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Abstract Ppost-wildfire changes to hydrologic and geomorphic systems can lead to widespread
sediment redistribution. Understanding how sediment moves through a watershed is crucial for assessing
hazards, developing debris flow inundation models, engineering sediment retention solutions, and
quantifying the role that disturbances play in landscape evolution. In this study, we used terrestrial and
airborne lidar to measure sediment redistribution in the 2016 Fish Fire, in the San Gabriel Mountains

in southern California, USA. The lidar areas are in two adjacent watersheds, at spatial scales of 900 m?

to 4 km?, respectively. Terrestrial lidar data were acquired prior to rainfall, and two subsequent surveys
show erosional change after rainstorms. Two airborne lidar flights occurred (1) 7 months before, and

(2) 14 months after the fire ignition, capturing the erosional effects after rainfall. We found hillslope
erosion dominated the overall sediment budget in the first rainy season after wildfire. Only 7% of the total
erosion came from the active channel bed and channel banks, and the remaining 93% of eroded sediment
was derived from hillslopes. Within the channelized portion of the watershed erosion/deposition could
be generally described with topographic metrics used in a stream power equation. Observed sediment
volumes were compared with four empirical models and one process-based model. We found that the
best predictions of sediment volume were obtained from an empirical model developed in the same
physiographic region. Moreover, this study showed that post-wildfire erosion rates in the San Gabriel
Mountains attain the same magnitude as millennial time scale bedrock erosion rates.

Plain Language Summary Debris flows are mixtures of water and sediment that move
swiftly downhill, damaging property and threatening lives. Rainfall on steep mountainous slopes burned
by wildfire can generate these debris flows, creating a substantial risk. It is difficult to create evacuation
plans or to build appropriate mitigation structures to capture debris flow sediment downstream of steep,
burned slopes if we don’lI't know how to estimate the volume of sediment that might flow downhill.

This study uses observations of erosion and deposition in a burned watershed to calculate the volume

of sediment moved, and to map where the sediment was removed and deposited. We compared the
observations with known models to test the model predictions. We found that most of the sediment was
moved from hillslope areas, and then redeposited downstream in low-lying areas of the channel, primarily
downstream of the mountain front.

1. Introduction

Wildfire creates conditions that are favorable for water runoff and sediment transport. For example, infil-
tration is often reduced after wildfire due to enhanced water repellant conditions (DeBano, 2000; DeBano
et al., 1979), hyper-dry conditions (Moody & Ebel, 2012), and/or surface soil sealing (Larsen et al., 2009). In
addition, more rainfall can reach the forest floor when the canopy burns because of a loss of interception
(Valente et al., 1997). Water runoff is increased by a lack of ground cover (e.g., vegetation, litter, and duff),
resulting in reduced water storage (Larsen et al., 2009; Parise & Cannon, 2012) and lower roughness (Cerda
& Doerr, 2005; Liu et al., 2021; Noske et al., 2016). Additionally, wildfire can propagate high temperatures
into the soil (Rengers et al., 2017) making soil more erodible (Moody et al., 2005) by killing fine roots
(Busse et al., 2010; Chief et al., 2012; Hungerford et al., 1991; Nyman et al., 2013), destroying expansive
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clay particles (Arocena & Opio, 2003; Chandler et al., 1983; Fitzpatrick, 1980; Ulery et al., 1996), and killing
soil stabilizing bacteria and fungi (DeBano et al., 1979). Wildfire-induced changes to soils and vegetation
thus collectively increase water runoff and sediment availability. Because these post-wildfire conditions are
conducive to sediment transport, burned watersheds often produce substantially more erosion during rain-
fall than nearby unburned watersheds. Post-wildfire erosion has even been found to generate the majority
of long-term erosion in some mountain systems (Kirchner et al., 2001; Ellett et al., 2019; Orem & Pelle-
tier, 2015). Consequently, understanding how fire influences both short-term hazards, such as debris flows
(Cannon, 2001; Cannon & DeGraff, 2009; Cannon et al., 2003; Kean et al., 2011, 2012; Nyman et al., 2011;
Palucis et al., 2021), and longer-term geomorphic changes to the landscape (Meyer et al., 1992; Pierce &
Meyer, 2008), requires datasets that quantify the spatial redistribution of sediment through hillslope-chan-
nel systems following fire.

The coupled hillslope and channel system in a watershed develops over geologic time, balanced by the
tectonic and climatic forces of a region (e.g., Tucker et al., 2001), but the short-term effects of wildfire can
alter the geomorphic processes that determine the sediment budget in that system. Conceptually, sediment
moves through hillslopes and channels via sediment cascades (Fryirs, 2013). Sediment cascades represent
the diversity of sediment delivery systems in a watershed (e.g., hillslope diffusion, landsliding, overland
flow), where sediment moves from positions of high potential energy to low potential energy. Low sloping
landforms such as hillslopes, colluvial hollows, channel bars, floodplains, and terraces can act as sediment
reservoirs (Bennett et al., 2014) to store sediment, and on steep hillslopes vegetation stems/trunks can also
serve to dam and store sediment (DiBiase & Lamb, 2013). The sediment cascade conceptual model creates a
useful framework to explore and describe wildfire-induced changes. The sediment cascade is composed of
geomorphic process domains (Wohl, 2010) that operate at different spatial scales [e.g., rainsplash (Gabet &
Dunne, 2003; Moss, 1988; Moss et al., 1979) at 1 X 10" m to debris flows (Kean, Staley, et al., 2019; Prochas-
ka, Santi, Higgins, & Cannon, 2008) at 1 X 10° m] and temporal scales [e.g., nearly instantaneous dry-ravel
during fire (DiBiase & Lamb, 2013) to landslides years to decades after wildfire (De Graff, 2018; Jackson &
Roering, 2009; Rengers et al., 2020)].

Research over the past few decades has provided insight into the geomorphic processes that make up the
sediment cascade after wildfire, and that work can be used to develop a general conceptual understanding
of sediment movement in burned watersheds. At the hillslope scale, fire can burn temporary vegetation
dams, creating gravitationally unstable conditions such that dry ravel moves sediment downhill, leading to
aggradation on low angle slopes or in channels (DiBiase & Lamb, 2013, 2020; Florsheim et al., 1991, 2016;
Gabet, 2003; Lamb et al., 2011). Rainfall on burned slopes contributes to a range of sediment transport
processes on hillslopes facilitated by raindrop impact, sheetflow, and concentrated overland flow (e.g., rills;
McGuire et al., 2016; DeLong et al., 2018). Rills are small channelized erosional features often <10 cm in
depth that form through overland flow incision, but can be infilled through deposition and often do not re-
form in the same location (Bull & Kirkby, 1997; McGuire et al., 2013). Rills are more efficient at transporting
sediment than sheetflow because the channelized flow that develops within a rill creates greater hydraulic
power than that on an unchannelized hillslope (Meyer et al., 1975; Pietraszek, 2006). Prior studies have
documented that a majority of sediment on hillslopes is eroded via dry ravel, rainsplash, rilling, and/or
sheetflow erosion (DiBiase & Lamb, 2020; Rengers, Tucker, Moody, et al., 2016; Staley et al., 2014).

