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1 | INTRODUCTION

In steep landscapes, sediment delivery to channels often includes a
combination of weathered material from soil-mantled hillslopes and
coarser debris from landslides and bare-bedrock cliffs (Roda-Boluda
et al., 2018; Sklar et al., 2020). Wildfires can alter the partitioning of
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Abstract

Debris flows are powered by sediment supplied from steep hillslopes where soils are
often patchy and interrupted by bare-bedrock cliffs. The role of patchy soils and cliffs
in supplying sediment to channels remains unclear, particularly surrounding wildfire
disturbances that heighten debris-flow hazards by increasing sediment supply to
channels. Here, we examine how variation in soil cover on hillslopes affects sediment
sizes in channels surrounding the 2020 El Dorado wildfire, which burned debris-flow
prone slopes in the San Bernardino Mountains, California. We focus on six headwa-
ter catchments (<0.1 km?) where hillslope sources ranged from a continuous soil
mantle to 95% bare-bedrock cliffs. At each site, we measured sediment grain size dis-
tributions at the same channel locations before and immediately following the wild-
fire. We compared results to a mixing model that accounts for three distinct hillslope
sediment sources distinguished by local slope thresholds. We find that channel sedi-
ment in fully soil-mantled catchments reflects hillslope soils (Dsg = 0.1-0.2 cm) both
before and after the wildfire. In steeper catchments with cliffs, channel sediment is
consistently coarse prior to fire (Dsg = 6-32 cm) and reflects bedrock fracture spac-
ing, despite cliffs representing anywhere from 5% to 95% of the sediment source
area. Following the fire, channel sediment size reduces most (5- to 20-fold) in catch-
ments where hillslope sources are predominantly soil covered but with patches of
cliffs. The abrupt fining of channel sediment is thought to facilitate postfire debris-
flow initiation, and our results imply that this effect is greatest where bare-bedrock
cliffs are present but not dominant. A patchwork of bare-bedrock cliffs is common in
steeplands where hillslopes respond to channel incision by landsliding. We show how
local slope thresholds applied to such terrain aid in estimating sediment supply condi-
tions before two destructive debris flows that eventually nucleated in these study
catchments in 2022.
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hillslope sediment delivery from soil-mantled and bedrock hillslope
sources because of changes in vegetation cover or surface material
properties, and rapid fining of channel bed material has been invoked
as a potential precursor to destructive postfire debris flows (Florsheim
et al., 1991; Palucis et al., 2021). The resulting sediment mixture deliv-
ered from hillslopes to steep channels influences debris-flow initiation
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criteria, flow mechanics and inundation patterns throughout down-
stream environments (Alessio et al., 2021; Huebl & Kaitna, 2021;
Kostynick et al., 2022; McGuire et al., 2017; Meyer & Wells, 1997).
Predicting the size distribution of sediment in any channel is a funda-
mental challenge (Sklar et al., 2017), and few studies contextualise
sediment grain sizes in channels with wildfire dynamics (Florsheim
etal, 1991; Nyman et al., 2020; Wall et al., 2023).

While empirically derived rainfall intensity-duration thresholds
are commonly used to forecast the occurrence of postfire debris flows
(e.g. Cannon et al., 2008; Staley et al., 2017), the source and amount
of sediment incorporated into debris flows varies widely between
events (Guilinger et al, 2020; McGuire et al., 2016; Morell
et al.,, 2021; Schmidt et al., 2011; Staley et al., 2014; Wall et al., 2023).
The total postfire sediment yield is usually a combination of sediment
eroded from hillslopes following fire and coarser colluvial
sediment that was presumably stored in the channel network prior to
fire (Guilinger et al., 2020; Morell et al., 2021). The response of wild-
fire dynamics to future climates is uncertain (Keeley & Syphard,
2016), but in general, postfire debris-flow hazards are expected to
occur more frequently and with higher severity at urban-wildlife inter-
faces (Kean & Staley, 2021). Postfire sediment delivered to larger riv-
ers downstream can also have adverse effects on water quality and
ecosystem function (Murphy et al., 2019; Writer & Murphy, 2012).
The grain size and amount of sediment released from hillslopes and
headwater channel sediment sources remain largely unconstrained in
this context, particularly in regions that have not experienced historic
burns because of fire suppression tactics or in regions where fire
regimes shift in future climate scenarios (Abatzoglou et al., 2021; Steel
etal, 2015).

The amount of sediment delivered from steep hillslopes to
channels can increase by 10 to 100 times relative to background rates
following the wildfire (East et al., 2021; Jackson & Roering, 2009;
Lamb et al., 2011; Roering & Gerber, 2005). Of particular importance
is the potential for dry ravel transport of fine-grained material follow-
ing the incineration of vegetation on steep hillslopes (DiBiase &
Lamb, 2013; Florsheim et al., 1991), soil erosion by rilling during
storms (Alessio et al., 2021; Hyde et al., 2014; McGuire et al., 2017;
Rengers et al., 2021), sediment production by fire-spallation on
exposed bedrock (De Graff & Gallegos, 2012; Sarro et al., 2021), and
prefire colluvial sediment stored within channel valleys (Morell
et al., 2021; Nyman et al., 2020; Santi et al., 2008). Postfire dry ravel
transport is characteristic of rapidly eroding transverse ranges of
southern California (DiBiase & Lamb, 2020), where hillslopes are a
patchwork of bare-bedrock cliffs and vegetated hillsides perched near
slope-stability thresholds (Binnie et al., 2007; DiBiase et al., 2023).
However, the magnitude and importance of dry ravel processes are
highly variable across mountain landscapes in the western
United States (Alessio et al., 2021; East et al., 2021), possibly because
of differences in bedrock lithology, soil particle size and sorting, or
subtle differences in topographic gradient with respect to threshold
stability angles of loose sediment (DiBiase & Lamb, 2020; Lamb
et al., 2013).

Regardless of the specific hillslope sediment transport process
that moves sediment into channels, resurfacing previously coarse-
grained channels with fine-grained sediments reduces thresholds for
debris-flow initiation (Cannon et al., 2008; Florsheim et al., 2017;
Meyer & Wells, 1997; Nyman et al., 2020; Palucis et al., 2021). These

temporal changes in surface sediment grain size distribution also imply
that wildfire and vegetation dynamics impart size-selective controls
on hillslope sediment transport processes (Roth et al., 2020), which
may have broad importance for the transfer of sediment from
hillslopes to headwater channels. However, constraining sediment
dynamics surrounding fires requires timely sediment grain size surveys
in channels before and after the fires (Florsheim et al., 1991), charac-
terisation of the grain size distribution of sediment derived from dis-
tinct hillslope sediment sources (Roda-Boluda et al., 2018; Sklar
et al., 2017), and description of the impact of fire on distinct hillslope
sediment sources (Larsen et al., 2006).

The size distribution of sediments delivered from hillslopes to
channels is a complicated product of initial bedrock properties, rock
weathering processes, and the duration of weathering near the land
surface (e.g. Sklar et al., 2017), but broad differences in the grain size
of sediment supply can be distinguished between soil-mantled land-
scapes and steeper landslide-prone landscapes with exposed bedrock
cliffs (Attal et al., 2015; Lukens et al., 2016; Neely & DiBiase, 2020;
Roda-Boluda et al., 2018). Sediments derived from bare-bedrock cliffs
and landslides typically reflect inherited rock properties such as the
spacing of fractures, whereas soil-derived sediment is fined by
weathering, which depends on climate, biota, and soil age (Neely &
DiBiase, 2020; Roman-Sanchez et al., 2021; Terweh et al., 2021).
Importantly, the broad distinction between bare-bedrock cliffs and
soil-mantled hillslopes can be mapped across landscapes either
directly with high-resolution imagery (Neely et al., 2019) or with topo-
graphic proxies derived from airborne lidar surveys (DiBiase
et al, 2012; Milodowski et al, 2015). Here, we use topography
derived from airborne lidar data to classify hillslope soil cover condi-
tions. Then, we link these topographic and surface cover classifica-
tions to spatial patterns of sediment grain size throughout debris-flow
source regions before and after the wildfire.

Our study design examines sediment grain size distributions in
headwater channel networks where contributing hillslopes exhibit a
variable patchwork of soil cover and bare-bedrock cliff exposure,
before (2018) and immediately after the 2020 El Dorado Fire, which
burned steep terrain across Yucaipa Ridge in the San Bernardino
Mountains, California. We focus our analysis on six small (<1 km?)
watersheds that have hillslope sources ranging from fully soil-mantled
to complete bare-bedrock cliff exposure. We evaluate how the grain
size of sediment changed in each channel following the wildfire. Our
2018 observations constrain the prefire hillslope and headwater chan-
nel conditions, and our 2020 observations constrain the immediate
postfire hillslope and headwater channel conditions, prior to precipita-
tion events that could trigger postfire debris flows. Additionally, we
quantified the size distribution of sediments directly on three hillslope
sediment source types that vary in their local topographic slope: low-
sloping soil-mantled hillslopes, steeper dry ravel-prone hillslopes, and
bare-bedrock hillslope sediment sources. We compare modelled grain
size distributions of postfire sediment supply estimated from an area-
weighted mixture of these three distinct sediment sources to
(1) observe changes in sediment size in channels immediately follow-
ing the fire and (2) qualitative observations of postfire debris flows
that occurred in September 2022 within two of the studied
watersheds.

Our goals are to (1) present timely observational data that

describe changes in surface sediment grain sizes from headwater

ASUDOI'T SUOWIWIO)) dATRaI)) 9[qear[dde oy) Aq PaUIOAOS oI1e SI[AIE YO 9Sh JO SI[NI 10§ AIBIqIT SUI[UQ AJ[IAN UO (SUOTIPUOD-PUB-SULI) WO K3[ 1M A1eiqrjaur[uo//:sdiy) suonipuoy) pue suid ] g1 39S *[$202/50/01] uo A1eiqry surjuQ Lo[ip ‘KNSIoATUN AelS BIUBA[ASUUDJ Aq 6185 dsa/z00 "0 1/10p/wod Ad[im"Arelquiaur[uo,/:sdyy woiy papeojumod ‘0 ‘L£86960 1



NEELY ET AL.

channels prior to and following the wildfire; (2) contextualise patterns
in headwater channel sediment grain size with analysis of different
hillslope sediment sources that can be extracted with topographic
metrics; and (3) explore a framework that uses the areal extent of hill-
slope sediment sources and a representative grain size distribution of
their sediment supply to estimate the size distribution of sediment
available for postfire debris flows.

