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Abstract More than 1100 debris flows were mobilized from shallow landslides during a rainstorm
from 9 to 13 September 2013 in the Colorado Front Range, with the vast majority initiating on sparsely
vegetated, south facing terrain. To investigate the physical processes responsible for the observed aspect
control, we made measurements of soil properties on a densely forested north facing hillslope and

a grassland-dominated south facing hillslope in the Colorado Front Range and performed numerical
modeling of transient changes in soil pore water pressure throughout the rainstorm. Using the numerical
model, we quantitatively assessed interactions among vegetation, rainfall interception, subsurface
hydrology, and slope stability. Results suggest that apparent cohesion supplied by roots was responsible
for the observed connection between debris flow initiation and slope aspect. Results suggest that future
climate-driven modifications to forest structure could substantially influence landslide hazards throughout
the Front Range and similar water-limited environments where vegetation communities may be more
susceptible to small variations in climate.

1. Introduction

Forest structure within the southwestern United States, and perhaps more generally in water-limited areas
across the world, could change dramatically within the 21st century as a result of changing climatic
conditions [Williams et al., 2013]. Changes in vegetation have the potential to substantially modify hydrologic
and geomechanical properties on hillslopes that control slope stability. For example, vegetation influences
slope stability indirectly through interception [e.g., Wilkinson et al., 2002; Keim and Skaugset, 2003], which
changes the total volume and timing at which rainfall reaches the soil surface and potentially by increasing
the effective permeability in the underlying bedrock via root penetration. The root network can also directly
contribute to an apparent cohesion that stabilizes the soil [e.g., Gray and Megahan, 1981; Schmidt et al., 2001].
Variations in slope stability conferred by vegetation have immediate impacts on landslide hazards and may
also affect erosion rates and soil thickness in steep landscapes over longer timescales by influencing the
amount of sediment transported by debris flows [e.g., Gabet and Dunne, 2002]. To accurately assess the rate
and magnitude at which future shifts in vegetation type and density will affect landslide hazards and sediment
transport on steep hillslopes, it is necessary to better quantify the role of vegetation in stabilizing hillslopes
during extreme rainfall events.

In September 2013, a large rainfall event struck the northern Colorado Front Range over a period of 5 days
(9-13 September 2013), during which a historic amount of precipitation fell on the Front Range foothills, in
and around Boulder, CO. Detailed mapping from satellite imagery has identified 1138 debris flows that were
mobilized from shallow landslides [Coe et al., 2014]. Debris flows were observed along a wide swath of the
Colorado Front Range, across an elevation gradient ranging from 1700 m to 4000 m and in regions with cumu-
lative rainfall totals ranging from 50 mm to 300 mm [Coe et al., 2014]. However, 78% of debris flows initiated on
slopes with a south facing aspect [Coe et al., 2014]. In the Colorado Front Range, as well as in many other semi-
arid environments, differences in ecosystem communities [Marr, 1961; Veblen and Donnegan, 2005] and soil
development [Birkeland et al., 2003] can vary substantially on opposing hillslope aspects due to differences in
solar radiation. Because vegetation communities can vary with aspect over very small (<1 km) spatial scales
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within the Colorado Front Range, this storm provided a natural experiment to quantify the relative impor-
tance of different interactions among vegetation and slope stability in a localized study area where rainfall
can be considered relatively uniform.