The transition from hillslopes to channels occurs at channel heads (Dietrich & Dunne, 1993). Following
wildfire, channel heads can migrate upstream (Wohl, 2013; Wohl & Scott, 2017), as colluvial hollows become
sites for gully rejuvenation (Hyde et al., 2007, 2014) scouring into defined channels (Guilinger et al., 2020;
Rengers, Tucker, Moody, et al., 2016; Rengers et al., 2018). Gullies are incisional channels subject to ephem-
eral flow that migrate upstream through headcut erosion (Rengers & Tucker, 2015), but unlike rills they are
not rapidly infilled and can persist on a landscape for decades or longer (Rengers, Lunacek, & Tucker, 2016;
Rengers & Tucker, 2014; Rengers et al., 2016). This extended channel network increases connectivity be-
tween hillslopes and channels (e.g., Wester et al., 2014). Coarse sand and gravel moved from hillslopes into
the channel network (Brogan et al., 2017, 2019) continue downstream via bedload transport in subsequent
flows (Moody & Martin, 2001; Reneau et al., 2007). During high intensity rainfall, sediment concentrations
can become sufficiently high to generate debris flows via progressive entrainment or en masse failure of
channel bed sediment (McGuire et al., 2017) transporting high volumes of sediment through a channel
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network (Cannon et al., 2010; DeLong et al., 2018; Gartner et al., 2014; Nyman et al., 2020; Pelletier &
Orem, 2014; Santi et al., 2008). Here we define debris flows as water-sediment mixtures with sediment
concentrations exceeding 50% by volume, that flow under the force of gravity (e.g., Iverson, 1997). Finally,
the sediment moved during these flows can deposit downstream as alluvial fans (Benda, 1990; Benda &
Dunne, 1997; Ellett et al., 2019; Jordan, 2016; Kean, Staley, et al., 2019; Meyer & Wells, 1997) or within a
dendritic channelized network (Murphy et al., 2019; Nyman et al., 2020; Pelletier & Orem, 2014).

In this study, we explored the spatial patterns and controls on erosion and deposition at the watershed
scale (4.2 km?) using two airborne lidar datasets, one obtained before a wildfire and the second obtained
after a series of debris flow and flood-producing rain events. These watershed scale observations were fur-
ther augmented by repeat terrestrial lidar data at the hillslope scale (900 m?) that were used to document
centimeter-scale changes during rain events. Using this combination of airborne and terrestrial lidar data,
we investigated how spatial patterns of erosion/deposition change at different scales in burn areas. From
this dataset, we focused our study on two primary research questions. (1) What are the dominant erosion
sources and deposition sinks that lead to the spatial reorganization of sediment throughout the landscape?
(2) How does the observed volume of sedimentation compare to the volume predicted by existing models?

These two research questions allow us to focus on important knowledge gaps, that is, the geomorphic con-
trols on the source-sink of post-wildfire sediment and the volume of that sediment redistribution. To ad-
dress question 1, we explored the role of topography (i.e., slope and drainage area) in determining the
source-sink patterns of sediment at the watershed scale. Using the combined lidar data, we constrained
sediment yield as a function of drainage area within the study watershed. We also placed the observed
post-wildfire erosion rates within a context relevant to landscape evolution using observations of long-term
erosion rates in the San Gabriel Mountains. Question two offered an opportunity to test observations of
spatially continuous, post-wildfire sediment redistribution against several post-wildfire erosion models.
Specifically, we compared our observations with sediment volumes predicted from models developed from
(i) post-wildfire debris flows observations in southern California (Gartner et al., 2014) and New Mexico (Pel-
letier & Orem, 2014), (ii) post-wildfire erosion observations from across the western U.S. (Wagenbrenner &
Robichaud, 2014), (iii) a post-wildfire sediment budget study tracking sediment from debris flow-producing
headwaters into a fluvially dominated river system in Australia (Nyman et al., 2020), and (iv) the widely
used process-based WEPP model (e.g., Robichaud et al., 2019). A better understanding of the best approach
for predicting post-wildfire sediment volumes is important to early warning systems (e.g., NOAA, 2005),
although we recognize that the best post-wildfire volume equations may be regionally dependent and this
study only evaluates one location in southern California.

2. Study Site

The study site is located in the front range of the San Gabriel Mountains, southern California, USA, near the
San Gabriel River, and was burned by the 2016 Fish Fire (part of the San Gabriel Complex) that started on
20 June 2016 and was contained by 23 July 2016 (Figure 1). The study site has a Mediterranean climate, with
the majority of precipitation occurring in the winter months, followed by dry summer months (Bull, 1991).
The mean annual precipitation at the site ranges from 600 to 950 mm (PRISM Climate Group Oregon State
University, 2004). The winter rainstorms in southern California that result in post-fire debris flows are
often associated with atmospheric river-type storms (Oakley et al., 2017) or narrow cold frontal rain bands
(Oakley et al., 2018).

This study site is predominantly composed of tonalite of San Gabriel Reservoir (Cretaceous age) and lay-
ered gneiss (Proterozoic age; Morton & Miller, 2003) and is uplifting rapidly, which produces steep slopes
(Bull, 1991) with shallow soils (DiBiase et al., 2010). The soils at the study site are typically composed of
gravelly sandy loams (U.S. Department of Agriculture, 2020), and the soil depth is typically <50 cm, based
on observations at shallow landslide scarps (Rengers et al., 2020).

We established hydrologic monitoring stations in two watersheds within the burn area, Las Lomas (0.12 km?)
(Kean, Smith, et al., 2019; Tang et al., 2019) and Van Tassel (4.2 km?) (Michel et al., 2019; Figure 1) that
recorded a series of debris flows and floods in the time period between the two airborne lidar surveys. The
watersheds were primarily composed of a chaparral ecosystem prior to the fire, which burned at moderate
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Figure 1. (a) Location of the study site within the state of California, USA. (b) Site map where star represents location of the terrestrial lidar plot and triangle
represents the Van Tassel rain gage. The base map is Digital Globe imagery from September 18, 2018. (c) Timeline of lidar acquisition, wildfire duration, and
rainfall intensity.

to high severity as defined by Parsons et al. (2010) throughout the majority of the study area (>80% of the
Van Tassel watershed and >52% of the Las Lomas watershed). The Van Tassel watershed is used to explore
erosion at a large watershed scale in this study, whereas more focused measurements of hillslope erosion
are explored in the Las Lomas watershed in an area burned 100% at moderate to high severity. Analyzing
these different locations as a nested analysis is comparable because these areas are similar in location, li-
thology, climate, tectonic history, and ecosystem, and were burned during the same fire.

3. Methods
3.1. Lidar Acquisition and Processing

We obtained repeat lidar datasets from both airborne and terrestrial platforms to show the evolution of
erosion and deposition of the burned area at different scales. Airborne lidar was flown over the study area
by Los Angeles County prior to the fire between December 20, 2015 and March 8, 2016. A second flight was
commissioned by the U.S. Geological Survey (USGS) after the fire, and it was flown between August 11 and
24,2017. The airborne lidar point clouds were both referenced to the horizontal datum NAD83 UTM Zone
11N, and NAVD88 was used as the vertical datum. The average point density of the ground-return points for
the airborne lidar surveys is 2.8 pts/m>.
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We estimated erosion and deposition in the Van Tassel watershed from the vertical elevation change in the
airborne lidar point clouds (e.g., Bernard et al., 2020). This point cloud change difference was estimated
using the vertical option with the M3C2 software (Lague et al., 2013). M3C2 requires a projection scale (d)
to establish the diameter of a moving cylinder. Using the guidance in Lague et al. (2013), we chose d =3 m
because a cylinder of that diameter would capture at least five points for 95% of the point cloud area in both
point clouds. In addition, M3C2 also requires a normal scale D that defines the size of a spherical neighbor-
hood around each core point, and Lague et al. (2013) found that D can be estimated using:

25
od) »

where o(d) represents the slope-normalized standard deviation of elevation, which serves as a proxy for
roughness. We found that D = 2 m best enforces the ratio for both point clouds over 96% of the point cloud.
Finally, a maximum depth is required for M3C2, and here we used 10 m. We subsequently gridded the ver-
tical change point data to a raster with 0.5 X 0.5 m pixel spacing, and we estimated volumes by multiplying
the pixel area by the vertical change in each pixel.