2 | STUDY AREA

21 | Geologic and climatic setting in the San
Bernardino Mountains, southern California

Our analysis focusses on Yucaipa Ridge, which is a <10-km wide,
fault-bounded block along the southwestern edge of the San
Bernardino Mountains, California, USA, with 1-2 km of topographic
relief. Yucaipa Ridge is an ideal site to study connections among
topography, weathering, wildfire and sediment supply to debris flows
because of its geologic setting and preexisting high-resolution topo-
graphic and field datasets. Sites across Yucaipa Ridge are underlain by
highly fractured gneissic and granitic rock of Cretaceous and older
ages and bounded to the north and south by segments of the San
Andreas Fault (Allen, 1957; Bortugno & Spittler, 1986). Transpression
on high-angle faults produces consistently rapid rates of rock uplift
and erosion in the region. An estimated 3-6 km of exhumation
occurred across the Yucaipa Ridge block in the past ~1.5 million years
(Spotila et al., 2001). Relief, topographic slope and exposure of bare-
bedrock cliffs vary within the mountain range but generally track dif-
ferences in 1°Be-derived erosion rates that range from 0.2 to
2.7 m kyr~! (Argueta et al., 2023; Binnie et al., 2007).

Yucaipa Ridge experiences a semi-arid climate with a mean annual
rainfall of approximately 100 cm yr~! (Minnich et al., 1995). Mean
annual precipitation varies minimally (<10%) across the watersheds
examined (1991-2020 PRISM Climate Group, Oregon State
University, https://prism.oregonstate.edu, data created Nov. 2021,
accessed 14 Dec 2022). Vegetation is characterised by mixed conifer
forests that occupy elevations between 1400 and 2600 m and include
ponderosa pine, Jeffrey pine, and white fir (Minnich et al., 1995).
Chaparral dominates below elevations of 1400 m, with manzanita,
chamise, heteromeles, yucca and scrub oak (Minnich, 1988). Most pre-
cipitation is delivered during winter storms and summer convective
thunderstorms (Minnich et al., 1995). Climate records from 1956 to
1980 indicate that between 5% and 60% of total winter storm
precipitation was delivered as snowfall across study site elevations
(Minnich, 1986). The combination of rapid rock uplift rates, high
topographic relief, and high rainfall intensities produces debris flows.
Since 1955, at least 11 historic debris flows have been noted on the
north side of Yucaipa Ridge, east of the study region. These events
were unrelated to wildfire and primarily associated with summer
convective thunderstorms (Morton et al., 2008).

Between 5 September and 16 November 2020, the El Dorado
Fire burned ~93 km? of the San Bernardino Mountains, including the
steep terrain of Yucaipa Ridge (Figure 1). The fire was triggered by a
malfunctioning pyrotechnical device at a gender reveal party held at
nearby El Dorado Park (USDA Forest Service BAER, 2020). Steep ter-

rain within Yucaipa Ridge had not burned since fire suppression

tactics were employed across the southwestern United States in the
early 20th century (Minnich, 1988, https://frap.fire.ca.gov/mapping/
gis-data/). Since this time period, the density of trees had increased
by ~80% for all trees exceeding 12-cm diameter at breast height, with
3- to 10-fold increases in the smallest fraction of trees between 12-
and 66-cm diameter at breast height (Minnich et al., 1995). High fuel
loads were present prior to the fire. Around 71% of the area within
the El Dorado Fire perimeter experienced moderate to high soil burn
severities, and predictions for postfire debris-flow hazards were rated
as extremely likely (USDA Forest Service BAER, 2020).

2.2 | Theoretical framework

In the steepest mountain settings, hillslope gradients are thought to
directly reflect slope stability limits and adjust to local channel incision
by landsliding (Binnie et al., 2007; Schmidt & Montgomery, 1995).
However, landsliding removes soil cover and vegetation and exposes
underlying bedrock (Heimsath et al., 2012). The underlying bedrock
commonly has a different slope stability limit than soil material that
was previously detached from bedrock. Hillslope gradients thus vary
spatially depending on the exposure of underlying bare bedrock or
the presence of vegetation (Moore et al.,, 2009; Neely et al., 2019;
Schmidt et al., 2001). When examining morphodynamics of steep
hillslopes, a problem emerges to describe the relative abundance of
soil-mantled and bare-bedrock slopes and the threshold slopes
of these hillslope types (DiBiase et al., 2023).

Sediment transport across the resulting mixture of soil-mantled
and bare-bedrock hillslope types is complex. If local slopes exceed sta-
bility angles for loose soil, soil transport can occur across long dis-
tances that are not easily described by an effective length scale, and
soil transport fluxes are dependent on clast-specific travel paths
across the topographic surface (Foufoula-Georgiou et al., 2010;
Gabet & Mendoza, 2012). Moreover, soil thickness varies spatially as
a consequence of variations in local supply of weathered bedrock
from below or accumulation of colluvium that is supplied from
upslope locations where loose soil is unstable, such as bedrock cliffs.
To accommodate non-local effects, steep hillslope sediment transport
models employ particle-based probabilistic approaches that simulate
interactions among local topography, particle size, friction and particle
acceleration along a downslope trajectory (DiBiase et al., 2017; Li &
Lan, 2015; Roth et al., 2020). These approaches can be computation-
ally expensive and difficult to connect to geologic timescales that are
needed to develop hillslope relief and soil thicknesses.

Our analysis does not attempt to model the downslope transport
of sediment across the patchwork of hillslope types exposed in study
sites on Yucaipa Ridge or the evolution of the patchwork of bare-
bedrock and soil-mantled hillslopes over geologic timescales. Instead,
we focus on two snapshots of the landscape in geologic time sur-
rounding the El Dorado Fire. We focus on (1) the relative abundance
of hillslope sediment source types, (2) the role of fire in removing hill-
slope vegetation, and (3) sediment grain size characteristics of
deposits that resulted from hillslope sediment transport processes
before and after the fire.

We first define two threshold slopes that are then used to classify
three hillslope sediment source types: bare-bedrock hillslopes, steeper

dry-ravel prone soil-mantled hillslopes and lower-gradient soil-
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FIGURE 1

(a) Map of local slope across the burned region on Yucaipa Ridge, California measured from a 1-m resolution digital elevation

model (U.S. Geological Survey, 2020). Thick lines outline the extent of photo surveys prior to and immediately following the fire (black), only prior
to the fire (pink), and only following the fire (yellow). Watersheds referred to in the main text are outlined in thin white lines, and the burn
perimeter from the 2020 El Dorado wildfire is marked with a black-dashed line (USDA Forest Service, 2020). (b) Soil burn severity classifications
from burned area emergency response (BAER) team (USDA Forest Service, 2020). Stars indicate locations of destructive debris flows that
occurred in fall 2022. (c) Postfire photograph of Yucaipa ridge looking west from Ford Canyon peak (Cedar Mountain), with viewpoint indicated in

Figure 1.

mantled hillslopes. Bare bedrock is defined as in-place rock, and soil is
collectively defined as all particles on hillslopes that have been
detached from bedrock (i.e., mobile regolith or colluvial soil). Channel
deposits were distinguished by the presence of banks, locally
concave-up topography and downslope orientation of clasts in imag-
ery. First, an upper threshold slope distinguishes between steeper
bare-bedrock hillslopes where no loose soil can accumulate and lower
slopes where colluvial soils are stable in the presence of vegetation.
These bare-bedrock slopes are referred to as ‘cliffs’ and reflect prop-
erties of the bedrock fracture network that support slopes that are
steeper than soils supported by vegetation cohesion (Moore
et al., 2009; Schmidt et al., 2001). A second, lower threshold slope
distinguishes between steeper, dry ravel-prone hillslopes where soils
are only conditionally stable (in the presence of vegetation) and
soil-mantled hillslopes where soils are stable even in the absence of
vegetation cover. Vegetation increases the threshold slope angle of
colluvial soils by rooting or forming coalescing debris wedges behind
plants or downed logs (Adams et al., 2023; DiBiase & Lamb, 2013;

Lamb et al., 2013; Schmidt et al., 2001). If vegetation is removed dur-
ing events such as wildfires, soil is destabilised from slopes that are
between these lower and upper slope thresholds, leading to dry ravel
sediment transport (DiBiase & Lamb, 2020; Jackson & Roering, 2009).
Soil on slopes lower than the second threshold slope is presumed to
be stable during dry conditions over postfire timescales of a few
years, even after wildfire removes vegetation; however, these slopes
can contribute sediment to channels during overland flow events that
erode soil.

3 | METHODS

3.1 | Hillslope sediment source mapping

We defined three distinct hillslope sediment source types at Yucaipa
Ridge, based primarily on local topographic slope and hillslope
response to wildfire: (1) low-sloping, soil-mantled hillslopes where dry
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sediment is stable following the wildfire (Figure 2c); (2) steeper soil-
mantled hillslopes where sediment moves following the burning of

surface vegetation (dry-ravel hillslopes); and (3) bare-bedrock cliffs,

ER-WiLeyL—

where sediment is not stable even during unburned conditions
(Figure 3). The distinction between each of these three hillslope units

was made using empirically derived thresholds in local topographic

Imagery Nov. 2020

A TEN T ST

Mill creek 1 upstream: Continuous soil cover (slopes <35 degrees)

15

FIGURE 2 (a,d, g) Example of headwater channel sites with airborne-lidar-derived topographic data (U.S. Geological Survey, 2020), 10-m
scale bar. Open yellow arrow indicates view direction for repeat photographs from white-dashed regions (b, e, h) before and (c, f, i) after the 2020
El Dorado fire (~5-m scale bar), (a-c) hillslopes with continuous soil cover; (d-f) hillslopes with a patchwork of soil-cover and bare-bedrock cliff
exposure; (g-i) hillslopes with minimal soil cover. The locations of headwater sites are shown in Figure 1.

