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1 | INTRODUCTION

Andrew C. Wilcox

Abstract

Severe wildfire may alter steep mountain streams by increasing peak discharges,
elevating sediment and wood inputs into channels, and increasing susceptibility to
landslides and debris flows. In the Pacific Northwest, where mean annual precipita-
tion is high and mean fire-return intervals range from decades to centuries, under-
standing of steep stream response to fire is limited. We evaluate the hydrologic and
geomorphic response of ~100-m-long steep stream reaches to the large-scale and
severe 2020 fires in the Western Cascade Range, Oregon. In the two runoff seasons
after the fires, peak flows in burned reaches were below the 2-year recurrence inter-
val flood, a level sufficient to mobilize the median grain size of bed material, but not
large enough to mobilize coarser material and reorganize channel morphology. Sedi-
ment inputs to study streams consisted of two road-fill failure landslides, slumps,
sheetwash, and minor bank erosion; precipitation thresholds to trigger debris flows
were not exceeded in our sites. There was a 50% increase in the number of large
wood pieces in burned reaches after the fires. Changes in fluxes of water, sediment,
and wood induced shifts in the balance of sediment supply to transport capacity,
initiating a sequence of sediment aggradation and bed-material fining followed by
erosion and bed-material coarsening. Gross channel form showed resilience to
change, and an unburned reference reach exhibited little morphologic change. Post-
fire recruitment of large wood will likely have long-term implications for channel
morphology and habitat heterogeneity. Below-average precipitation during the study
period, combined with an absence of extreme precipitation events, was an important
control on channel responses. Climate change may have a complex effect on stream
response to wildfire by increasing the propensity for both drought and extreme rain

events and by altering vegetation recovery patterns.
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O'Dowd, & Chin, 2024). The hydrogeomorphic responses of moun-
tain streams to wildfire have been well studied in semiarid regions of

Severe fire alters soil, vegetation, and hydrologic properties of
mountain watersheds, commonly elevating inputs of water, sediment,
and wood to channel networks and potentially altering the form and
function of steep mountain streams (e.g. Benda, Miller et al., 2003;
Shakesby & Doerr, 2006). Post-fire floods, hillslope erosion processes
(e.g. Shakesby & Doerr, 2006), and associated geomorphic changes
can threaten infrastructure, homes, and lives (Jakob & Hungr, 2005;

Kean et al., 2019) and disturb aquatic ecosystems (Florsheim,

the western United States, where mean fire return intervals are years
to decades (e.g. Chin et al., 2019; Hoffman & Gabet, 2007; Minshall,
Robinson, & Lawrence, 1997; Rengers et al, 2020; Thomas
et al, 2023). In the temperate Pacific Northwest, however, where
fire return intervals range from decades to centuries but high
precipitation and prevalent steep topography create susceptibility to
post-fire flooding and mass wasting processes (e.g. landslides and
debris flows; McNabb & Swanson, 1990; Wondzell & King, 2003;
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Jackson & Roering, 2009), understanding of post-fire stream
response is limited.

In early September 2020, several extensive, high-severity wild-
fires ignited across the Western Cascade Range, Oregon. In what are
collectively known as the Labor Day fires, more area burned in the
Oregon Cascades than in the previous five decades combined (Reilly
et al., 2022), likely exceeding annual burned area since at least 1900
(Abatzoglou et al., 2021). The fires, at least some of which were
human-related ignitions associated with power lines (Sickinger, 2022),
were enabled by extreme fuel aridity and driven by a strong east wind
event (Abatzoglou et al., 2021). The historic magnitude and severity
of the 2020 fires in the Western Cascades create impetus to investi-
gate post-fire landscape responses. Evidence of shifts in fire regimes
across the Pacific Northwest (Haugo et al., 2019) and projections of
climate-change-induced increases in fire weather (Jones et al., 2022),
fire activity (e.g. Halofsky, Peterson, & Harvey, 2020; Littell
et al., 2018), and post-wildfire extreme rainfall (Touma et al., 2022) in
the region provide further motivation.