In order to estimate lidar data uncertainty, we compared before/after digital elevation models (DEMs) at
transects along stable features (roads) following the methods of DeLong et al. (2012). We extracted four
transects perpendicular to different roads, using two paved roads (outside of the Van Tassel watershed)
and two dirt roads (located within the Van Tassel watershed) as stable features for comparison. The dirt
road transects have greater topographic relief and highlight errors in registration based on terrain slope
effects better than the paved roads alone. The maximum change in the stable features was considered as our
registration error. In addition, we estimated the point cloud uncertainty level of detection (LoD) based on
roughness and point density at a 95% confidence interval (LoDys(d)) using James et al. (2017):

o) | oy’

n )

LoDos(d) = +1.96 )

where 0,(d) and o,(d) are the roughness of the two different point clouds and n; and n, are the number of
points in the two different point clouds. Finally, we excluded change data in areas that were steeper than 45°
because in this mountain range those areas are largely bedrock outcrops (DiBiase et al., 2012).

A series of three terrestrial laser scanner (TLS) surveys were conducted on a 900 m? hillslope portion of the
Las Lomas watershed using a Leica ScanStation C10 within a four-month period (Figure 1 shown as a star;
McGuire & Rengers, 2019; Rengers & McGuire, 2018; Tang et al., 2019). The first TLS survey was conducted
on November 19, 2016 after the wildfire and prior to any rainfall. The second TLS survey on January 5, 2017
was obtained following several rain events. On February 22, 2017, a third TLS survey took place following
several more rain events and after the regrowth of some vegetation. Vegetation was removed from the point
cloud using the CANUPO software (Brodu and Lague, 2012). The average point density of the ground-re-
turn points for the terrestrial lidar data is 5,200 pts/m? The TLS data were registered to a local coordinate
system using a series of permanent control points (McGuire & Rengers, 2019; Tang et al., 2019). Topograph-
ic change between the surveys was estimated in the TLS survey area with the vertical M3C2 point cloud
differencing approach (Bernard et al., 2020; Lague et al., 2013), similar to the airborne lidar data. Using the
same procedure as with the airborne lidar data we chose d = 0.06 m, D = 0.6 m, and the maximum depth
was set to 3 m. The vertical change point data were gridded to 0.025 X 0.025 m pixel spacing, and volumes
were estimated by multiplying the pixel area by the vertical change in each pixel.

‘We used the TLS lidar data to quantify the amount of rill and interrill erosion with a multi-step approach to
define rills. A Gaussian filter was used on the lidar DEM to smooth the topography, and this smoothed DEM
was then differenced with the original topography to identify depressions (Rengers & McGuire, 2018). This
effectively identified the rill areas; however, it also included some areas that were merely depressions where
there was no surface change. We then selected the depressions that had sustained more erosion than the
LoD to ensure that we were identifying areas of topographic change. This was followed with manual editing
to remove any non-rill areas, which differs from the approach used in (Rengers & McGuire, 2018). Interrill
areas were subsequently defined as any non-rill areas of elevation change > the LoD (Figure S1). In addi-
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tion, we visually observed dry ravel fans in the first TLS survey. We estimated the volume of these fans by
clipping the points around the fans from the first survey. In order to estimate the depth of the fan, we used
the lidar from the third survey that captured rills cutting through the fans, and we used the minimum ele-
vation points in the rilled areas of the fans to interpolate a pre-fan topographic surface. We then estimated
the total volume of the fans by differencing the fan surface from the interpolated pre-fan topography. This
approach assumes that the rills more easily eroded the dry ravel in the fans and the rill bottom was near the
top of the pre-fan topography.

3.2. Sediment Budget

We used the vertical M3C2 airborne lidar difference to examine the sediment budget in the Van Tassel
watershed. Our sediment budget divided the landscape into different landform categories according to the
upstream contributing drainage area. Hillslopes represent all areas <1,000 m? small tributary channels are
represented by areas from 1,000 to 10,000 m?, larger axial channels are represented by areas from 10,000 to
3,000,000 m? and the primary axial channel near the mountain front is represented by areas >3,000,000 m>
This sediment budget represents the volume change in the sources and sinks of sediment movement be-
tween the lidar flights. We focus on volume change using the vertical M3C2 elevation difference rather than
mass change because our underlying dataset is best suited to detect volume differences, and we do not have
widespread data on variations in sediment density that would lead to a reliable conversion from volume to
mass. However, the TLS data revealed that substantial erosion is possible on the hillslopes below the air-
borne lidar level of detection. Consequently, we multiplied the TLS hillslope erosion (m) by the area within
the Van Tassel watershed (m?) that was (1) < the airborne lidar LoD, and (2) had a slope <45° to estimate
a potential volume of sediment eroded below the airborne lidar LoD, using the assumption that slopes
>45° are largely bedrock outcrops (DiBiase et al., 2012). The average slope of the TLS survey plot (39°) is
similar to the average slope in the airborne lidar area <the LoD and <45° (36°), making this a reasonable
comparison.

To examine the sediment budget within the confined canyon of the Van Tassel watershed (before exiting
the mountain front where the channel becomes primarily depositional), we used a height above nearest
drainage (HAND) analysis (Nobre et al., 2011). HAND is used to calculate the height of each pixel in a
DEM above the nearest drainage, where drainage lines (i.e., the channel thalweg) are estimated using a D8
flow accumulation algorithm (Tarboton et al., 1991). We defined channel initiation using an upstream flow
accumulation area of 1,000 m* based on slope-area observations suggesting that 1,000 m” is near the onset
of fluvial channels in the San Gabriel Mountains (Rengers et al., 2019). This low drainage area estimate is
conservative and may include some areas that were convergent but unchannelized prior to wildfire erosion.
We explored the total erosion/deposition change (i.e., net erosion) in three distinct HAND elevation zones:
(1) <0.5 m above the pre-fire DEM channel thalweg, which we consider the active channel (zone 1); (2)
0.5-3 m above the pre-fire DEM channel thalweg, which we consider the channel banks (zone 2); and (3)
>3 m above the pre-fire DEM channel thalweg, which we consider the hillslopes (zone 3). These pre-de-
fined zones were based on field observations and used in lieu of manual landform mapping in order to allow
for objectivity and repeatability. This HAND analysis helps to describe the magnitude and sources of the
net erosion within a narrow channel corridor. In particular, it can help to determine if sediment entrained
by post-wildfire flows originates primarily from the active channel bed (Gregoretti & Fontana, 2008; Taka-
hashi, 1978), the channel banks (Hungr et al., 2005), or from hillslopes (McGuire et al., 2016, 2017; Tillery
& Rengers, 2020).