Low-sloping
i?il lmanllad Dry-ravel Stable

RN V2 prone soil S Unstable
\ mantled \\ (postfire)
N, Bedrock \\
L, Cliff *,  Unstable

"
'\ Unstable
N,
\ (postfire)
N\,
\0
Resurfaced
channel

Immediate postfire hillslope

{ Mill Creek 1 Upstream

FIGURE 3 (a, b) Schematic diagram showing the partitioning of hillslope sediment sources based on local slope, stability of dry sediment, and
postfire response. Inset shows resurfacing of channel by postfire sediment. (c) November 2020 photograph of Wilson Canyon watershed showing
three different hillslope sediment source types in close proximity (brown star, soil; yellow star, ravel; white star, fractured cliffs). Note the
undisturbed darker ash layer mantling the gentlest soil covered hillslopes. Dashed black lines show positions of 10-m-wide dry ravel deposits
(inset) measured along an unnamed dirt road below the Yucaipa Ridge Truck Trail. A small red line shows the height of a curious geomorphologist

(~1.85 m).
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slope (Section 3.1.2), calibrated with observations from high-

resolution uncrewed aerial vehicle (UAV) imagery surveys, as

described below.

3.1.1 | Bedrock mapping from UAV surveys

We defined surface cover on hillslopes as soil-mantled or exposed bare
bedrock using scaled and georeferenced 1-cm pixel™ resolution ort-
homosaic images of the ground surface following Neely et al. (2019).
All aerial imagery was collected using a DJI Mavic Pro, and
orthomosaics were rendered from 3D structure-from-motion (SfM)
photogrammetry models constructed using Agisoft Metashape Profes-
sional Version 1.8.5 (Neely et al., 2023a, 2023b). The resulting models
were georeferenced to airborne lidar point clouds collected prior to fire
in 2013 using iterative-closest-point alignment as described by Neely
et al. (2019) (Table S1) (U.S. Geological Survey, 2020). The 75th percen-
tile of cloud-to-cloud (M3C2) distances between lidar and SfM-derived
point clouds were less than ~3 m over spatial scales of >100 m (Lague
et al., 2013). No vegetation filtering was performed on 3D SfM-derived
point clouds, so cloud-to-cloud distances include differences in point
density and vegetation reconstruction between both point clouds. The
75th percentile cloud-to-cloud distances are consistently less than
mean prefire vegetation heights, which were calculated as the mean
cloud-to-mesh distance between vegetation classified lidar points and a
2.5D meshed surface constructed between bare-earth classified lidar
points (Table S1). Calculated cloud-to-cloud distances likely represent
maximum misfits for a given percentile, particularly in postfire cases
where significant changes in vegetation height occurred. Horizontal
alignment between repeat UAV orthoimages was assessed by tracing
the edges of road features on 2018 and 2020 imagery, where present,
and calculating distances between road traces discretised at 1-cm point
spacings. Mean distances between road edges are 1.3 m (0.9, 10), with
a maximum offset of 3.0 m. Road features used for horizontal accuracy
assessment were located near the edges of orthoimages where model
distortion is typically highest and offsets also likely represent a
maximum estimate.

Bare bedrock was mapped visually as patches of intact fractured
rock outcrops that typically exceeded 9m? a 3 x 3 pixel
neighbourhood on a 1-m resolution digital elevation model (supple-
mentary datasets S1, S3). Soil-mantled hillsides collectively include
loose sediment, vegetated hillsides and grussified saprolite where
fresh bedrock fracture surfaces are no longer visible. Distortions and
interpolation artifacts within UAV-derived orthoimages are typically
restricted to areas that are near the edges of surveys and were identi-
fied by comparing repeat UAV orthoimages where available and spa-
tial patterns of M3C2 residuals. Distorted regions near the edges of
surveys were not included in bedrock and soil cover mapping, and the
original oblique and nadir imagery was used to better interpret poorly
resolved or distorted regions elsewhere in the orthoimages. Overall
alignment mismatch (<1-3 m) between aerial lidar topography and
orthoimages can also affect topographic-based proxies of surface
cover (Section 3.1.2) by classification errors near the edges of cliff fea-
tures. This effect reduces topographic differences between bare bed-
rock and soil covered hillslope classifications but is minimised if cliff
features extend over areas significantly larger than alignment mis-

matches (tens to hundreds of meters).

3.1.2 | Topographic analysis and hillslope sediment
source partitioning

Within the broad class of soil-mantled hillslopes, we distinguish
between low-sloping soil-mantled and steep dry ravel-prone hillslopes
using a threshold slope of 35°. A threshold slope of 35° (10 error =
+0.5°) was determined by fitting planes to the surface of 20 individual
meter-scale dry ravel deposits resolved in cm-scale resolution 3D
point clouds described in Section 3.1.1 (Thiele et al., 2017) (example
deposits in Figures 3c and S1A). We assumed that each dry ravel
deposit represents the angle of repose for unvegetated hillslope soils.
Hillslopes below this angle do not deliver sediment by dry ravel fol-
lowing the wildfire and are classified as low-sloping, soil-mantled
hillslopes (As<3s), whereas hillslopes above this angle are unstable in
the absence of vegetation (Figure 3).

To further distinguish between steep dry ravel-prone soil-mantled
slopes and bare-bedrock slopes, we employed a calibration between
local topographic slope and bare-bedrock exposure mapped from
aerial imagery (Section 3.1.1). This calibration upscales our local sur-
face cover mapping of bare-bedrock exposure across 10%-10° m?
extents (Figure 1 and Table 1) to the entire extent of aerial lidar sur-
veys, which cover the full burn area of 93 km? across Yucaipa Ridge.
Local slope was measured over a 3 x 3-m? window on a 1-m resolu-
tion bare-earth digital elevation model derived from a 2013 airborne
lidar survey (U.S. Geological Survey, 2020), and we calibrated a metric

of rock exposure using a slope threshold of 45° (DiBiase et al., 2012):

Foedrock M =KFs545 (1)

where Fpedrock M is the fractional area of bare bedrock exposed
mapped in a region (Section 3.1.1), and Fs. 45 is the fractional area
with local slopes greater than 45° in a region. K is a calibration coeffi-
cient of order 1 fit by fixed linear regression through the origin
(DiBiase et al., 2012).

We found a best-fit K of 0.97+0.30 (R? =0.84) across 12 individ-
ual calibration sites where bare-bedrock exposure was mapped
(Table 1 and Figure 4c). We assume K =1, which permits direct map-
ping between hillslope locations with local gradients steeper than 45°
(Ass45) and locations with bedrock exposure (Apedrock)- A linear rela-
tionship between As. 45 and Apegrock With K= 1 is within the error of
the best-fit regression. Scatter between individual sites is considerable
and may reflect differences in bedrock cliff morphology or vegetation
filtering differences within the digital elevation model (Milodowski
etal., 2015).

Overall, we aim to determine the grain size distribution of sedi-
ment delivered from a mix of hillslope sediment sources to headwater
channels following the wildfire. According to our conceptual model,
postfire sediment delivery to channels in the Yucaipa Ridge region
comes from one or more of the three hillslope sediment source classi-
fications (Section 3.1). We calculated a modified hillslope source area,
Asource, for each watershed analysed, which includes the effect of soil

burn severity:

Asource = Abedrock + Aburned: (2)

where Apuned indicates the extent of lower-sloping soil-mantled

hillslopes and steeper dry-ravel hillslopes with moderate to high soil
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FIGURE 4 Ford Canyon mainstem (dark red polygon) and Ford Canyon tributary (smaller red polygon) sites prior to the fire in (a) September
2018 and following the fire in (b) November 2020. (c) Scaling relationship between fraction of local slopes exceeding 45° (Fs » 45) and fraction of
hillslopes with exposed bare bedrock mapped (Fyedrock_m) for 12 calibration sites. Symbols correspond to main hillslope aspect. Dashed line
indicates the best-fit least-squares linear regression pinned to the origin (0,0) and fit to all points, and solid line shows 1:1 relationship. (d) Inset
shows the classification of hillslope sediment sources based on local slope and soil burn severity. Arrows link common positions between

Figure 4a, 4b and 4d for a bare-bedrock slope (blue), a burned dry-ravel prone soil-mantled slope (red), and an unburned soil-mantled slope

(white).

burn severities, and Apeqrock represents the area of slopes exceeding
the threshold gradient of 45° (Figure 3a, b). Moderate to high soil burn
severity is typically associated with combustion of some roots and
most surface fuels, which is needed to release sediment from debris
wedges behind vegetation (DiBiase & Lamb, 2013; Parsons
et al., 2010). We did not exclude any bedrock hillslopes (hillslopes
with local slope angles > 45°) from mapping as a sediment source.
Sediments are presumably unstable on these local slopes, but we
found that bare-bedrock slopes were typically classified as unburned
in satellite-derived burn maps because of limited vegetation cover.
We assume that sediments on all soil-mantled slopes (S <45°) with
unburned or low soil-burn severity are stable. Sediment fluxes from
recently burned slopes typically exceed long-term sediment fluxes
contributed during unburned conditions by factors of 4-100 (e.g. East
et al., 2021; Jackson & Roering, 2009; Lamb et al., 2011), suggesting
that the contribution of sediment from unburned slopes is minimal
over immediate postfire timescales.

The fractional extent for each hillslope sediment source is defined

relative to the hillslope source area, Asource:

As<3s
Fool = 35 3
soll ASOUI’CE ( )
A >
Fbedrock :AS ® (4)
source
Fravel =1- Fsoil - Fbedrock (5)

Together, the slopes comprising Asource represent the areas within
the hillslope source region where loose sediment is most readily sup-
plied to channels prior to and following the fire. For all mixing model

cases, we assume that sediment delivery to channels from each

hillslope source scales with areal exposure (i.e. spatially uniform ero-
sion rate). For unburned conditions, we assume that sediment is only
contributed to channels from bedrock cliff sources that have minimal
hillslope sediment storage capacity. For burned hillslope conditions,
we assume that sediment is delivered to channels from bare-bedrock
slopes and burned soil-mantled slopes either immediately following
the fire by dry ravel on steeper dry-ravel prone slopes between 35°
and 45° (DiBiase & Lamb, 2020; Florsheim et al., 1991) or during pre-
cipitation events that drive soil erosion through rilling or gullying on
soil-mantled slopes less than 35° (Alessio et al., 2021; Guilinger
et al., 2020; Staley et al., 2014). These assumptions represent a refer-
ence scenario where sediment is produced at a uniform rate from all
three sediment sources; however, sediments produced on soil-
mantled slopes are only delivered to the channel when hillslopes are
burned, whereas sediments supplied from bare-bedrock slopes

are continuously delivered to channels.