Understanding the underlying physical processes responsible for the apparent aspect-related control on
debris flow initiation would provide valuable insight into the relative importance of different factors in
determining future landslide hazards. Particularly in water-limited environments, microclimatic differences
between opposing north and south facing hillslopes can be strong enough to influence the development of
soil and bedrock properties over geologic timescales [e.g., Rech et al., 2001; Birkeland et al., 2003; Befus et al.,
2011; Burnett et al., 2008], which can, in turn, affect the spatial distribution of debris flow initiation locations.
To date, several different hypotheses based on slope aspect-driven variations in soil and bedrock properties
have been proposed to explain the observed spatial pattern in landslide locations throughout the Colorado
Front Range but none have been quantitatively tested. Coe et al. [2014] speculate that thinner soils on south
facing slopes may be a potential reason for preferential triggering of debris flows on those slopes. Ebel et al.
[2015] suggested that the increased prevalence of debris flows on south facing hillslopes could be attributed
toincreased bedrock permeability on north facing hillslopes, relative to south facing hillslopes, that prevented
soils on those slopes from becoming saturated. In a recent study, however, Rengers et al. [2016] demonstrated
that landslide initiation points correspond with present-day locations that have a low vegetation density
regardless of slope aspect. Still, given that vegetation can influence slope stability by intercepting rainfall,
modifying bedrock properties via root-driven mechanical weathering, or by providing apparent soil cohesion,
the underlying physical cause(s) that led to the observed pattern between debris flow initiation and slope
aspect remains unexplained.

In this study, we use a combination of field measurements, laboratory analyses, and numerical modeling
of slope stability to test the above hypotheses that explain the stability of vegetated, north facing slopes
relative to less-vegetated, south facing slopes. In addition, we perform a series of numerical model simula-
tions to isolate the importance of the hydrologic effects of vegetation relative to its geomechanical effects
during the studied rainstorm. In particular, we test the hypotheses that greater landslide densities on south
facing relative to north facing slopes resulted from (1) the presence of thinner soils on south facing slopes,
(2) increased bedrock weathering, and therefore increased bedrock permeability, on north facing slopes,
(3) increased rainfall interception on north facing slopes, and (4) increased root reinforcement on north
facing slopes.

2, Study Area

This study focused on a 0.25 km? area adjacent to the North Saint Vrain Creek near Allenspark, CO (Figure 1).
The study area, located at approximately 2300-2500 m in elevation, lies within the montane ecological zone
[Veblen and Donnegan, 2005] and is underlain by granitic rocks [Green, 1992]. North facing hillslopes are cov-
ered by a dense forest of ponderosa pine (Pinus ponderosa) and Douglas fir (Pseudotsuga menziesii) while
south facing hillslopes support grass with a few small shrubs (Figure 1). Fifteen debris flows were mobilized
from shallow landslides in the portion of the study area consisting of south facing slopes greater than >25°
(0.12 km?). Only two debris flows occurred on the corresponding north facing slope, which equates to a land-
slide density of 54 landslides/ km? (roughly 2.5 times lower than the density on the south facing slope) when
only considering the area with slope angles above 25°.

3. Methods

3.1. Numerical Model

Numerical modeling of subsurface flow was performed using Hydrus-1D [Simunek et al., 2005]. Hydrus-1D,
which solves Richards equation within a one-dimensional soil column, was used to compute the time-varying
pressure head and moisture content in response to rainfall throughout the storm event. Input parameters
for the numerical model are based on in situ measurements made at the field site, laboratory analyses of
soil samples, and values obtained from the literature as described in more detail in section 3.2. The model
domain consists of a homogeneous layer of soil (constrained by field measurements) underlain by a uniform
layer of bedrock, which extends down to a depth of 3 m and is allowed to drain in the vertical direction.
We assume that any downslope drainage of water out of the one-dimensional soil column is compensated
for by upslope water input. We chose the Hydrus-1D model because it is complex enough to represent the
essential processes (transient changes in pore pressure within variably saturated soil), is capable of ingesting
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Figure 1. (a) The study area is located several miles northeast of Allenspark, CO, at an elevation of approximately
2300-2500 m. Landslide locations are marked by dots, with red dots indicating the locations of two scarps where soil
samples were taken for geotechnical analyses. (b) South facing hillslopes support grass and shrubs while north facing
hillslopes are heavily forested. (c) Photographs looking upslope at a typical landslide scarp on the south facing hillslope
and (d) the north facing hillslope.

the field measurements as input data, and simple enough that there are not a large number of unconstrained
parameters.

