly analysis

results (Fig. 11). The general trends remained the same; however,
the factor of safety decreased throughout the year when monthly
parameters were used. For example, in June 2020, the monthly
analysis (gray) shows that the slope is approaching unstable con-
ditions, whereas the constant parameter analysis (black), performed
with October 2019 parameters, shows a stable slope with a factor
of safety nearing 2.0. The results indicate that a slope stability
analysis conducted with soil properties measured immediately after
the wildfire may be misleading for long-term slope stability
assessment.

Conclusions

The time dependent changes in soil properties after the 2019
Williams Flats wildfire and the implication to hillslope stability
were evaluated over a one-year period through laboratory and
in-situ measured soil hydrological and mechanical properties.
The results gave initial evidence that soil properties both at the sur-
face and at 0.5 m depth change over time after a wildfire. Soil water
repellency, organic content, fine content, friction angle, hydraulic
conductivity, and soil water retention behavior were measured over
the year. The water repellency of the surface soil fluctuated from
slightly repellent to strongly repellent. Soil organic content fluctu-
ated between 3.4% and 9.5% for the surface soil and stayed con-
stant between 2.4% and 3.7% for the 0.5-m soil. The fine content of
0.5-m soil increased from 31% in October 2019 to 53% in May
2020, indicated soil perturbation over time. The saturated hydraulic
conductivity fluctuated by two orders of magnitude for the surface
soil and an order of magnitude for the 0.5-m soil. The soil water
retention curve measured each month was different. The friction
angle fluctuated by 11° (between 38.1° and 27.1°) for the 0.5-m
soil. The slope stability analysis performed on a 45° slope sug-
gested that the soil properties measured immediately after the wild-
fire are not representative for long-term slope stability analysis.
Field suction and water content sensors installed near a burned
and an unburned tree demonstrated the effects of evapotranspiration
and macropores (that were created from burnt roots) on hillslope sta-
bility. Sudden increases in pore water pressures upon snowmelt re-
sulted in sudden reduction in slope stability near the unburned tree in
April, whereas saturation gradually increased near the burned tree
starting with snowfall in January, resulting a reduction in slope sta-
bility that could lead to unstable conditions four months before the
live tree location.

Data Availability Statement

Some or all data, models, or code that supports the findings of this
study are available from the corresponding author upon reasonable
request.

Fig. 11. Factor of safety calculated with monthly analysis (bottom)
versus constant parameter analysis with October 2019 parameters
(top) for the 0.5 m soil.
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