3.2 | AQuantification of sediment grain size
distributions from hillslope sources and within
channels

We used a combination of field sieving and grid-by-number point
counts on scaled imagery to measure the wide range of sediment sizes
across headwater channels and hillslope sediment sources (Table 2,
supplementary dataset S2). To estimate sample size controls on grain
size statistic uncertainty, we either used uncertainty estimates based
on sample mass for sieving surveys or a subsampling technique for
grid-by-number point counts (Marshall & Sklar, 2012; Rice &
Church, 1996). The subsampling technique randomly resamples the
total sediment grain size distribution of all clasts measured on scaled

orthoimagery (N = 1293) using a sliding scale of subsample sizes that
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(Continued)

TABLE 2

Sample size

Drainage area

(m?)

Dgs (cm) Dos (cm)

Dso (cm)

Dmin (Cm)b

(N clasts or weight)®

Latitude (°) Longitude (°)
34.0828

Method/location

Date

Name

<1.6 <1.6

<1.6

1.6

389

—116.9819

Photo

Nov. 2020

Dry ravel photos

hillslope
SfM

236.2 342.8

50.4

149

—116.9286

34.0618

Nov. 2020

Wilshire cliff

hillslope
SfM

86.3 1284

34.1

109

—116.9361

34.0631

Nov. 2020

Ford cliff

NEELY ET AL.

hillslope

SfM

3741

202.2

99.0

285

—116.9856

34.0815

Aug. 2018

Wilson cliff spire

hillslope

SfM

59.2 101.8

215

124

—116.9833

34.0829

Nov. 2020

Wilson cliff tributary

hillslope

Number of grains in survey or total sediment mass sieved (kg). The 95% confidence intervals are calculated according to Section 3.2 for resolved Dso, Dgs and Dys percentiles in grid-by-number photo surveys. Ranges bounded

between sieve opening sizes are reported for sieve surveys, with percentile values estimated by log-transformed interpolation between sieve opening sizes in parentheses underneath (Bunte & Abt, 2001).

PMinimum sediment size resolved by measurement technique.

covers the smallest (N = 62) and largest (N = 463) number of grains
counted in an individual survey. We calculated the absolute value of
the difference among the Dsg, Dg4, and Dgs size classes of the sub-
sample and the total distribution, and we repeated this procedure
10,000 times. For each subsample size, we recorded the 95th percen-
tile difference among the true Dso, Dg4, and Dys of the total distribu-
tion and the Dsp, Dgs, and Dgys estimated from the subsampled
distribution. To calculate uncertainties at the 95% confidence interval
as a direct function of sample size, we fit a negative power law func-
tion that approximates the decrease in percent error with increasing
sample size for Dso, Dgs and Dgs size classes (Figure S2). This
approach does not distinguish between different upper and lower
95% confidence interval bounds, which can differ if the total grain size
distribution is skewed. These bounds likely represent a maximum
range, because the total sediment grain size distribution was specifi-
cally collected to span a range of topographic and hillslope surface
cover conditions seen across the landscape (i.e. Figure 2).

Our study addresses a null hypothesis that sediment grain size
distributions are the same between surveys taken in the same loca-
tions before and after the fire. We use two approaches to test this
hypothesis at sites where the median grain size is resolved in at least
one of the repeat surveys. First, we assess whether the median grain
size between the two repeat surveys differs by a factor larger than
the two 95% confidence intervals surrounding the median grain size
of each sample calculated from the subsampling approach. Second, a
Mann-Whitney-Wilcoxon rank-sum significant difference test was
used to detect change between repeat surveys of the same channel
reach before and after the fire. This test considers a null hypothesis
that individual measurements randomly selected from each sample
have an equal probability of being higher or lower than one another if
the two samples have the same underlying distribution. The test
makes no assumptions about the underlying distribution shape and
can compare samples with different numbers of individual measure-
ments. To quantify the size of differences between the medians of
repeat surveys, we calculate a Hodges-Lehman estimator and associ-
ated 95% confidence interval. The Hodges-Lehman estimator is cal-
culated as the median of all possible pairwise difference combinations
between the measurements in the paired prefire and postfire grain
size distributions. We set all counts of sediment sizes that were finer
than the photo resolution limit equal to the photo resolution limit, so
the Hodges-Lehman estimator represents a minimum effect. We use a
modified critical p-value of 0.0083, which reflects a critical p-value of
0.05 and the increased chance of recording one false instance of sur-

face sediment grain size change across a total of six sites investigated.

321 |
postfire)

Headwater channel sediments (prefire and

We determined the size distribution of surface sediment cover in
headwater channels before and after the 2020 El Dorado Fire using
scaled orthoimagery derived from UAV-based SfM models described
in Section 3.1.1. Headwater channels are generally inaccessible and
contain large boulders which are difficult to measure with pebble
count or field-sieve surveys. We used a grid-by-number technique
where a 1-m spaced grid is overlain over the orthophoto, and the

short axis is measured for each clast laying underneath a grid
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intersection (Bunte & Abt, 2001; Neely & DiBiase, 2020). We ignore
grid intersections corresponding to shadows, vegetation or obstructed
regions of orthophotos. We set the minimum resolvable clast size,
Dmin, @s 5 cm for 1-cm resolution aerial imagery (~3-5 pixels). We
included the fraction of grid intersections that are beneath the resolu-
tion limit in the full grain size distribution to calculate the relative
abundance of sediment that is finer than the resolution limit of our
photographs.

3.2.2 | Hillslope and dry ravel sediments (Postfire)
We conducted three field-sieving surveys across two small headwater
watersheds, including one channel bed site, one dry ravel deposit site,
and one site on a low-sloping soil-mantled hillside. All samples were col-
lected by amalgamating subsamples that were dug to 10-cm depth and
taken at a 1-m interval along a 50-m tape line. Samples were collected
during dry conditions. Organic material such as charcoal was not sepa-
rated from bulk sediment but was unlikely to affect mass fractions
because of sparse occurrence and low density. Approximately 4-6 kg
of material was sieved in each sample at 1-¢ intervals from a stack of
0.25 mm (2¢) to 32 mm (—5¢) sieves, yielding approximately 5% uncer-
tainty at a size class of 6.4 cm (Church, 1987). We report mass fraction
as the percent mass of bulk material passing through each sieve open-
ing (i.e. finer than). We use a log-transformed interpolation to calculate
D16, Dso, Dg4 and Dys statistics between percentiles that correspond to
sieve opening sizes (Bunte & Abt, 2001).

To improve our resolution of coarse sediment fractions that
are difficult to sample by field-sieve techniques, we performed
grid-by-number counts with a grid spacing of 10 cm on scaled photo-
graphs of the soil and dry ravel deposit surfaces. The scaled
photographs sample patches of the soil or ravel surface at areas of
~0.5 m2. Seven individual patches were analysed on the dry ravel
deposit for a total area of 3.6 m?, and 22 individual patches were
analysed across soil-mantled slopes, for a total survey area of 4.6 m2.
We set the resolution limit of the photographs to 16 mm (—4¢), which
corresponds to coarse fractions that are less likely to be sampled by
sieve surveys (Marshall & Sklar, 2012). For grains intersected that are
larger than 16 mm, we measured the length of the short axis on the
photograph to approximate the clast b-axis length (Bunte &
Abt, 2001). We counted the remaining fraction of grid intersections
where the sediment size is finer than 16 mm, which represents the
aerial percentage of the hillslope surface finer than 16 mm.

Grain size distributions measured from sieving and photographic
techniques are not directly comparable but provide an approximate
comparison in sites where these techniques overlap. It is not possible
to measure the c-axis length from surface photographs, meaning a
geometric conversion is not possible from b-axis length to passing
a square sieve opening size (Adams, 1979; Church, 1987). Addition-
ally, the short axis of exposed surface clasts can be shorter than the
true b-axis length if grains are tilted, imbricated or buried, which may
be expected in soils or postfire sediment loading conditions that par-
tially cover sediment grains. Yet, comparisons of grain size statistics
between photograph measurements and field-based point counts of
gravel streams typically have uncertainties that are within the bounds
of variability expected based on the number of grains analysed (Mair
et al., 2022).

3.2.3 | Cliff-derived sediments and bedrock fracture
spacing (prefire and postfire)

To approximate the size of coarse sediments contributed from bedrock
cliffs, we used photographs from a 300-mm telephoto zoom lens on a
handheld Nikon D5500 camera to construct 3D models of bedrock
cliffs at four sites throughout Yucaipa Ridge following the 2020 El
Dorado fire. We characterised the bedrock fracture network according
to the methods described in Neely and DiBiase (2020). Bedrock frac-
tures were traced on 1-cm pixel~* orthoimages extracted along planes
parallel to the approximately 100-500 m? cliff faces. For each site, bed-
rock fractures were traced within multiple representative cliff-face
regions that are unobscured by vegetation or shadows (Thiele
et al., 2017). Fracture density is calculated between the area of each
cliff-face region and the sum of trace lengths within the region
(Dershowitz & Herda, 1992). The short axis between fractures approxi-
mates the size of blocks bounded by fractures that are larger than the
truncation limit imposed by photo resolution, and block sizes were sam-
pled using a grid-by-number method with a grid spacing of 2 m.