We assessed slope stability using an infinite slope stability model, or the ratio of the net downslope driving
force to the resisting force holding the soil column in place assuming an infinite slope with a constant gradient,
given by Lu and Godt [2008]
FS=%+ﬁ—;—;(tan0r+cotmtan¢ (1
A factor of safety (F,) below 1 indicates that the slope is unstable. Here 6, denotes the topographic slope
angle, C = C; + C, is the bulk cohesion, C; is the cohesion attributable to soil properties, C, is the cohesion
attributable to roots, h is soil thickness, y, is the unit weight of the soil, and ¢ is the friction angle. Letting 6
denote soil water content at saturation, 6, the residual soil water content, y,, the unit weight of water, and y
the pressure head, the suction stress (o) is defined as
6 -6,
K-y
Cohesion attributable to roots, C,, is estimated at our study area based on previously published data for
the relevant vegetation type. The basal reinforcement due to grass, which dominates on the south facing
portion of the study area, is approximately 1.6-2.1 kPa [Schmidt et al., 2001], whereas values in the range
C, ~ 2.8-6.2 kPa [Gray and Megahan, 1981] are more appropriate for the pine and fir forest on the north fac-
ing hillslope. We use the mean slope angles for north and south facing hillslopes at our study site, 6, = 32°
and 6, = 28°, respectively, as representative slope angles to compute the factor of safety.

Yy (2)

Fifteen minute rainfall intensity (R) during the storm was computed using data from the rain gage at Big Elk
Park, operated by the Urban Drainage and Flood Control District, located approximately 2 km from the study
site. To account for interception from the dense forest on the north facing hillslope, the effective rainfall rate
(R;) was computed using the Rutter interception model [Rutter et al., 1972, 1975],

R =pR+D 3)
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where p is the throughfall coefficient, D = k exp (g(f — S)) is the rate at which water drains from the canopy,
is the amount of water stored in the canopy, S is the canopy capacity,andg = 3.9mm™" andk = 5-108ms™'
are empirical coefficients. Based on best fit values obtained by Rutter et al. [1972, 1975] for a pine forest,
we let p = 0.25 and S = 1.05 mm. As it rains, the amount of water stored in the canopy varies with time (t)
according to

B_ . P
— =(-pR-D-CE )

where E~ 0.6 mm h~' is the evaporation rate, computed using meteorological data from the Denver
International Airport and an approximation to the Penman equation [Teklehaimanot and Jarvis, 19911].

To explore the various ways in which vegetation may have increased the stability of the north facing hillslope
at our study area relative to the south facing hillslope, we performed model simulations for several differ-
ent scenarios. On north facing hillslopes, we assessed the relative importance of interception by performing
model experiments using the unmodified rainfall intensity, R, as well as R; as input. Similarly, we examined the
impact of bedrock weathering on the north facing hillslope by modifying the values for saturated hydraulic
conductivity, ky,, and soil moisture content at saturation, 6, within the bedrock layer to be consistent
with varying degrees of weathered granitic rock. In particular, based on the values measured by Katsura et al.
[2009], we let ky, = 107 m s™" and 6, = 0.2 represent highly weathered bedrock and let k,, = 107 m s~
and 8, = 0.15 represent relatively unweathered bedrock. Lastly, we isolate the impact of apparent root cohe-
sion on slope stability by comparing model results with and without including apparent cohesion due to root
reinforcement in the factor of safety calculation.

Since there is minimal vegetation on the south facing hillslope relative to the north facing hillslope, we did not
perform the same sensitivity analysis for the south facing hillslope. For model experiments on the south facing
hillslope, we assume that interception is negligible and that there is a small amount of root reinforcement,
consistent with the presence of grass and shrubs. However, since bedrock permeability is an unknown at our
study area, we assessed its potential influence on slope stability on the south facing hillslope by varying ki,
and 6, in the bedrock layer as was done with the simulations for the north facing slope.