3.3. In-Channel Sedimentation Controls

We sought a general approach to explore controls on erosion and deposition within the channel network.
Prior work has shown that stream power (w) (Fuller, 2008; Surian et al., 2016; Thompson & Croke, 2013;
Yochum et al., 2017), a stream power index (Nyman et al., 2015), or gradients in stream power (Gartner
et al., 2015) can be used to estimate whether a channel reach will be dominantly erosional or depositional.
Here w (W/m?) is defined as:
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where p is the density of water (kg/ m®), gis gravitational acceleration (m?%/s), Qs the discharge (m’/s), Syis
the channel friction slope (m/m), and B is the channel width (m). We can redefine the discharge in Equa-
tion 3 (e.g., Tucker & Bras, 2000) to obtain:

o = pg(P - Da 4
and
AS,
= 20r 5
a=— ©)

where P is the precipitation rate (m/s), I is the infiltration rate (m/s), A is the drainage area (m?), ais a top-
ographic factor (m) that can be estimated from a DEM for any cross section within a channel. In real-world
prediction scenarios, information about potential erosion/deposition is needed before any rainfall is meas-
ured, therefore we focus solely on the topographic drivers that control stream power, that is, Equation 5.
The topographic drivers of stream power are explored in order to determine if the geomorphology alone can
provide a proxy for estimating zones of erosion or deposition without the need for estimates of precipitation
or infiltration. We measured the channel width from the airborne lidar DEM at 50 m intervals along the
longest drainage in the Van Tassel watershed, using the abrupt break in slope between the valley walls and
the channel bed to define the active channel width. In order to determine «, the maximum drainage area
was used at each channel width measurement and the slope (S;) was calculated as the change in elevation
divided by the length between channel width measurements (50 m). By comparing o with the net eleva-
tion change at each width transect, we explored how the topographic controls on stream power influenced
whether a local stream reach was erosional or depositional. Unlike a full stream power analysis that would
rely on estimating the flow discharge, this comparison using « only requires topographic metrics. Moreo-
ver, we performed this analysis in the portion of the channel upstream of the mountain front in the same
area as the HAND analysis because the abrupt change in slope at the mountain front likely induces a rapid
dewatering of the material, creating a less consistent comparison of the stream power estimate. Finally, if a
stream power approach represents a hypothesis that flow mechanics dictated by topography govern channel
erosion and deposition, an alternative hypothesis would be that tributary inputs of sediment overwhelm the
flow mechanics. Therefore, as a contrast to the stream power exploration, we also explored the importance
of elevation change at the channel cross sections with respect to distance downstream from the nearest
tributary with a drainage area >1 x 10° m”.

3.4. Sediment Yield

In addition to exploring the sediment budget, we also sought to understand how sediment yields varied
spatially throughout the burned watershed. Here, we used a method described in Pelletier and Orem (2014)
to determine how sediment was routed through the study watershed in order to determine a sediment yield
for each pixel in the DEM. In this approach, we first employ a multiple flow direction (MFD) flow-routing
algorithm to calculate how mass (e.g., water, sediment, etc.) would be partitioned from one pixel to down-
stream pixels. Then starting from the most upstream pixel, the volume change (either erosion or deposition)
is added to the change in the downstream pixels following the MFD defined route, and the change volume
is cumulatively summed throughout the watershed to the pixel with the lowest elevation. In this way, it
is possible to show the total volume of sediment that passes through different portions of the watershed.
Finally, the sediment yield (m?*/m?) is estimated by dividing the total volume of sediment passing through a
given pixel by the contributing drainage area for that pixel.

Subsequently, we examined how the sediment yield varied across the landscape to investigate possible con-
trolling factors. For a complete watershed scale analysis, we created a slope-area plot, using evenly spaced
logarithmic bins for drainage areas between 10 m* and 4 x 10° m? and within each drainage area bin, we
found the corresponding median slope, total sediment yield, and total sediment volume.
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Table 1

Rainfall Van Tassel Rain Gage

3.5. Model Testing

Airborne lidar allowed us to generate spatially continuous estimates of

Time peak intensity ~ 10-min  15-min Total erosion and deposition after the wildfire, which created an opportuni-
(dd-mm-yyyy intensity  intensity —accumulation Duration v ¢4 test existing equations for predicting post-wildfire erosion volumes.
HHMM:SS) (mm/h)  (mm/h) (mm) (min) We tested four published empirical models calibrated on wildfires in the
16-12-2016 04:56:00 30.0 28.0 60.0 1645 western U.S., and one process-based model popular with land managers.
22-12-2016 02:04:00 6.0 48 204 1381 Our first test compared the observed net erosional volume within the Van
24-12-2016 01:43:00 18.0 15.2 39.4 428 Tassel watershed, with a prediction for post-wildfire sediment volume us-
31-12-2016 00:01:00 8.4 5.6 234 2160 ing the model proposed by Gartner et al. (2014):
09-01-2017 05:35:00 13.2 12.0 21.4 476
11-01-2017 08:58:00  14.4 13.6 60.6 1391 In(V) = 422+ 0395 +0.36In(Bmh) + 0.13VR (6)
12-01-2017 10:07:00 18.0 16.8 57.0 1133 where V is volume (m?®), iys is the 15-min rainfall intensity (mm/h) (Ta-
19-01-2017 08:43:00 9.6 8.0 18.0 340 ble 1), Bmh is watershed area burned at moderate and high severity (km?),
20-01-2017 13:48:00 40.8 33.6 63.0 1094 and R is the watershed relief (m). Equation 6 was developed based on 92
T TR L A0 9 o observations of post-wildfire debris flow volumes obtained from debris

basins in the Transverse Ranges of southern California with watershed
03-02-2017 11:04:00 36 4.0 36 329 areas ranging from 0.01 to 27.9 km®. Rather than applying Equation 6 to
06-02-2017 05:10:00 6.0 5.6 13.0 552 the entire Van Tassel watershed to obtain a single volume estimate, we in-
07-02-2017 09:08:00 3.6 2.4 5.0 509 stead broke the watershed into smaller sub-basins (from 0.02 to 4.2 km?)
08-02-2017 02:41:00 24 2.4 3.2 314 using the Basin tool in ArcGIS 10.6 to compare predicted and observed
11-02-2017 05:05:00 96 3.8 15.0 1021 volumes in multiple sub-basins (Figure S2). Since the erosion estimated

from the lidar data encompass several rainstorms, for each sub-basin we
17-02-2017 18:54:00 39.6 36.8 69.4 816

calculated a volume per storm and then summed the volume from all the
19-02-2017 08:50:00 24 24 14 106 storms to get a total volume from Equation 6. The rainfall data were ob-
05-03-2017 15:51:00 108 7.2 6.2 148 tained from a rain gage located in the Van Tassel watershed (near triangle
21-03-2017 16:50:00 6.0 4.0 6.8 871 on Figure 1).

Note. Rain was considered part of the same storm if there was <8 h
without 0.2 mm of additional rainfall.

Using the same sub-basins, we tested a sediment yield model developed
by Pelletier and Orem (2014) based on debris flow observations in the
Jemez Mountains in New Mexico after the Las Conchas Fire:

Y, = aS"B{ @)

where Y), is sediment yield (mm), S is average slope (m/m), B, is the average soil burn severity class over the
total sub-basin area (using low = 1, moderate = 2, high = 3), a = 1.53, b = 1.6, and ¢ = 1.7. The sediment
yield Y, was subsequently converted from units of mm to m and multiplied by the watershed area in order
to obtain a volume.