3.3 | Predicted sediment grain size distribution of
postfire sediment supply

We combined the fractional areas and grain size distributions of the
three different hillslope sediment source types (Equation 5) to produce
a predicted size distribution for the total postfire sediment supply. Two
postfire cases are considered. One case only considers sediment supply
from bedrock cliffs and burned ravel-prone slopes and represents an
immediate postfire condition. The second case represents a condition
where runoff generates additional soil erosion and considers sediment
supply from bedrock cliff, burned dry-ravel prone slopes, and burned
low-sloping soil-mantled slopes. We assume a direct scaling between
the fractional areal extent of each hillslope source and the volume of
postfire sediment available from each hillslope source; however,
weighting coefficients could be applied to each of the three sediment
source terms if more precise ratios of sediment supply can be con-
strained (Alessio et al., 2021; Guilinger et al., 2020; Staley et al., 2014).
In the absence of such constraints, we only demonstrate reference
cases where sediment is equally contributed per unit area from each
hillslope sediment source, and sediment is mixed equally in the channel.

A probability density function (PDF) and corresponding cumula-
tive distribution function (CDF) were fit to the measured sediment
size distributions over the size range ‘d’ [L] from each of the three
sediment source types (i = bedrock, dry ravel and soil) assuming log-

normal distribution as follows:

(- in(d)=n)*/2(c)%)

PDF(d)i — (i) ©6)
CDF(d)i:J.d 767““;:”)/2 7)

where u and ¢ represent the natural logarithms of the mean and stan-
dard deviation, respectively. Goodness of fit and fit parameters are
reported in Table S2.
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The distribution of all bedrock fracture spacings measured on

each of the four cliffs is used for the sediment sources corresponding
to bedrock hillslopes. Dry ravel and soil sediment size distributions
are used for the sediment sources corresponding to steep, dry-ravel
prone and low-sloping soil-mantled slopes, respectively. For these
fits, mass percentiles corresponding to each sieve opening were
converted to a total of 1000 discrete values. We choose ‘d’ to range
from 0.1 mm (silt) to 10 m (large boulder). The mixed sediment grain
size distribution, CDF(d),o;, considers the percentages of sediment
supplied from different hillslope source types in a burned watershed.
CDF(d);o: serves as a reference case that can be used to evaluate
connectivity between hillslopes and channels following the wildfire
and the mixing of sediment from different hillslope sources. We con-
sider the two cases of postfire sediment delivery described earlier in
the texts:

CDF(d)tot_r = CDF(d)bedmckaedrock/(Fravel +Fbedrock>
+ CDF<d)ravelFrave|/<Fbedrock + Fravel) (8)
CDF(d)

= CDF(d) kaedrock + CDF(d)ravelFravel + CDF(d>sFSoiI

)

tot_rs bedrocl

CDF(d)ot » represents an immediate postfire reference case,
where sediments on low-sloping soil-mantled slopes remain stable.
CDF(d)ot (s represents a case where runoff-driven erosion of low-

sloping soil-mantled hillslopes delivers additional sediment.

34 |
dry ravel

Estimated volumes of sediment delivered by

We empirically constrained a vertical thickness of dry ravel contribu-
tion per unit area at eight field sites where hillslope length and dry
ravel source area systematically increased from 36 to 140 m? moving
along a forest road (Figure 3c). We calculated eight deposit volumes
using the average of four measurements of dry ravel deposit thick-
ness, four measurements of dry ravel deposit length measured parallel
to the deposit slope and a 10-m wide deposit interval. Dry ravel
deposit thickness was measured perpendicular from the deposit sur-
face to the bottom of the burn layer, which consisted of abundant
charcoal and fire-scarred clasts (Figure 3c, inset).

We fit a least-squares linear regression fixed through the origin
between the eight dry ravel source areas and deposit volumes and cal-
culate a best-fit vertical dry ravel yield of 4.4 cm (Figure S1B). This
estimate is about half that of a longer-term average estimate of
~9.75+0.25 cm of total vertical sediment supply, which can be
derived from a time since the last fire of ~125 years (Minnich et al.,
1995), catchment averaged erosion rates of 0.60 +0.17 mm yr?
inferred from 1°Be concentrations of river sediment that integrate
over 100-1000-year timescales (Argueta et al., 2023), and a rock to
regolith density conversion factor of 1.3. In the absence of additional
constraints, we assume that the empirically derived vertical thickness
of 4.4 cm is representative of sediment contribution from dry-ravel
prone hillslopes, although considerable variability in dry ravel response
could occur between sites with different topography, hillslope
sediment production, and vegetation density (DiBiase &
Lamb, 2013, 2020; Lamb et al., 2011). For each headwater channel

site, we calculate the vertical thickness of postfire dry ravel accumula-

tion in the channel (H,avel) (M) as

A F
Hravel —0.044 s;urce ravel (10)
channel

where Achannel is the area of the channel network mapped on digital
orthophotos (Table 1) and typically corresponds to the extent of the
surface sediment grain size survey site. This calculation assumes all
dry ravel sediment reaches the channel and is equally distributed
across the channel surface, meaning it is a maximum estimate of
resurfacing thickness. We calculated uncertainty in ravel yield per unit
area using conservative 90% confidence intervals surrounding the
regression between source area and ravel volume (0.3-8.9cm) and

assume no additional uncertainty is contributed by Asource and Achannel-

4 | RESULTS

4.1 | Topography, soil cover, and bare-bedrock
exposure across burned region

Across the study site, hillslopes steepen with the increasing exposure
of bare-bedrock cliffs (Figure 4c). Mean hillslope gradients range from
25° to 50°, and soil cover ranges from a continuous soil mantle to
95% exposure of bare-bedrock cliffs (Table 1). The six sites with
repeat sediment grain size surveys range from completely soil man-
tled, with most local slopes less than 35° (Fi~ 1) (Mill Creek
1 upstream); a patchwork of lower-sloping soil-mantled slopes,
steeper dry ravel slopes, and bare-bedrock slopes (Mill Creek 1 down-
stream, Ford Canyon mainstem, and Wilson canyon mainstem); and
mostly local slopes exceeding 45° (Fpedrock ~ 1) (Wilson Canyon tribu-
tary). A steep tributary of Ford canyon (Ford Canyon tributary) also
displayed a patchwork of lower-sloping soil-mantled slopes, steeper
dry ravel slopes and bare-bedrock slopes; however, this site experi-
enced lower soil burn severities (Figure 4a, b and Table 1). There is no
clear relationship between hillslope aspect, soil cover and soil burn
severity at the scale of the surveyed watersheds (Figure S3). How-
ever, the south side of Yucaipa Ridge was burned at higher severity

overall than the north-facing side of the ridge (Figure 1b).

4.2 | Sediments from hillslope source types: cliffs,
ravel deposits and soils

Between four different cliffs, the Dsq fracture spacing varies from
20 to 99 cm, D¢ from 11 to 41 cm, and Dg4 from 60 to 210 cm
(Figure 5). Between ~100 m long cliff complexes, the density of frac-
tures with apertures approximately 1-cm wide or greater varies from
a minimum of 1.65mm™2 to a maximum fracture density of
4.90 m m~2. The combined bedrock fracture density of all cliff faces
measured is 2.00 m m~2. The combined distribution of fracture spac-
ings on all bedrock cliffs surveyed shows a median (Dsg) fracture
spacing of 59 cm (D14, 21 cm; Dgs, 154 cm; and Dgs, 277 cm)
(Figure 5).

The size distribution of soil and dry ravel sediments is 2-3 orders

of magnitude finer than the size distribution of fracture bound blocks
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FIGURE 5 (a) Grain size distributions of different sediment source materials (i.e. bedrock cliff fracture spacing, dry ravel, and in-place soil).

Brown circles and tan squares represent mass-fraction distributions from sieving bulk soil and dry ravel samples, respectively. Brown and tan
curves represent distributions of particles with a short axis >1.6 cm on grid-to-number point counts on scaled photographs of soil and dry ravel
deposit surfaces, respectively (c, d). Grey curves show bedrock fracture spacing distributions measured at individual cliff sites. Dashed curves
show log-normal distribution fits to sediment grain size distributions of ravel, soil and all bedrock fracture spacing measurements on cliffs (black
curve). (b) Mapped fracture traces (yellow) within representative cliff face patch (black outline) excluding vegetation (red shading) on 1-cm
resolution cliff-face-normal orthophoto of cliffs in Ford Canyon. See Table S2 for fit statistics corresponding to the characteristic grain size

distributions from each sediment source.

estimated from bedrock fracture spacings on exposed cliff faces. The
D5 of soil is between 0.1 and 0.2 cm (interpolated estimate: 0.14 cm,
Table 2), with D44 between 0.025 and 0.05 cm (interpolated estimate:
0.032 cm), and Dg4 of 0.8 to 1.6 cm (interpolated estimate: 0.87 cm).
These estimates generally agree with the grid-by-number counts on
scaled photographs of the soil surface, where ~15% of the grid-
intersection clasts were coarser than 1.6 cm (Figure 5a). The grid-
by-number counts of the soil-surface photographs capture the coarser
tail of the sediment grain size distribution, including the largest but
most infrequent soil-derived clasts with b-axes of ~20 cm.

The median sediment size of dry ravel is also between 0.1 and
0.2 cm (interpolated estimate: 0.13 cm); however, only 6% of the dry
ravel by mass is coarser than 1.6 cm. This generally agrees with the
grid-by-number counts on scaled photographs of the dry ravel sur-
face, where 4% of the clasts intersected by the grid are coarser than
1.6 cm. The largest dry ravel clast sampled has a b-axis of 8.7 cm
(Figure 5a). Silt and clay sized materials finer than 0.25 mm account
for approximately 8-12% of the dry ravel and soil mass.

4.3 | Headwater channel sites
43.1 | Prefire locations with continuous hillslope
soil cover

At the Mill Creek 1 upstream site, where hillslope sources are continu-
ously soil-mantled with low hillslope gradients (Figure 2a-c), approxi-
mately 70% of the channel surface was covered by sediment sizes
that are below the minimum size of resolvable grains given the photo
resolution, prior to the 2020 El Dorado fire. The Dsq grain size was
finer than 1 cm (Dga, 1.6 cm; Dgs, 3.0 cm; D1go, 9.2 cm). Generally,
these grain size statistics reflect the size distribution of sediment mea-
sured on the soil-mantled hillslope site (Mill Creek 1 soil, Table 2) that

is directly upstream from this channel location (Dso, 0.1-0.2 cm; D1,
0.025-0.05 cm; Dgy4, 0.8-1.6 cm; Dgs, 1.6-3.2 cm; and D1gg, 21 cm).