We performed model simulations using inputs for soil thickness (h) and soil saturated hydraulic conductivity
(k,) that are given by the mean of the values measured in the field for north and south facing hillslopes.
To assess uncertainty in the model solution, we performed simulations for all of the different modeling sce-
narios using saturated hydraulic conductivities and soil thickness values corresponding to the lower (Q,) and
upper (Q;) quartile values of the measurements. By varying soil thickness within the simulations, we were
also able to assess the role of soil thickness in contributing to the prevalence of landslides on the south facing
hillslope.

3.2. Field Measurements and Laboratory Analyses

Input parameters for the numerical model were constrained from field measurements of soil thickness and
saturated hydraulic conductivity, as well as laboratory measurements of particle size distributions and soil
strength. We made estimates of soil thickness at landslide locations by measuring the depth to the failure
plane, which corresponded to the bedrock interface in all cases. Measurements of soil thickness on both hill-
slopes were supplemented by excavating pits (over an area approximately T m by 1 m) to the point of refusal
and also by drilling to bedrock with a portable backpack drill. A total of 18 and 11 soil thickness measurements
were made on the south and north facing portions of the study area, respectively.

Infiltration measurements were made near soil pit locations using a tension infiltrometer after brushing away
any surface litter, yielding 17 measurements on the south facing hillslope and 17 on the north facing hillslope.
The cumulative volume infiltrated was recorded as a function of time and then used to calculate the saturated
hydraulic conductivity following the methodology of Zhang [1997].

The internal friction angle and apparent soil cohesion (C,) were obtained from the results of torsional ring
shear tests performed using sediment samples taken from one scarp on the south facing hillslope and one
scarp on the north facing hillslope. Soil samples used for geotechnical analyses were taken approximately
halfway between the failure plane and the surface. Soil texture information was obtained through particle size
analysis of samples taken from the surface and from halfway between the surface and the bedrock interface.
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Table 1. Model Parameter Values Used in Numerical Simulations of Subsurface Flow and Slope Stability at the North
Saint Vrain Study Site?

Symbol Unit Definition Value (North) Value (South) Source
h m Mean soil thickness 0.64 0.56 M
k, ms™! Saturated hydraulic conductivity 5.83-107° 1.53-107 M
0 = Saturated volumetric water content 0.41 0.41 L
0, = Residual volumetric water content 0.065 0.065 L
a m~! Parameter in soil water retention function 7.5 7.5 L
n = Exponent in soil water retention function 1.89 1.89 L
s deg Static angle of friction for sediment 31 29 M
(@ kPa Apparent cohesion in absence of roots 0 0 M
G kPa Apparent cohesion from vegetation 2.8-6.2 1.6-2.1 L
0, deg Representative hillslope angle 32 28 M
kg ms™! Saturated hydraulic conductivity (bedrock) 1076-107° 1076-107° L
Osp = Saturated volumetric water content (bedrock) 0.15-0.2 0.15-0.2 L

3The letters L and M refer to values that were inferred from the literature and derived from measurements or laboratory
analyses of sediment from our study site, respectively. Values for 6, a, and n were obtained from Carsel and Parrish
[1988], values for C, are from Schmidt et al. [2001] and Gray and Megahan [1981], and ranges for kg, and 6, are from
Katsura et al. [2009].

4, Results

Soil properties vary between the north and south facing hillslopes within our study area (Table 1) but are
qualitatively similar in many ways. Soils on both hillslopes are shallow, gravelly, and show little signs of
horizonation. Mean soil thickness on the south facing hillslope is 0.56 m, with an interquartile range of
0.43-0.61 m, compared with a mean of 0.64 m and an interquartile range of 0.48-0.73 m on the correspond-
ing north facing hillslope. North facing hillslopes typically have several centimeters of surface litter and dark
organic matter. Based on the particle size distributions obtained near the surface and halfway between the
surface and the bedrock interface, soils on north and south facing hillslopes can be classified as sandy loams.