The third model we tested was developed by Wagenbrenner and Robichaud (2014) based on post-fire ero-
sion studies in Colorado, Washington, Utah, Montana, and Arizona at scales <1.2 km?*:

Yw — kiA—Oll (8)

k=1 (~0.018C, +0.042 119 +by )

where Y, is sediment yield (Mg/ha), A is area (m?), C, is the average percent ground cover (%), I is 10-min
precipitation intensity (mm/h), and b, is 0.19. Here, percent ground cover was determined as a function of
the burn severity using the burn severity to ground cover conversion used in WEPPcloud PeP (Robichaud
et al., 2019), where no burn = 95% ground cover, low severity = 80% ground cover, moderate severity = 45%
ground cover, and high severity = 30% ground cover. C, was calculated as the average ground cover percent-
age across each sub-basin. The sediment yield estimated with Equations 8 and 9 was converted to a volume
by multiplying Y;, by the sub-basin area and then dividing by a soil density. We did not have direct soil den-
sity measurements, so we used an average value from several burn areas in the western U.S. (1.14 Mg/m”®)
(Robichaud et al., 2008).
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The fourth model we tested was developed by Nyman et al. (2020):

V = A" (10)

where e = 0.35 (m"*"). Equation 10 is based on a combination of modeling and channel change measure-
ments in a 14 km? burned watershed in Australia (Nyman et al., 2020).

Lastly, we tested the Water Erosion Prediction Project-Post-fire Erosion Prediction (WEPPcloud-PEP) model
developed by the U.S. Forest Service and the University of Idaho (Robichaud et al., 2019). WEPPcloud-PEP
is a process-based, post-wildfire erosion prediction model that runs the WEPP watershed model in a cloud
environment, and is widely used by land managers to predict the effects of land management changes and
wildfire on soil erosion and runoff (Fernd ndez & Vega, 2018; Gould et al., 2016). WEPP was originally
developed for agricultural lands to simulate erosional processes including, rill and interrill erosion as well
as concentrated flow (Flanagan & Livingston, 1995; Flanagan et al., 2001; Laflen et al., 1997). It has been
adapted to simulate erosion in steeper forested and rangeland environments that have been burned by wild-
fire (Elliot et al., 1999). WEPPcloud-PEP generates daily weather data including: the total rainfall, storm
duration, time-to-peak, peak intensity, minimum and maximum temperature, solar radiation, wind speed,
and the dewpoint temperature via CLIGEN and PRISM (PRISM Climate Group Oregon State Universi-
ty, 2004; Robichaud et al., 2007). The WEPPcloud-PEP online interface offers several options for the users
to build climate files based on observed precipitation and temperature data from national gridded datasets
or stochastically generated weather files from the CLIGEN model (Nicks et al., 1995; PRISM Climate Group
Oregon State University, 2004; Srivastava et al., 2019) derived from long-term observations at nearby weath-
er stations. Additionally, users have the option to correct precipitation and temperature based on monthly
and annual PRISM maps (PRISM Climate Group Oregon State University, 2004). The other model input
requirements for WEPPcloud-PEP are soil burn severity (unburned, low, moderate, and high severity), soil
texture, and topography. The most important model parameters related to soil for hillslope soil erosion are
interrill (K;) and rill (K,) erodibility, and effective hydraulic conductivity for water infiltration (K,), and
for channel erosion, the critical shear stress (z.) (Elliot & Hall, 2014). These parameters are predefined in
the model in default soil files based on the soil texture from post-wildfire field measurements (Robichaud
et al., 2007). The model uses a 10 m DEM and breaks up large watersheds into individual sub-watersheds
using TOPAZ (Garbrecht & Martz, 1997), and hillslopes are treated as one-dimensional paths using average
hillslope values. The runoff and sediment yield is computed using daily time steps.

In this study, we used WEPPcloud-PEP with similar assumptions that would be used by land managers
after a fire, and we compared the predicted mean annual sediment erosion volumes from the model to our
observed sediment volumes from the airborne lidar difference in Van Tassel. Erodibility parameters were
chosen using the model default options based on the soil burn severity map of the watershed. We used 30 yr
of weather data generated by the CLIGEN model based on the historical weather data observed at a nearby
station (MT WILSON FC 338B CA 46006 0) with PRISM adjustments to account for changes in precipitation
as a function of elevation. The model delineates hillslope sub-basins as well as channel polygons. Here the
channel and sub-basins were defined using a minimum channel length of 100 m and a critical source area
of 1 x 10° m”. The hillslopes were divided into sub-catchments with unique ID numbers, and a total mass of
sediment erosion (tonnes) was calculated for all sub-catchments and channels. We used a literature-derived
bulk density estimate of 1.14 Mg/m® (Robichaud et al., 2008) to convert to a volume of erosion (m?). In order
to compare the airborne lidar difference map and the model, the lidar data were extracted and summed from
the same hillslope and channel polygons that were used in the modeling. We note that the WEPPcloud-PEP
hillslope polygons contain small channels with debris flow activity that are not represented in the model.

4. Results
4.1. Processes, Patterns, and Controls on Post-Wildfire Sedimentation

Our airborne lidar error analysis using stable features showed a maximum elevation change <5 cm on
paved roads and up to 12 cm on dirt roads (Figure 2). Reports from the ground control surveyed with GPS
show that maximum uncertainty was <19.6 cm in the LA County lidar flights (Jennings & Powers, 2015)
and <12.7 cm for the USGS lidar flights (Burroughs & Silvia, 2018). Our observations of stable features
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Figure 2. Difference in elevation between selected pre- and post-erosion airborne lidar data points at four relatively stable road locations. (a-d) Elevation
of original points. Note. The aspect ratio of the elevation-distance plots (top row) is determined by forcing equal spacing on both axes to prevent vertical
exaggeration; therefore, the plot sizes vary. (e-h) The elevation difference between the pre- and post-erosion airborne lidar.

(Figure 2) show a maximum registration uncertainty in stable areas of 12 cm and the average uncertainty
due to roughness and point density (LoDys) from Equation 2 was +1.2 cm. Based on these factors, we chose
a conservative minimum LoD of +15 cm for the airborne lidar. The TLS LoD was established as the root-
mean squared error of the registration error of the scan positions +2 cm and the average uncertainty due to
roughness (=1 cm from Equation 2); therefore, we used +3 cm as the TLS LoD (Rengers & McGuire, 2018).

Using the multiple scales of lidar data (airborne and terrestrial), we gained insight into the processes oper-
ating at the hillslope and watershed scales (Figure 3). We found that hillslope change in the TLS plot was
below the LoD of the airborne lidar, despite observations of substantial change using TLS (Figure 3). For
example, in the airborne lidar data in the Las Lomas watershed, it appears that most of the topographic
change takes place in the channelized areas (Figure 3a). However, after the first rainy season, the TLS data
show substantial hillslope change. The total volume eroded from interrill areas (18.1 m?®) was on par with
rilling erosion (19 m®), and both of these were larger than the estimated post-wildfire dry ravel (4.7 m®)
(Table 2). The first and last TLS surveys record the surficial response to all of the runoff-producing storms
in the 2016-2017 winter (Figure 4a), and the net erosional volume (m?®) divided by the survey area (m?) is
4.7 cm. Note the Gaussian filtering techniques requires subsampling the sides of the area, so the total area
used for this calculation was 770 m>,