4.3.2 | Prefire locations with bedrock cliffs exposed
Once bedrock is exposed on steep hillslopes (Figure 2d-i), size frac-
tions of sediment in headwater channels coarsen and reflect bedrock
fracture spacing distributions, generally scaled by a factor of 0.25-0.5
(Figures 6 and S4-S11). Dsp, Dgs, and Dys sediment sizes increase to
6-30, 31-98, and 54-300 cm, respectively. However, as more bare-
bedrock slopes are exposed on hillslope sources, the size of Dsg, Dgs
and Dys sediments does not systematically increase (grey boxes in
Figure 6); instead, these sediment sizes continue to reflect the frac-
ture spacing of bedrock cliffs (Neely & DiBiase, 2020). Boulders with
intermediate axes of ~1 m are also present in each of the channels
that have bedrock cliffs exposed in the source region, whereas these
clasts were absent in the site with only soil-mantled source hillslopes
(Figure 6c¢).

4.3.3 | Postfire changes in headwater channel
sediment size

At the Mill Creek 1 upstream site with continuously soil-mantled hill-
slope sources and no bare bedrock exposed, the distribution of resolv-
able sediment sizes shows minimal change when comparing prefire
and postfire channel sediment grain size surveys (Figure 7a). Dg4 sedi-
ment sizes do not differ considerably between prefire and postfire
surveys (~1.6 cm). When the prefire Dso sediment size is extracted
from a lognormal distribution fit to a left-censored distribution for
sediment sizes below 1 cm, prefire Dso sediment size is 0.6 cm,
coarser sediment size

approximately 2 times than postfire
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(0.2-0.3 cm). A maximum possible change can be estimated from the
minimum resolvable clast size of the prefire survey (~1 cm, 70th
percentile) to the postfire Dso sediment size of 0.2-0.3 cm, meaning a
maximum possible change in the Dsg sediment size is 0.7-0.8 cm. The
postfire sediment sizes measured in the channel that can be resolved
(Dsg, 0.2-0.3 cm; D¢, 0.05 cm; Dgy, 1.3-1.6 cm; Dgs, 2.4-3.2 cm;

D100, 29 cm) closely reflect the soil sediment grain size measured on

the upstream hillslope (Dso, 0.2 cm; D44, 0.05 cm; Dgg, 0.8 cm; Dys,
3.2 cm; and D4, 21 cm) (Figure 7).

Changes in channel sediment grain size show a dynamic response
at sites where hillslope sources consist of a patchwork of soil-mantled
and bare-bedrock slopes (red circles in Figure 6; Figure 7b, c). Bed
sediment size decreases most significantly where bedrock was

exposed on 6% and 11% of the contributing hillslopes at the Mill
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Creek 1 downstream and Ford Canyon mainstem sites. The Mill Creek
1 site recorded a Mann-Whitney-Wilcoxon rank-sum p-value of
1.3 x107° and a Hodges-Lehmann estimator of 15cm with a 95%
confidence interval from 6 to 18 cm. The Ford canyon mainstem site
recorded a Mann-Whitney-Wilcoxon rank-sum p-value of
3.9x 10~ and a Hodges-Lehmann estimator of 18 cm with a 95%
confidence interval from 13.2 to 24 cm. These Hodges-Lehmann esti-
mators represent minimum estimates of the median of all possible
pairwise differences between prefire and postfire b-axis measurement
combinations, because postfire median grain sizes were finer than
photo resolution limits in these two sites.

At these sites, the Dsg grain size decreased from 24 and 32 cm
before the fire to finer than the photo resolution limit of 5 cm after

the fire. Considering a lognormal distribution fit to a left-censored

distribution for sediment sizes below 5 cm (Bantis, 2024), postfire Dsq
grain size is approximately 4 cm at the Mill Creek 1 downstream site
and 1.5 cm at the Ford Canyon site. This represents a minimum fining
factor of 4.8 and 6.4 following the fire and an estimated factor of
6 and 21 when assuming lognormal grain size distributions for the
sediment sizes below the resolution threshold of 5 cm. Both changes
are larger than the 95% confidence interval surrounding the Dsq grain
size statistic in both sites (Figure 6a). Prefire versus postfire differ-
ences in the Dgs4 and Dgs sediment sizes are smaller and do not
exceed sampling uncertainties of coarse sediment (Figure 6b, c).

Sites with high (>40%) bare-bedrock exposure showed a variable
response, with no clear trend in sediment fining following the fire
(Figure 7d-f). The Dso bed sediment size fined slightly following the

fire at the Wilson Canyon mainstem site with bedrock exposure
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across 53% of source hillslopes (Mann-Whitney-Wilcoxon rank-sum

p-value, 0.004; Hodges-Lehmann estimator of 5 cm with a 95% confi-
dence interval from O to 10 cm); however, the median bed sediment
size remained similar at the Ford Canyon tributary site (44% bedrock
hillslopes), (Mann-Whitney-Wilcoxon rank-sum p-value, 0.22;
Hodges-Lehmann estimator of O cm with a 95% confidence interval
from O to 4 cm) and coarsened slightly at the Wilson Canyon tributary
site (95% bedrock hillslopes) (Mann-Whitney-Wilcoxon rank-sum p-
value, 0.23; Hodges-Lehmann estimator of O cm with a 95% confi-
dence interval from —2 to 0 cm). At each of these three sites, the
change in grain size following the fire was less than the sampling
uncertainty of the prefire Dsg sediment grain size (Figure 6a).

434 |
dry ravel

Patterns of channel bed resurfacing by

Postfire Dso channel-surface grain size is significantly finer than pre-
fire conditions only in localities where cliffs are present and primarily
where the estimated vertical thickness of dry ravel accumulation
exceeds Dsq grain size (Figure 6). In all sites with some fraction of
bare-bedrock cliffs exposed in the source area, the estimated vertical
thickness of dry ravel accumulation is smaller than the prefire Dg4 and
Dys grain sizes of surface sediment cover. In addition, Dg4 and Dys
grain size statistics change minimally before and after the fire
(Figures 6 and 7). Changes in the grain size of channel surface cover
surrounding fire appear consistent with potential volumes of dry ravel
supply using a simplified scenario of dry ravel delivery from hillslopes
to channels (Equation 10). However, this framework assumes that
(1) our field surveys are representative of dry ravel processes across a
wider region; (2) all dry ravel sediments are effectively delivered to
the channel; (3) dry ravel is uniformly dispersed across the channel
bed; and (4) comparison is possible between b-axis clast sizes and ver-

tical ravel accumulation, which is presumably in the c-axis dimension.

5 | DISCUSSION

At a first order, our results imply that wildfires change the grain size
distribution of surface sediment cover in headwater channels, particu-
larly in catchments that have a mix of bare-bedrock and soil-mantled
hillslope sources. Over the span of 2 years between the repeat sur-
veys, headwater channels experienced (1) no change, (2) supply of
sediments with the same grain size distribution as existing surface
sediments, or (3) supply of sediment that is coarser or finer than the
channel bed surface. Two out of six repeat surveys showed changes
in median grain size that exceed the modified p-value and the sam-
pling uncertainty at the 95% confidence interval (Figure 6), with the
strongest effects observed in Ford Canyon (p = 3.9 x 10~%”) and Mill
Creek 1 downstream (p= 1.3 x 107°) sites. It is challenging to negate
the possibility that these changes in sediment grain size arise from
sediment transport that was unrelated to fire during the 2-year inter-
val between repeat surveys. However, rainfall intensities remained
below debris-flow initiation thresholds over this time. In addition, min-
imal change in surface sediment grain size between 2018 and 2020
was observed at the Ford Canyon Tributary site, where soil burn

severities were low (Figures S8 and S12).

Orthoimages from the Mill Creek 1 downstream postfire site and
Wilson Canyon mainstem prefire site contain areas of distortion, over-
exposure, and warping, which effectively reduce the resolution of the
UAV imagery (Figures S5-510). These effects can obscure clast
boundaries, which can result in clasts that are mapped as a collection
of ‘fines’ that are below the resolution limit or a single large clast that
actually represents a collection of smaller clasts with poorly resolved
edges (Mair et al., 2022). We reason that this effect would increase
the spread of the grain size distribution but is unlikely to drive our
observed fining of grain sizes changes in grain size distributions.
Our data show that the coarsest percentiles of the grain size distribu-
tions are similar between repeat surveys, and clast boundaries across
30-50% of the channel bed would have to be systematically obscured
to generate the degree of postfire surface fining seen at the Mill
Creek 1 downstream site (Figure 7).

Our repeat surveys demonstrate that the most dynamic postfire
response in surface sediment grain size occurs in headwater channels
where hillslope sources are a patchwork of bare-bedrock cliffs and
soil-mantled hillslopes. We interpret that the patchwork of hillslope
sources provides (1) coarse sediment derived from bedrock cliffs
prior to fire and (2) significant volumes of finer sediment from soil-
mantled slopes following the fire, in addition to minor fine sediment
contributions sourced from fire spallation of cliffs. In the following
sections, we discuss differences in sediment size between different
hillslope sediment source types distinguished by threshold slopes
and limitations to this approach (Section 5.1), differences in connec-
tivity between different hillslope sediment source types and headwa-
ter channels implied by observed postfire changes in bed sediment
grain size (Section 5.2), connections among topography, distinct sedi-
ment sources, and postfire debris flows (Section 5.3), and interac-
tions among changing climates, wildfire dynamics, and the grain size
distribution of sediment supplied to postfire debris flows
(Section 5.4).

5.1 | The grain size of sediment supplied from
hillslope sources distinguished by local slope

Our study design allows us to examine sediment supplied from soil-
mantled and bare-bedrock hillslopes sources in isolation, which rev-
ealed stark differences in the grain size distributions supplied from
these sediment sources. We also showed that the extent of these dif-
ferent sediment sources can be mapped using topographic slope
thresholds. Yet, we are limited to an empirical approach that uses field
measurements to describe sediment size distributions shed from each
hillslope source type, because mechanistic connections among
weathering process, inherited bedrock lithology, and sediment size
remain challenging to interpret (Sklar et al, 2017, 2020; Wall
et al,, 2023).