Soils on the north facing hillslope have a mean saturated hydraulic conductivity of k, = 21 mm h~" with an
interquartile range of 11-24 mm h~'. Saturated hydraulic conductivities on south facing hillslopes are higher,
having a mean of k, =55 mm h~'! and an interquartile range of 30-86 mm h~'. Torsional ring shear tests
revealed that soils on the north facing hillslope have a friction angle of ¢ =31 + 1°, slightly higher than
the value of ¢ = 29 + 1° on the south facing hillslope. Soils on both hillslopes have negligible soil cohesion
(e, C, = 0).

Numerical model results are consistent with observations at our study area of widespread landslide initia-
tion on the south facing hillslope and only two landslides on the north facing hillslope. On the south facing
slope, the model-simulated factor of safety decreases over time to a value less than 1, indicating that the soil
column becomes unstable (Figure 2b, black lines). A model sensitivity analysis revealed that simulated south
facing slopes become unstable for a wide range of soil depths (from Q, =0.43 to Q; = 0.61 m) and saturated
hydraulic conductivities (from Q,; = 30 to Q; = 86 mm h~"). The simulated factor of safety corresponding to
the most and least stable of the above cases with variable soil thickness and saturated hydraulic conductivities
are presented in Figure 2 (gray lines). In contrast, the simulated factor of safety on the north facing hillslope
is always greater than 1, indicating stable conditions, when cohesion from the root network is included in
the calculation (Figures 2c and 2f). The model sensitivity analysis confirms that simulated north facing slopes
remain stable for C, > 4.5 kPa, which is within the range of C, values that can be expected for a pine and fir
forest (Table 1), when assigned values of soil thickness and saturated hydraulic conductivity are within the
interquartile range of the measured values (Figures 2c and 2f, gray lines).

Additional simulations performed on the north facing slope in the absence of apparent cohesion from veg-
etation demonstrate that the process of interception delays the onset of conditions that are conducive to
slope failure by several hours but does not prevent the model-simulated factor of safety from falling below
1 (Figure 2). Accounting for interception reduces the total depth of water reaching the ground surface from
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Figure 2. Slope stability on north and south facing hillslopes varies with time and depends on interception processes,
bedrock properties, and apparent cohesion. (a) Effective rainfall rate, with and without interception, as a function

of time since the start of the storm. Model-simulated factor of safety (based on the hydrologic conditions at the
soil-bedrock interface) throughout the storm on north and south facing hillslopes for cases (c,e) with and (b,d, and f)
without the effects of interception. There are several different solutions for each scenario. The upper black line
corresponds to the case where the underlying bedrock is highly weathered and the lower black line corresponds to the
case where the bedrock is not substantially weathered. Gray lines show how the factor of safety varies with soil
thickness and saturated hydraulic conductivity values that are within the interquartile range of measured values.

333 mm to 283 mm. Interception substantially modifies the effective rainfall rate during portions of the storm
where intensities are relatively low, but has a comparatively small influence on the effective rainfall rate when
intensity is high (Figure 2a).

The role of bedrock permeability appears to be more influential than the process of interception during
the studied event. High positive pore pressures dissipate slightly faster in cases where the bedrock is more
weathered relative to when it is less weathered, allowing the factor of safety to slowly increase between
periods of intense rainfall (Figure 2). Still, in the absence of apparent cohesion from root reinforcement, not
even the combined effects of interception and a highly permeable bedrock lead to a scenario where north
facing hillslopes remain stable throughout the storm (Figure 2e). North facing hillslopes do remain stable,
however, as long as the apparent cohesion from root reinforcement is greater than ~4.5 kPa. This effect is
observed even in the absence of interception and the presence of bedrock with a low saturated hydraulic
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conductivity (Figure 2). Numerical simulations indicate that the factor of safety on north facing hillslopes
would remain greater than 1 until the hillslope angle, 6,, exceeds ~35°. No landslides were triggered on the
north facing slope in our study area at angles less than 35°; the two landslides on the north facing hillslope
occurred on slopes of ~36°-38°.