In the Van Tassel watershed, airborne lidar data show hillslopes are net erosional and the source of most
of the sediment that moves through the channel network (Figures 4b and 5). Because of the large portion
of the hillslopes that fell below the LoD (Figure 4b), we also estimated a potential volume from those are-
as < the airborne lidar LoD and <45° using the net hillslope erosion (4.7 cm) from the TLS plot. With this
approach, the potential volume of sediment eroded from the hillslope areas below the airborne lidar LoD is
1.1 x 10° m®, which is approximately half of the net volume of hillslope erosion obtained from the airborne
lidar (2.25 x 10° m®) (Figure 5). The headwater channels with contributing drainage areas between 1 x 10°
and 1 X 10° m?* also show net erosion, whereas at slightly larger scales 1 X 10° to 3 X 10° m?, erosion and
deposition are fairly balanced, narrowly resulting in net erosion (Figure 5). Finally, at the largest channel
scales (>3 x 10° m?) where the channel is exiting the mountain front, the channels become dominantly
depositional (Figures 4b and 5). This pattern can be visualized along the longitudinal profile of the largest
channel flowing through the Van Tassel watershed (Figure 6). The three distinct zones of sedimentation
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Figure 3. (a) Airborne lidar surface change map of the Las Lomas watershed (December 2015 to August 2017, location shown in Figure 1b), where blue shades
represent deposition (positive values) and red shades represent erosion (negative values). The yellow polygon with dashed black line indicates the location and
footprint of the TLS survey area in (b). Note. A large blue swath in the bottom right is a post-fire anthropogenic disturbance. (b) Terrestrial lidar surface change
map (November 2016 to January 2017) showing erosion and deposition at a small hillslope in the Las Lomas watershed after rainfall (site location is shown as
yellow polygon in (a) and as star in Figure 1). (c) Photo of the hillslope on September 9, 2016, after wildfire and before rainfall (Photo credit L. McGuire). The
lighter colored sediment composing dry ravel fans in the foreground is outlined in a blue dashed line. A white dashed circle indicates the same burned stem in

each photo. (d) Photo of the hillslope on January 5, 2017 after several rainstorms (Photo credit L. McGuire). Rills have incised the dry ravel fans. The remaining
fan surface is outlined in a dashed yellow line.
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Table 2
Erosion Characteristics of the Terrestrial Lidar Hillslope Plot

are shown in the longitudinal profile (erosion dominant, mixed erosion/
deposition, and deposition dominant) (Figure 6a). A channel slope angle
of 6° appears to broadly delineate areas of erosion (>6°) versus areas of
deposition (<6°) (Figure 6b).

Because lidar interpretations vary based on the grid resolution (e.g.,
Kasprak et al., 2019), we examined the sensitivity of the sediment budget
to the airborne lidar data grid resolution by increasing the grid resolution
to 1 m. We found that the observed patterns were consistent, varying from
0.4% for the hillslopes > the LoD to a maximum of 4.8% for channels

1 x 10° to 3 x 10° m% The absolute differences in volume were small,
ranging from 50 to 1,000 m’.
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Dry ravel deposition (m®) 4.7 n/a n/a
Total rill erosion (m®) n/a 5 14
Total interrill erosion (m?) n/a 4.6 13.5
Dry ravel Deposition per area (m) 0.005 n/a n/a
Rill erosion per area (m) n/a 0.006 0.018
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Figure 4. (a) The airborne lidar surface change map for the Van Tassel watershed. (b) Cross section taken from the pre- and post-erosion airborne lidar point
clouds, showing tight registration on channel banks with little erosion, and deposition within the channel. (c) Enlargement on a portion of the airborne lidar

change map where tributary channels are eroding sediment and deposition is occurring within the trunk channel. (d) Enlargement on a portion of the airborne
lidar change map where the channel is exiting the mountain front and sustained channel deposition occurs.
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Within the channel reaches, we used HAND to analyze the sources of ero-
0.0E+00 1 —— e . . . . . .
8 g sion at three distinct elevations zones, defined with respect to the height
5.0E4+04 1 N = above the nearest channel bed (Figure 7). The active bed (<0.5 m above
the pre-fire channel thalweg) had a net erosional volume of 6,500 m’,
_ -L.OE+05 — which accounts for approximately 3% of the net volume eroded from the
m =3 egen
E g c::m,s watershed (upstream of the canyon mouth). The channel banks (0.5-3 m
o -1.5E4+05 S —1,000m"2 - 100.000m"2 ) s
g - — joooom2-d0mmco0 w2 above the pre-fire channel thalweg) had a net erosional volume of
§ 2.0E+05 1 Hilsiope>LoD 9,300 m>, which accounts for approximately 4% of the net volume eroded
from the watershed (upstream of the canyon mouth). The remaining 93%
~2.5E+05 of the net erosional volume (2.16 x 10° m®) within the watershed was de-
3.0E405 rived from hillslopes above the channel banks (areas located >3 m above
the pre-fire DEM elevation). Moreover, we find that the natural logarithm
-3.5E+05 - . of & shows a trend in the net channel elevation change (R* = 0.48) (Fig-
v Vv v
g’é’) VoQ 6)6\ ‘oé\ b(ﬁ‘ ure 8a). Portions of the channel with the lowest a values show deposition,
,,'n\& s % . e and as « increases the channel becomes primarily erosional. We did not
@ & & "3 R . L
kY & o o 4 observe a strong trend in net channel change with distance downstream
os\’ %\o}o S > Qé" from tributaries, indicating that tributary input of sediment does not ap-
ON
q:oq’ \,;& \;3’ CQ’OQ pear to substantially change the location of channel erosion or deposition
c}oQ & & over the time period of our lidar change detection (Figure 8b).
S & f
Sediment yield varied in complex ways with respect to slope and up-
Figure 5. (a) Sediment budget estimated from airborne lidar binned stream contributing drainage area. Although the eroded sediment vol-
by the upstream contributing drainage area. The numbers near the ume increases with drainage area (Figure 9a) the sediment yield is high
bars represent the net volume (m*) in each landform category. Negative at drainage areas <1 x 10°> m> It is roughly at this drainage area where

numbers indicate erosion. For the portion of the hillslope < the airborne
lidar LoD and <45°, we multiplied the average TLS-derived hillslope
erosion rate by the area to estimate the hillslope erosion (labeled

the slope-area curve attains an approximate power-law scaling, that is,
where channels begin (Figure 9b). The sediment yield then plateaus until

as Hillslope below LoD (estimate)). Error bars indicate +0.15 (m). reaching a contributing area of approximately 2 X 10° m?, where it br iefly
(b) Location map showing each landform category, overlaying a hillshade declines with increased channel deposition before increasing again at the

map.

largest contributing drainage areas.

4.2. Model Testing

In a comparison of the observed volume from the airborne lidar with predicted volumes from four equa-
tions developed in previous studies, we found that the results varied over three orders of magnitude and
Equation 6 (Gartner et al., 2014) performed the best (Figure 10). For the volume comparison in each sub-ba-
sin, we also included estimates of the hillslope sediment in areas that are < the LoD (Figure 10a). We fit a
trend line to the observed data with the hillslope estimate from the TLS survey to obtain an expression for
the observed volume (V) (m®) of sediment transported through any point in the landscape as a function of
drainage area (4) (m?) (Figure 10a) using:

V= fA%3 [€8))

where f = 0.19 (m"'*). Note that the observed volumes are thresholded by removing areas of the watershed
below the LoD. This relationship is directly comparable in form to Equation 10. Equation 11 predicts a
higher volume of sediment erosion with increasing drainage area than the equation derived by Nyman
et al. (2020) (Equation 10; Figure 10), but is similar to an equation with the same form developed by Pelle-
tier and Orem (2014) that had a similar exponent (0.98).