Our field surveys show similar median grain sizes between in-
place soils on low-gradient hillslopes and postfire dry ravel sourced
from steeper soil-mantled slopes; however, hillslope soils contain a
wider dispersion than dry ravel deposits. Both contain median grain
sizes between 0.1 and 0.2 cm, which is similar to dry ravel sediment
sizes from neighbouring crystalline ranges in the San Gabriel
Mountains (Palucis et al., 2021), perhaps reflecting the fraction of

crystalline bedrock that has been weathered and grussified.
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The sampled sediment contributions from soil-mantled hillslopes
are 2-4 orders of magnitude finer than the spacing between traced
fractures on bedrock cliffs (Figure 5) and 1-2 orders of magnitude
finer than the prefire grain size distribution of surface sediment cover
in headwater channels where 5-95% of the hillslope sediment sources
are exposed bare-bedrock (Figure 6). Compared to soil-mantled
hillslopes, the near-surface weathering zone is presumably thinner
and less active across bare-bedrock hillslopes, leading to the produc-
tion of coarser material that has experienced less near-surface frag-
mentation (Roman-Sanchez et al., 2021). If hillslopes approach or
exceed frictional stability limits for loose material, coarse sediment is
also transported to headwater channels prior to significant fining dur-
ing hillslope sediment transport (e.g. Glade et al., 2017; Sklar
et al., 2020). Although coarser than soil grain size distributions, sur-
face sediment grain sizes in channels are 2-4 times finer than bedrock
fracture spacing (Neely & DiBiase, 2020), which may reflect breakage
of clasts during rockfall transport (Marc et al., 2021), detachment
along near-surface fractures that form during the detachment process
or are thinner than the resolution limits of the photographs
(Berkowitz & Hadad, 1997; Eppes & Keanini, 2017), or geometric dis-
crepancies between clast b-axis measurements (Church, 1987).

Two topographic slope thresholds broadly distinguish hillslope
sediment source types by postfire response (in-place soils vs. dry-ravel
prone soils) and presence or absence of soil (bare-bedrock cliffs); how-
ever, this approach may be more complicated when extending to land-
scapes with a wider variety of hillslope source terrains than what is
observed across Yucaipa Ridge. The effectiveness of this hillslope sed-
iment source classification on Yucaipa Ridge is primarily supported by
the correspondence between fine sediment loading in headwater
channels and the predicted supply of fine sediment from hillslope sed-
iment sources partitioned by topography (Figure 6). Hillslope sediment
transport processes are simplified in this framework, such that all dry
ravel sediment reaches headwater channels, and sediment is uniformly
spread across the channel bed surface. Additionally, calibration of
local slope thresholds could vary depending on soil particle size,
shape, or sorting; vegetation cohesion and density; or differences in
point cloud filtering between lidar datasets (Lamb et al., 2013;
Milodowski et al., 2015; Schmidt et al., 2001). These factors are likely
minimised across Yucaipa Ridge, where bedrock units are pervasively
fractured crystalline rocks (Allen, 1957; Bortugno & Spittler, 1986)
and crystalline rocks are likely prone to grussification along mineral
grains to produce a relatively narrow grain size distribution that is
centred around sand-sized fractions (Figure 5). Using two threshold
slopes to distinguish three sediment source types may overly simplify
burned landscapes that span significant variations in underlying bed-
rock lithology (Alessio et al., 2021) or gradients in rock weathering
related to local climate, elevation, hillslope aspect, or vegetation cover
(Riebe et al., 2015); however, mixing models in these scenarios could

consider a larger diversity of sediment sources.

5.2 | Wildfire controls on the delivery of sediment
from hillslope sources to headwater channels

Our analysis compares surface sediment cover in headwater
channels and a mixing model that considers sediment size distribu-

tions supplied from different hillslope sediment sources, weighted by

the areal abundance of each sediment source type (Figure 7). This
mixing scenario reflects a case where (1) our empirical measurements
of sediment grain size accurately reflect the grain size distribution of
sediment supplied from each hillslope sediment source; (2) each hill-
slope sediment source is eroding at the same rate; and (3) sediment
delivered from each sediment source reaches the channel. We assume
that these conditions are valid for the small spatial scales
encompassed by each of the six small headwater catchments
(e.g. drainage areas <0.1 km?). In larger watersheds, this framework
could also be used as a reference scenario comparing the grain size
distribution of hillslope sediment supply to grain size distributions
measured at different positions within the channel network.

Compared to the reference scenario, prefire surface sediment
cover in headwater channels is coarser than expected by the mixing
model, reflecting preferential sediment inputs from bare-bedrock cliffs
(Figure 7b-f). Across the five sites with exposed bare bedrock cliffs,
the fraction of bare-bedrock hillslope sources varies from 5% to 95%.
However, the decreasing abundance of soil-mantled hillslopes is not
reflected in the grain size of surface sediment cover across these
headwater channels (Figure 6). Instead, channel surface sediment
grain size distributions decouple from the grain size distribution of the
total sediment flux from hillslopes to channels (Neely &
DiBiase, 2020; Sklar et al., 2020), which presumably coarsens with
increasing exposure of bare-bedrock cliffs (Attal et al., 2015; Sklar
et al., 2020). We suggest that decoupling could result from a combina-
tion of (1) preferential storage of finer-grained material behind vege-
tation (Florsheim et al., 1991) and (2) development of armor layers in
steep headwater channels as coarse sediment is supplied from bed-
rock cliffs (Parker & Sutherland, 1990).

Following the fire, the pattern of Dsq fining in headwater chan-
nels illustrates that preferential storage of fine-grained material
behind hillslope vegetation at least partially accounts for decoupling
between the grain size distribution of hillslope sediment flux and that
of the channel surface. Coarse prefire sediment cover in headwater
channels is only buried in localities where the vertical thickness of
estimated dry ravel supply exceeds the depth of coarse sediment sizes
(Figure 6). Additionally, postfire surface sediment cover in each of the
six headwater channels agrees with the mixing model predictions,
which assume that sediment is equally delivered to the channel from
an amount proportional to the areal extent of each hillslope sediment
source (Figure 7). We are unable to constrain the magnitude of selec-
tive transport (winnowing) or burial of fine-grained material within
channels without constraints on the grain size of the total sediment
flux; however, our results show that storage of fine sediment on
hillslopes behind vegetation partially controls coarsening of headwa-
ter channel surfaces prior to fires.

This result is consistent with field experiments and
corresponding hillslope sediment transport models that route the tra-
jectory of individual grains through either dry ravel or rockfall pro-
cesses (DiBiase et al., 2017; Li & Lan, 2015; Roth et al., 2020).
Runout distances are greatest for coarser sediment released from
higher relief terrain, such as bedrock cliffs, because of increases in
the ratio of clast diameter to hillslope roughness elements and initial
particle velocity. Changes in headwater channel sediment grain size
following fire imply feedbacks between hillslope vegetation cover
and hillslope sediment flux for different grain size fractions that are

supplied from weathering rock.
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Despite significant postfire sediment accumulation, the grain size

of surface sediment cover may change minimally in localities where
the grain size of postfire sediment supply does not differ from the
grain size of sediment on the channel surface prior to the fire
(Figure 7a, f). In the site with no bare-bedrock cliff exposure in the hill-
slope source region (Mill Creek 1 Upstream), prefire Dso, Dgs and Dys
grain sizes are all exceeded by the estimated vertical thickness of dry
ravel accumulation. However, no clear change is seen in the grain size
of surface sediment cover between prefire and postfire surface sedi-
ment grain size (Figure 6). Here, the grain size of prefire surface
sediment cover in the channel is similar to grain size distributions from
soil and dry ravel sediment sources, which contribute to postfire sedi-
ment loading. Likewise, prefire and postfire surface sediment grain
sizes may be similar despite significant sediment accumulation in
headwater catchments dominated by bare-bedrock cliff sources only.
Repeat imagery from the Wilson Canyon tributary site
(Fbedrock_m = 0.948) indicates postfire delivery of rockfall sediment to
the channel (Figures 6a and S10); however, more precise surveys of
elevation change are required to quantify these changes in deposit
volume (e.g. DiBiase & Lamb, 2020; Guilinger et al., 2020; Rengers
et al, 2021). The surface sediment grain size distribution coarsens
slightly at the Wilson Canyon tributary site following the fire
(Figure 7). It is often difficult to discern between dry-ravel sediment
released from behind burned vegetation and sediment supplied
directly from fire spallation on cliff faces (Graber & Santi, 2023; Sarro
et al., 2021), but postfire sediment added to the Wilson Canyon tribu-
tary site could be attributed directly to fire spallation and postfire
rockfall processes, because of the scarcity of prefire hillslope vegeta-
tion at this site.

5.3 | Sediment supply from soil-mantled and bare-
bedrock hillslopes and postfire debris flows

We hypothesise that the postfire fining response is maximised in
steep landscapes that display a patchwork of soil-mantled and bare-
bedrock hillslope sources, and that this patchwork is common
throughout actively-uplifting, steep mountain ranges (Benjaram
et al., 2022; DiBiase et al., 2012; Milodowski et al., 2015; Neely
et al., 2019). On Yucaipa Ridge, the patchwork of steep dry-ravel
prone hillslopes and bare-bedrock cliffs is pervasive (Figure 1), likely
related to rapid rock uplift rates and landsliding (Binnie et al., 2007).
The end-member sites that we chose which are continuously soil
mantled or 95% bare-bedrock hillslopes are limited to small headwater
regions (drainage areas <0.1 km?). Larger watersheds integrate a mix-
ture of hillslope sediment sources.