5. Discussion

Measurements of soil thickness and hydraulic properties at our study site demonstrate that north and south
facing hillslopes have developed differently, likely as a result of microclimatic differences induced by slope
aspect. However, numerical model simulations of changing pore pressure and slope stability throughout
the rainstorm suggest that the measured variations in soil properties between north and south facing hill-
slopes at our study area are insufficient to account for the preponderance of landslide initiation locations
on south facing hillslopes. More precisely, if vegetation were not a factor (i.e., no interception and no root
reinforcement), model results indicate that debris flows would have been likely on both north and south fac-
ing slopes whereas extensive slope failure only occurred on the south facing hillslope (Figure 2). Our results
support those of Rengers et al. [2016], who concluded that vegetation, and not aspect-driven variations in soil
thickness or bedrock weathering, controlled slope stability during the September rainstorm.

Using the numerical model, we were also able to explore how variations in vegetation and soil thickness influ-
enced slope stability during the studied rainstorm. Variations in rainfall interception due to a dense forest on
the north facing hillslope do not appear to have substantially reduced the risk of landsliding on those slopes
relative to the hypothetical scenario where no interception would have occurred (Figure 2). Canopy intercep-
tion is generally most effective during small rainfall events compared to large rainfall events (e.g., Reid and
Lewis, 2009) and is likely to have only minor impacts on slope stability during long, intense rainstorms [Sidle
and Ziegler, 2016]. Modeling of interception and slope stability at our study area suggests similar behavior,
with interception only substantially modifying the delivery of water to the soil surface during low-intensity
portions of the storm (Figure 2a). As such, results may differ from those seen here in environments where
landslides are triggered by rainfall intensities that are comparatively small [e.g., Godt et al., 2009].

Numerical model results further indicate that the presence of more permeable bedrock on the north fac-
ing hillslope in our study area would not have reduced pore water pressure sufficiently to stabilize soil on
the north facing hillslope (Figure 2). Additional reinforcement in the form of apparent cohesion provided by
tree roots on the north facing hillslope, however, would be sufficient to stabilize those slopes throughout the
storm (Figure 2). Furthermore, model sensitivity analyses indicate that soils on south facing slopes would have
become unstable for a range of assigned thicknesses and saturated hydraulic conductivity values (Figure 2f).
Therefore, while differences in soil thickness may have played a role in determining slope failure locations, it
is unlikely that variations in soil thickness alone were sufficient to explain the observed increased frequency
of landslides on south facing hillslopes. We attribute the overall stability of north facing hillslopes relative to
south facing hillslopes at our study area to be the result of apparent cohesion supplied by the dense pine
and fir forest. More generally, since the model-simulated factor of safety is far less sensitive to variations in
interception and bedrock permeability than to changes in apparent cohesion and Rengers et al. [2016] demon-
strated a link between areas of low vegetation density and landslide locations, results suggest that spatial
variations in root reinforcement were responsible for controlling the observed spatial pattern in landslide
initiation locations throughout the Colorado Front Range.

Incorporation of apparent root cohesion into a one-dimensional infinite slope stability analysis is complicated
by the assumptions required to transform the stabilizing effects of a three-dimensional root network into an
equivalent basal shear stress [e.g., Lu and Godt, 2013]. In this study, we base our choice of C, on prior studies
[Gray and Megahan, 1981; Schmidt et al., 2001], but acknowledge that any one-dimensional framework for
quantifying the geomechanical effects of roots on slope stability may introduce more uncertainty relative to
the framework used to model the hydrologic effects of vegetation. Most importantly for the purposes of this
study, however, spatial variations in interception, soil thickness, and bedrock permeability can be reasonably
ruled out as being the controlling factor on the spatial distribution of landslides within our study area. Given
that variations in apparent root cohesion between north and south facing slopes are of the proper magni-
tude to generate the observed aspect dependence on debris flow initiation locations (Figure 2), apparent
root cohesion provides the most likely explanation for the stability of north facing slopes relative to south
facing slopes.