To quantify the offset between the observed (plus the estimated) volumes and the volumes predicted from
Equation 6, we compared the difference in best-fit lines with a 1:1 line (Figure 10b). There was a bias toward
higher predicted volumes for both the observed data and the observed data with the TLS hillslope estimate
(slopes of the best-fit lines were 1.72 and 1.12, respectively).

A comparison of the airborne lidar volumetric measurements with the process-based WEPPcloud-PEP
model shows differences between the observed and predicted volumes on hillslopes and channels. In the
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Figure 6. (a) Longitudinal profile showing the elevation as a function of distance from the watershed outlet for the
longest channel in the Van Tassel study watershed (dashed line). Colored dots along the profile show the erosion/
deposition magnitude, and areas without a dot are below the level of detection. Arrows indicate the location on the
longitudinal profile where there is a confluence between the primary drainage (dashed line) and large tributaries
(dark blue and dark green lines). The reference watershed is colored by elevation, with high elevations (cool colors)
transitioning to low elevations (warm colors). (b) Plot of deposition and erosion along the longitudinal profile as a
function of distance (primary y-axis) as well as the local slope along the longitudinal profile (secondary y-axis). Dashed
line highlights indicates where erosion and deposition = 0 m.

hillslope areas, the WEPPcloud-PEP underestimates the observed volumes substantially, and the channel
erosion estimates are approximately an order of magnitude larger than the observations (Table 3).

5. Discussion
5.1. Geomorphic Processes and Sediment Redistribution Patterns

Despite the current breadth of data and literature documenting individual sediment transport processes
within unique process domains that make up a sediment cascade system in a burned watershed (Moody
et al., 2013; Robichaud, 2005; Robichaud et al., 2016; Santi & Rengers, 2020; Shakesby & Doerr, 2006), field
studies that examine the coupling of sediment supply, routing, and storage at the watershed scale remain
rare (Nyman et al., 2020), making it difficult to predict the watershed scale consequences of sediment re-
distribution after a wildfire. The sediment dynamics are particularly confounding in portions of water-
sheds that are subject to both debris flow and fluvial processes, which have different erosion/deposition
mechanics (Nyman et al., 2020). Understanding the spatial and temporal redistribution of sediment at the
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Figure 7. (a) Map showing the vertical height above nearest drainage (HAND) (m). (b) Pie chart showing the net
erosion in the active channel (3%) (<0.5 m above nearest drainage), the channel banks (4%) (>0.5 and <3 m above
nearest drainage), and the hillslopes is 93% (>3 m above nearest drainage).

watershed scale after wildfire is critical to preparing for the hazards associated with post-wildfire erosion
and deposition in a watershed.

Consequently, our first research question focused on understanding the processes that lead to erosion and
deposition partitioning throughout a landscape. At the watershed scale, the airborne lidar data show that
the majority of erosion comes from hillslopes, and deposition occurs in low-sloping portions of the main
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channels (Figure 4b). However, the level of detection of the airborne lidar limits the amount of landscape
change visible at the hillslope scale (Figure 4b). We filled in this data gap with TLS data (Figure 3) on a small
hillslope. The TLS data show a complex pattern of dry-ravel, dispersed raindrop-driven and overland flow
erosion, concentrated rill erosion, and sediment deposition (Figure 3), similar to observations in other steep
burned sites (e.g., Guilinger et al., 2020). At the TLS site, the erosion was from a combination of disperse
interrill erosion, dry ravel, and rill erosion (Table 2). This shows that airborne lidar data are not sufficiently
detailed to completely describe the shallow sediment redistribution processes at work on hillslopes with the
smallest drainage areas. Using the TLS data to estimate the potential erosion in areas <the airborne lidar
LoD and <45°, we found that undetected hillslope erosion could be approximately 50% larger than the vol-
ume measured by airborne lidar (Figure 5). Consequently, using airborne lidar data and TLS together can
help show the overall patterns of sediment redistribution within the watershed.

Prior studies have recognized that watershed size strongly influences post-wildfire sediment delivery (Lavé
& Burbank, 2004). Therefore, to account for scaling differences, we examined sediment yield throughout
the study area within the context of the slope-area curve (Figure 9). The slope-area curve should reflect
process dominance over geologic time scales, which may or may not match process dominance over short
time scale of this study. Fluvial channels begin near a drainage area of 1 x 10°> m* (Rengers et al., 2019),
and the sediment yield is high up to this drainage area. At the point where we expect fluvial processes to
start to dominate, the sediment yield plateaus at drainage areas of 2 X 10° to 2 x 10* m® because the volume
of sediment being eroded increases linearly with contributing drainage area for this portion of the land-
scape (Figure 9). A slope break for drainages near 2 X 10° m? (Figure 9) results in deposition within fluvial
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Table 3

channels, and this can be seen spatially (Figures 4b, 5, 6, and 9b). At the

WEPP Volume Estimates Compared to the Observed Airborne Lidar highest drainage areas, more eroded sediment passes through the chan-

Volume in the Same Areas

nel system than is deposited (Figure 9). The sediment erosion/deposition

Lidar sediment  Patterns observed in this study and contextualized using slope-area plots

Region WEPP sediment volume (m?) volume (m?) could be used to guide decision making in similar terrain. For example,
Hillslope 14,500 230,000 the slope-area 'cur\./e sh(?ws t'hat sediment yield is hlgh'est on hillslopes
before channelization. Likewise, we see that at large drainage areas, dep-
Channel 23,500 2,300 - . . . .
osition occurs in local reaches with low slopes, and mapping of drainage
Total (sum) 38,000 232,300

area and slope could help managers to identify portions of the landscape

Note. The hillslope erosion in WEPP is limited to overland flow erosion  susceptible to rapid deposition. This could result in actions for overall

only.

mitigation (e.g., deWolfe et al, 2008) such as planning for deposition be-
low bridges, in culverts, or near utility crossings.

The most complex patterns of erosion and deposition were found with-

in the channel networks. An analysis of sedimentation patterns for the
longest channel in the Van Tassel watershed shows erosion dominance near the top of the catchment and
deposition dominance near the base of the watershed with a mixed zone of erosion and deposition in the
middle portion (Figure 6a). The mixed erosion and deposition area appears to be driven by changes in local
slope, often with deposition occurring when the local slope drops below 6° (Figure 6b). We used a HAND
analysis to identify the source of material for the channel change using our three defined zones: active chan-
nel, channel banks, and hillslopes. Unlike other observations that show most of the debris flow erosion in
the channel network coming from the active channel bed and banks (Santi et al., 2008; Ellett et al., 2019),
we found that over 93% of the net erosional volume came from hillslopes (Figure 7). However, the differenc-
es in observations may be tied to the methodology of measurement. For example, field observation at our
site showed that in some locations dry ravel moved directly into channels. Thus measurements of channel
erosion using an approach similar to Santi et al. (2008) may include dry ravel deposits in channels that are
subsequently eroded as channelized erosion. Consequently, differences in accounting in a sediment budget
could lead to estimates of more channel erosion than we calculate here.