Conceptually, this patchwork develops as channel incision rates
increase to balance rock uplift rates, and hillslopes steepen towards
the stability angles of soil and rock (Burbank et al., 1996; DiBiase
et al, 2023; Neely et al., 2019; Schmidt & Montgomery, 1995). In
such settings, coarse sediment bypasses the hillslope weathering zone
and can directly enter colluvial channels through landslides or rock-
falls (Marc et al, 2021; Neely & DiBiase, 2020; Roda-Boluda
et al., 2018). On steep hillslopes, sediment travel distances also
increase with increasing particle size, leading to downslope coarsening
and a higher likelihood of coarse sediment reaching headwater chan-
nel deposits (DiBiase et al, 2017; Neely & DiBiase, 2020; Roth

et al, 2020). Compared to topography with gentle soil-mantled
hillslopes, the transition to steeper threshold hillslopes represents a
condition where sediment fluxes are high, a mixture of coarse and
fine sediment sources exists in the watershed, and the volume and
grain size of sediment stored at different positions throughout a
watershed depends strongly on the presence or absence of hillslope
vegetation (Figure 7).

The combined mixture of sediment contributed from bedrock
cliffs and burned soil-mantled slopes can elevate debris-flow hazards
in multiple ways. First, our sampling suggests that sediment coarser
than cobbles likely comes from prefire sediment contributed from
bedrock cliffs and landslides, because of the low abundance of these
size fractions in soil and dry ravel (Figure 5). Reduction of surface sed-
iment grain size following fire lowers entrainment thresholds of sedi-
ment in steep channels (McGuire et al., 2017; Palucis et al., 2021).
Additionally, debris-flow volumes are commonly elevated in regions
with significant dry ravel response (DiBiase & Lamb, 2020), and fine
sediment supply can be even more substantial if rilling mobilises soils
from gentler hillslopes (Alessio et al., 2021; Guilinger et al., 2020;
Staley et al., 2014). Importantly, even if in low abundance, coarse pre-
fire sediment contributed from bedrock cliffs often concentrates into
debris-flow fronts, which can govern local flow speeds, heights, and
runout distances (e.g. Zanuttigh & Lamberti, 2007; Jones et al., 2023).

Calibration between topographic data, sediment sources, and the
grain size of sediment supply in the context of the fire cycle offers an
approach to estimate the mixed grain size distribution of sediments
that are available following the fire (Equations 9 and 10). This
approach may be useful to constrain sediment inputs to debris-flow
runout scenarios at the scale of small watersheds that pose postfire
debris-flow hazards (e.g. Barnhart et al., 2021). However, it is limited
by (1) requiring empirical field measurements, (2) the accuracy of the
calibration between topographic data and sediment source type
(Figures 4 and 5), and (3) uncertainty constraining catchment-scale
sediment budgets with respect to the fire cycle (DiBiase &
Lamb, 2013). Additionally, local variability in hillslope topography, soil
cover, aspect, and sediment storage between headwater catchments
may decouple the conditions at debris-flow nucleation points from
the characteristics of hillslopes across an entire source watershed
(DiBiase & Lamb, 2020; Neely et al., 2019; Rengers et al., 2016). The
downstream position of debris-flow initiation points has been shown
to control initial debris-flow volumes and the likelihood that a debris
flow will propagate downstream (Barnhart et al., 2021), but this posi-
tion also sets the spatial scale of hillslope sources that are integrated
to produce the grain size distribution of sediment supply, which varied
across the six headwater catchments that were the focus of this study
(Figure 6).

As a first attempt, we calculated grain size distributions using a
mixing model that considers the extent of two watersheds that pro-
duced destructive debris flows during Tropical Storm Kay in
September 2022 (Figures 8 and S12). News reports containing eye-
witness accounts and video footage showed debris flows on both the
north and south sides of Yucaipa Ridge, and these flows carried
boulder-sized sediment (Arreola, 2022; Gabriel, 2022; Petri &
Yee, 2022). Photographs and videos from these events indicate quali-
tative differences in debris-flow runouts that correspond to differ-
ences in burn severity and the predicted grain size of sediments

supplied from hillslope sources on the south and north side of Yucaipa
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FIGURE 8 Example mixed sediment size distributions from two watersheds that produced destructive debris flows during Tropical Storm
Kay (September 2022). (a) Hillslope sediment sources classified by topography and soil burn severity. Pie charts show the proportion of postfire
sediment availability from bare-bedrock (black), burned-dry-ravel (tan) and burned-soil-mantled (brown) hillslopes in the source area

(Equations 2-5). 95% of Birch Creek and 48% of Mill Creek 2 were burned at moderate or high soil burn severities. (b and c, left) Still frames from
videos of debris flows crossing outlets of (b) Mill Creek 2 and (c) Birch Creek and photographs of debris-flow deposits (right). (d) Empirically
derived grain size distributions for bedrock fracture spacing (black), soil (brown), and dry ravel (tan), and predicted sediment size distributions
supplied at the catchment scale for Mill Creek 2 and Birch Creek based on Equation (9). Photographs provided by Mike DeFrisco, California
Geological Survey (Figure 8b), Sanchez and Weber (2022), and county of San Bernardino public works (Figure 8c).

Ridge (Figure 8). Ground surveys of deposit grain size distributions
were not measured and compared with hillslope sediment sources
(e.g. Kean et al., 2019); however, these comparisons are possible in
future events. This calculation assumes that full watershed extents
are the relevant debris-flow source areas and that these flows were
not initiated in individual tributaries that differed in their sediment

supply conditions from the rest of the watershed.

5.4 | Interactions between changing climate and
coarse prefire sediment in postfire settings

Our analysis on Yucaipa Ridge demonstrates the importance of mixing
both postfire sediment supplied from burned soil-mantled slopes and
coarse prefire colluvium that was delivered from bare-bedrock cliffs
(Figures 7 and 8). Across other landscapes, prefire colluvial channel
deposits can reflect sediment storage that accumulated over decadal
to millennial timescales (e.g. Reneau et al., 1990) and considerably lon-
ger timescales in channel systems with abundant sediment supply
from prior landslides (Li et al., 2016; Scherler et al., 2016) or landscape
change related to deglaciation (Deng et al., 2017). Moreover, in two
landscapes that were unaffected by recent wildfires in southern
California, direct observations of sediment motion from repeat aerial
photographs indicated that much of the coarsest colluvial channel
sediment remained in place despite experiencing storms with decadal
recurrence intervals (Neely & DiBiase, 2023). Landscape disturbances
such as wildfire may be necessary to empty these sediment reservoirs.
In the wake of shifting climate and wildfire regimes, sediment supply

to debris flows remains uncertain (Hirschberg et al., 2021), and coarse

sediment released from colluvial channels could amplify the largest
postfire debris-flow events (Kean & Staley, 2021; Morell et al., 2021),
particularly in regions that have not historically burned or show
potential for higher severity wildfires as climates change (Abatzoglou
et al., 2021; Gergel et al., 2017).

6 | CONCLUSIONS

We constrained the connection among hillslope morphology, bedrock
cliff exposure, and the size of sediments delivered to headwater chan-
nels prior to and immediately following the 2020 El Dorado fire, which
burned steep terrain on Yucaipa Ridge in the San Bernardino Moun-
tains, California. Following the wildfire, change in the grain size of sed-
iment supplied from hillslope sources has been invoked as one of the
precursors to postfire debris flows. We provide field data that docu-
ment changes in the grain size of hillslope sediment supply with
respect to the fire cycle, and we interpret processes responsible for
these changes in a landscape that is characteristic of many steep,
debris-flow-prone mountain ranges of southern California.

We characterised the size distribution of sediments contributed
from three different hillslope source types, which are distinguished by
slope thresholds that delineate hillslope response to fire: low-sloping
soil-mantled hillslopes with local slopes less than 35°, where soil cover
remains in place after burning; soil-mantled hillslopes steeper than
35° where sediment is released as dry ravel following the fire; and
bare-bedrock cliffs which are typically steeper than 45° and do not
sustain soil cover. Sediment sizes measured on low-sloping soil-

mantled slopes and dry-ravel prone slopes are generally similar (Dso of
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0.1-0.2 cm), but 2-4 orders of magnitude finer than particle sizes esti-
mated from bedrock fracture spacings on cliffs.

Both prior to and following the wildfire, we compared the size
distribution of sediments supplied from these hillslope source types to
the size distribution of sediments in six headwater channels where
hillslope sediment sources vary from fully soil mantled, to a patchwork
of soil cover and bare bedrock, and to fully bare-bedrock cliffs. Prior
to wildfire, the surface sediment grain size of steep headwater chan-
nels reflected sediment inputs from bedrock cliffs, regardless of
whether cliff exposure was 5-95% of the hillslope source region. For
fully soil-mantled catchments, sediment size in headwater channels is
finer and reflects sediment inputs from soil-mantled slopes where
weathering has reduced the size of sediments. Following the wildfire,
the delivery of fine sediment from soil-mantled and dry-ravel
hillslopes can lead to the resurfacing of headwater channels and grain
size reduction, because of the incineration of vegetation dams on
hillslopes that preferentially store fine sediment between fires. We
found that postfire reduction in channel sediment grain size is largest
in channels that have some bare bedrock cliffs (5-11%) but are mostly
soil mantled. Repeat surveys constrain a 5- to 20-fold reduction in
surface Dsq sediment size in these catchments. The surface sediment
grain size in fully soil-mantled catchments remains similar to prefire
soil grain size distributions, and the lack of fine sediment storage in
bedrock-dominated catchments between fires limits the potential for
grain size fining in headwater channels.

Across the steep topography examined, hillslopes that consist of
a patchwork of soil-mantled and bare-bedrock slopes at the water-
shed scale show the most dynamic changes in channel sediment grain
size following the fire. The mixture of coarse sediment supplied from
bedrock cliffs and fine sediment supplied by burned soil-mantled
slopes may amplify postfire debris-flow hazards downstream. We
used a combination of topographic proxies that classify hillslope sedi-
ment sources and direct measurements that constrain the grain size
of sediment supplied from these sediment sources to upscale
predictions of postfire sediment grain size to the scale of small debris-
flow-prone watersheds. Although empirical and limited by the com-
plex nature of rock weathering across various lithologic, climatic, and
tectonic settings, this approach can serve as a reference case to com-
pare to postfire debris-flow deposits and may aid in characterising the
grain size distribution of sediment supply prior to impending postfire

debris-flow hazards.
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