Several studies of the 2020 western Oregon fires have been com-
pleted (e.g. Calhoun et al., 2022; Coble et al., 2023; Moffett &
Quinn, 2023; Roebuck et al., 2022). Metrics characterizing fine sedi-
ment content or large wood did not show significant differences in
the year after the fires among streams that experienced different fire
severities (Coble et al., 2023), but dissolved organic-matter composi-
tion did show differences in post-fire response depending on burn
severity (Roebuck et al., 2022). Higher soil-moisture content in the
top several centimetres reduced hydrophobicity in several areas bur-
ned in the Labor Day fires, especially in clay loam and silt loam soils;
hydrophobicity also varied with residual organic content (Moffett &
Quinn, 2023). Calhoun et al. (2022) found that some debris flows,
shallow landslides, rockfall, and instances of flood scour were evident
in areas that burned in 2020, but most of the drainages surveyed did
not experience post-fire mass wasting events in the two winters after
the fires. Our study complements these efforts by investigating the
hydrogeomorphic response of mountain streams to the 2020
Oregon fires.

The bed and bank structure of steep mountain streams fosters
resilience to moderate changes in discharge and sediment inputs
following disturbance (e.g. Chin, 1989; Montgomery & Buffington,
1998). Boulders deposited in channels (Grant, Swanson, &
Wolman, 1990) create keystones that form stable bed structures,
including steps, grain clusters and grain nets (Church, 2006; Comiti &
Mao, 2012; Grant, Swanson, & Wolman, 1990). The morphologic resil-
ience of steep streams may change following severe fire, however, as
a result of changes to soil, vegetation, and hydrologic properties of
mountain watersheds and resulting alteration of water, sediment, and
wood fluxes. Fire-induced removal of vegetation and litter exposes
soil to raindrop impact, reduces surface storage capacity, and
increases susceptibility to overland flow and hillslope erosion pro-
cesses, including dry ravel, sheetwash, riling, gullying, landslides, and
debris flows (e.g. Hyde et al., 2016; Robichaud, 2000; Roering &
Gerber, 2005). Increased soil water repellency (i.e., hydrophobicity)
can also reduce infiltration but may be highly localized and spatially
variable (McGuire et al., 2018; Shakesby & Doerr, 2006). Wood supply
to mountain streams can be amplified following fire as a result of
accelerated treefall and bank erosion (e.g. Benda et al., 2003; Minshall,
Robinson, & Lawrence, 1997).

Fire-induced changes to hillslope processes and hydrogeomorphic
fluxes can lead to variable and in some cases dramatic changes to
channel morphology. Landslides and debris flows can reorganize steep
mountain streams by scouring channels to bedrock and/or supplying
wood and sediment, which aggrades channel beds and produces
debris fans that restrict channel width and alter upstream and
downstream morphology (e.g. Benda, 1990; Benda, Veldhuisen, &
Black, 2003; Germanoski & Miller, 1995; Hoffman & Gabet, 2007;
May & Gresswell, 2004). Depending on the timing and intensity of
post-fire precipitation, post-fire mass-wasting may be delayed several
years, until after root systems decay and associated cohesion is lost,
and before new vegetation and root systems are established
(Jackson & Roering, 2009; Rengers et al., 2020; Roering et al., 2003).
Surface erosion processes, including dry ravel and riling, can input
enough sediment to steep streams to bury steps and pools
(e.g. Florsheim et al., 2017; Florsheim, Keller, & Best, 1991; Keller,
Valentine, & Gibbs, 1997). By increasing flow resistance and reducing
sediment transport capacity (e.g. Montgomery et al., 2003), large
wood jams can cause further aggradation of post-fire sediment
inputs (Chin et al., 2024; Rengers et al., 2023; Short, Gabet, &
Hoffman, 2015; Wohl et al., 2022).

Post-fire-hydrogeomorphic responses are highly variable across
regions and watersheds due to interacting climatic, biophysiographic,
and anthropogenic factors (e.g. Benda & Dunne, 1997; Florsheim,
O’Dowd, & Chin, 2024; Moody et al., 2013; Shakesby & Doerr, 2006).
Influential factors include burn severity and extent, precipitation
(magnitude, duration, intensity), dominant runoff mechanisms
(e.g., overland versus subsurface flow), channel and basin morphology
(e.g., gradient, confinement), vegetation (type, coverage, rate of
regrowth), soils (type, thickness), lithology, and land management
(e.g., timber harvest, road construction) (Swanson, 1981; Sidle,
Pearce, & O’Loughlin, 1985; McNabb & Swanson, 1990; Montgomery
& Buffington, 1998; Cerda & Doerr, 2005; Shakesby & Doerr, 2006;
Moody et al., 2013; Vieira et al., 2015; Ebel et al., 2023; Figure 1).