MCGUIRE ET AL.

SHALLOW LANDSLIDES 9090



@AG U Geophysical Research Letters

10.1002/2016GL070741

Acknowledgments

We thank Georgina Bennett and

an anonymous reviewer for helpful
comments that improved the

quality of the manuscript. All

data used in this paper are

available upon request. This work
was supported by the U.S. Geological
Survey (USGS) Landslide Hazards
Program. Any use of trade, product, or
firm names is for descriptive purposes
only and does not imply endorsement
by the U.S. Government.

While root reinforcement and its effects on slope stability, assuming other factors remain unchanged, are well
established [e.g., Wu et al., 1979; Gray and Megahan, 1981; Schmidt et al., 2001; Roering et al., 2003], direct com-
parisons between the stability of forested and unforested slopes are complicated in many natural settings by
the coevolution of vegetation and soil properties. Since vegetation provides slope stability through root rein-
forcement and both soil properties and vegetation can influence hydrologic processes, it is difficult to isolate
the importance of the geomechanical effects of vegetation relative to its hydrologic effects when assessing
landslide susceptibility on a regional scale. However, evaluating the importance of the geomechanical effects
of vegetation on slope stability relative to its hydrologic effects has important implications for developing
robust assessments of how landslide hazards will change in response to disturbance events and differ-
ent climate scenarios. Because the vegetation properties that determine the effectiveness of interception
(e.g., canopy storage and drip rate) are not directly related to the factors that determine the magnitude of root
reinforcement (e.g., root density and diameter), it is possible for a conversion in vegetation type to modify the
typical magnitudes of canopy interception and root reinforcement in different, and perhaps opposite, ways.
Moreover, a change in canopy cover reduces interception immediately following a severe wildfire whereas
root reinforcement may change over longer timescales of years to decades following such disturbance events
[Schmidt et al., 2001; Jackson and Roering, 2009].

Our analysis suggests that the root reinforcement provided by vegetation on north facing hillslopes was pri-
marily responsible for stabilizing soil on those slopes, which led to a dramatic disparity in debris flow initiation
between north and south facing slopes during the September 2013 rainfall event, whereas the impact of
vegetation on slope stability through its effects on interception and bedrock permeability were compara-
tively minor. While present-day vegetation patterns in the Colorado Front Range, and throughout much of the
semiarid southwestern U.S., currently overlie a landscape where soil development and bedrock weathering
(both of which affect slope stability) have developed over much longer time scales, our analysis suggests land-
slide susceptibility is primarily governed by the local, geomechanical effects of vegetation during extreme
rainfall events. Therefore, regional scale analyses of slope stability that aim to predict the spatial distribution
of landslides throughout the landscape could be substantially improved by characterizing spatial variations
in vegetation type and density. Additionally, evaluations of landslide hazards under future climate change
scenarios should account for associated changes in vegetation communities, particularly with respect to how
they may influence root reinforcement.

6. Conclusions

Aspect-driven variations in vegetation type and density within the Colorado Front Range allowed for a
detailed study of the role of vegetation in controlling landslide initiation during an extreme rainfall event.
We analyzed the relative importance of different interactions among vegetation, subsurface hydrology, and
slope stability using a combination of direct field measurements, laboratory analyses, and numerical model-
ing. Numerical model results indicate that apparent cohesion provided by the root network was the primary
reason for the stability of north facing slopes relative to south facing slopes. Results highlight the importance
of root reinforcement relative to other factors that may also be influenced by the presence of vegetation,
such as interception and bedrock permeability, during extreme rainfall events. Further, results suggest that
future landslide hazards throughout water-limited portions of the western U.S. may be particularly sensitive
to anticipated perturbations in forest structure as a result of climate change.
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