In addition, it appears that the erosion/deposition within the channelized network can be partially ex-
plained by a topographic factor () using a stream power approach (Equation 5). Stream power should not
be expected to describe debris flow erosion/deposition well because the mechanics of debris flow movement
differ significantly from water-dominated flows. However, because the Van Tassel watershed experienced
both floods and debris flows over the time between the airborne lidar surveys (Michel et al., 2019), it appears
that a stream power approach can be used to explain general trends in channel sedimentation (Figure 8a).
Stream power also appears to have a stronger correlation with net channel change than the downstream
distance to tributaries (Figure 8a). This result may be due to the fact that the lidar observations in this study
allow for an entire rainy season to rework sediment, and it is possible that after a single event where trib-
utaries input large sediment volumes, the downstream distance of a cross-section to a tributary junction
may show a stronger correlation with net channel change. Consequently, because the topographic factor
() can be calculated from a lidar DEM prior to any rainfall, it could be explored as a rough analytical tool
for erosion/deposition planning purposes, but more datasets would be required to assess this approach.
Furthermore, caution would be required with this approach in areas where there is substantial erosion of
channel banks outside of pre-defined cross sections.

5.2. Sediment Volume Observations Versus Predictions

Accurate estimates of potential post-wildfire debris flow volumes are critical for appropriate design stand-
ards for debris retention structures (Prochaska, Santi, & Higgins, 2008), assessing temporal changes in
channel capacity due to sedimentation, and constraining inputs needed to run debris flow inundation mod-
els (Griswold & Iverson, 2008; Iverson et al., 1998; Schilling, 1998). In addition, post-wildfire sediment vol-
ume estimates are important for assessing post-wildfire sedimentation problems in municipal water supply
reservoirs (Robichaud et al., 2014; Robinne et al., 2016). Because of the importance of accurately estimating
sediment volumes, our second research question focused on how the observed erosion volumes from the
Van Tassel watershed compared to predictions. We tested four empirical models that have been developed
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to estimate sediment erosion volumes and compared the results against the lidar observations. We found
the closest fit between the observed volume from the airborne lidar and predicted volumes using Equation 6
(Gartner et al., 2014). In a direct comparison of Equation 6 and the lidar observations, we see a tendency to-
ward overprediction, however, this may also be biased by the LoD of the lidar data (Figure 10b). If we add an
estimate of hillslope erosion for areas < the airborne lidar LoD and <45°, assuming similar hillslope erosion
rates as the TLS plot, we see a closer fit to the equation. The data used to develop Equation 6 were obtained
from the Transverse Ranges in southern California, which may help to explain the close fit. The estimated
sediment volumes from Equations 7 to 10 deviated further from the observations, which might be expected
because they were developed from data in different regions. Because empirically-derived equations will
inherently be fit to regional properties (e.g., climate, geology, soils, weathering, tectonic history, etc.), it is
likely that the best approach for estimating post-fire sediment volumes will be either (1) to develop a suite
of regional models that can be used for specific areas of interest, or (2) to develop a mechanistic model that
can be adjusted for regional differences.

The general sources of uncertainty in the volume models include the bulk density that was assumed and
used to estimate the sediment volume in Equations 7-9, and the estimate of ground cover in Equation 8.
Specific sources of uncertainty in Equations 7-10 arise due to differences in the ecosystems, geologic set-
tings, and climates where the datasets underlying those equations were obtained. The data used to develop
Equations 8 and 9 were obtained from watersheds smaller than 1.2 km* and did not contain many observa-
tions of debris flows, unlike the study watershed. At another extreme, Equation 7 was developed in a water-
shed that was primarily influenced by debris flows. Finally, Equation 10 was developed using hillslope ero-
sion estimated through modeling, and channel change estimated with observational cross-section data. The
lack of detailed hillslope erosion data may factor into the observed differences with our lidar observations.

The process-based model comparison (WEPPcloud-PEP) underestimates the average annual sediment vol-
ume predictions for hillslopes compared to the lidar observations, and overestimates the volume results for
channel regions (Table 3). The dissimilarity in channel and hillslope prediction and observations are likely
related to dry ravel and debris flow events in small catchments (Figure 4b), which WEPP was not designed
to predict. WEPP was designed to simulate surface erosion from rill and interrill erosion. Other potential
sources of error in the modeling are the default erodibility parameters used to estimate erosion in the water-
shed, the bulk density estimates used to estimate the volume, and differences in observed versus modeled
rainfall. However, with respect to rainfall, the CLIGEN weather module used in WEPPcloud-PEP appears to
match the overall observed rainfall trends closely. The CLIGEN-estimated annual precipitation is 880 mm,
which compared well with the site annual precipitation (600-950 mm). Some rainfall intensity recurrence
intervals are reported directly in WEPPcloud-PEP, and we found that the reported 10-min rainfall intensity
at the 2-yr (92 mm/h) and 5-yr (110 mm/h) recurrence intervals were near or slightly higher than the ranges
of 10-min rainfall intensities reported by NOAA Atlas-14 (NOAA, 2020) at the same recurrence intervals
(55-80 and 72-106 mm/h). The maximum observed rainfall intensities at the site (Table 1) are within the
range of average annual 10-min (42-62 mm/h) and 15-min (34-50 mm/h) rainfall intensities estimated by
NOAA Atlas-14 (NOAA, 2020), suggesting that the rainfall conditions at the site were close to the average
annual conditions.

The observed erosion from the Van Tassel watershed shows that erosion following wildfire can be a sub-
stantial contributor to long-term erosion rates. The average landscape lowering obtained from the airborne
lidar data in the Van Tassel watershed is 5.5 &+ 0.9 cm. This results in an average erosion rate of 0.9 mm/yr
assuming an average wildfire recurrence interval of 50-80 yr (Keeley, 1981; Minnich, 1983; Zedler, 1995) for
this region and a similar erosional response following each wildfire event. That rate is within the range of
reported bedrock erosion rates (0.036-2.2 mm/yr) in the San Gabriel Mountains (Neely & DiBiase, 2020),
suggesting that post-wildfire erosion is an important mechanism for moving sediment out of the mountains
and helping to maintain shallow soils and bedrock channels in this mountain chain.
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6. Conclusion

We have explored the post-wildfire processes and patterns of erosion and deposition using terrestrial and air-
borne lidar. Our first research question asked how erosion and deposition were partitioned across the land-
scape. At the watershed scale, most erosion is derived from hillslopes, and the TLS data show that hillslope
erosion is a mix of dry ravel, interrill erosion, and rill erosion. The channel system, by contrast, conveys
hillslope sediment, provides additional sediment via channel bed and bank erosion, and can act as a dep-
ositional sink. This study shows empirical relationships between erosion/deposition using slope-area and
stream power. These patterns could be used as a first cut to predict areas of concern for managers interested
in identifying erosion or deposition before post-wildfire rainstorms. Our second research question asked
how well existing models predict post-wildfire erosion volumes. Generally, the post-wildfire debris flow vol-
ume model proposed by Gartner et al. (2014) best predicted erosional volumes. The WEPPcloud-PEP model
underestimated sediment yields on hillslopes, but overestimated sediment yield in channels compared to
the observed airborne lidar. We attribute these differences to the debris flow and dry ravel erosion, which
the model was not designed to simulate, as well as the fact that the model was not specifically calibrated to
the study watershed. Consequently, this study shows both the generalized spatial distribution of post-wild-
fire erosion and deposition throughout a landscape, and serves as a test case for model validation. Results
further highlight the important contribution to long-term erosion rates made by erosion in the immediate
aftermath of wildfire.

Data Availability Statement

Airborne lidar data are available online through the USGS 3D Elevation Program https://www.usgs.gov/
core-science-systems/ngp/3dep, and the terrestrial lidar data are available in McGuire and Rengers (2019).
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