. Biophysiography
Climate Land Management
Precipitation MorphOIg%):)/:‘;Z';Ography Timber Harvest
Fire Regime Flora/Fauna Roads
Sediment Inputs Flow Large Wood

Frequency Frequency Amount
Volume Magnitude Size
Size Duration Position,

¥

Width
Depth
Slope
Grain Size
Roughness
Planform,

FIGURE 1 Conceptualization of the tiered controls on steep
stream morphology. Wildfire influences steep-stream morphology via
its effect on sediment, flow, and wood regimes. Specific attributes of
the fire regime (e.g. burn severity), post-fire precipitation (timing,
magnitude, and intensity), biophysiography (e.g., vegetation
regeneration rates, hillslope gradient), and human interventions will
govern the extent to which the balance of sediment supply and
transport capacity shifts following wildfire, and in turn the potential
for geomorphic adjustments.
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The objective of this study was to evaluate the hydrologic and
geomorphic response of steep streams to severe wildfire in the West-
ern Cascades. We measured streamflow, instream wood, and post-fire
changes in channel topography and bed-material size in four steep
stream reaches that burned in the 2020 wildfires, and we compared
observations to conditions in an unburned reference reach and nearby
gaged streams. We assessed post-fire precipitation, sediment inputs,
and flow competence to contextualize hydrogeomorphic responses.
Further, we interpreted channel responses in the context of variable
biophysiographic site characteristics (Figure 1) to provide insight on
the potential controls on post-fire geomorphic responses. This work
advances understanding of watershed response to high-severity fire
in a region that is increasingly susceptible to climatic disturbance
(e.g., wildfire, drought, intense rainstorms) and has implications for

post-fire hazard mitigation and management.

2 | STUDY AREA

We investigated four steep stream reaches in watersheds burned in
the 2020 Archie Creek and Holiday Farm fires in the Western Cas-
cades of Oregon (Figure 2). These fires burned over 1200 km?2, 74%
of which was at moderate or high soil burn severity (U.S. Geological
Survey) & (U.S. Forest Service, 2020). The area in which the Archie
Creek Fire burned is characterized as having a mixed and stand-
replacement severity fire regime, with mean fire-return intervals of
35-200 years (U.S. Geological Survey, 2022a). The Holiday Farm Fire
burn area has a stand-replacement severity fire regime, with return
intervals of greater than 200 years (U.S. Geological Survey, 2022a).

The Western Cascade Range flanks the western slope of the
Oregon Cascades and comprises a Miocene-upper Eocene volcanic
arc, with dacitic tuffs, andesite lava flows, and lesser basaltic and rhy-
olitic volcanic rocks (Conrey et al., 2002). Hillslope dissection is driven
by glacial erosion, streams fed by shallow subsurface stormflow, and
debris flows, producing a landscape with steep slopes and extensive
drainages (Jefferson et al., 2010). Relatively high rates of runoff and
erosion provide substantial bed material to rivers (Jefferson
et al., 2010; O’Connor et al., 2014; Swanson, 1975). Both the Archie
Creek and Holiday Farm fires straddled the boundary of the foothills
and the steeper, high-relief interior of the Cascades and engulfed
large east-west lying rivers, the North Umpqua River and McKenzie
River, respectively, both of which are important regional rivers for
water supply and salmon fisheries. Tributary streams flow north and
south linking steep ridges with the gentler McKenzie River and North
Umpgqua River valleys.

We selected study reaches that we expected, on the one hand, to
be resilient to disturbance because of high transport capacities, coarse
bed materials, and stable bed structures; but on the other hand, to
have high propensity for geomorphic change from post-fire runoff
and erosion based on their basin attributes. As such, study basins have
predominantly steep gradients (mean basin slopes 30%-56%) and
experienced moderate or high soil burn severity (between 61%
and 99% of basin area) during the 2020 fires (Figure 2; Table 1), mean-
ing that nearly all the organic ground cover was consumed by fire.
Study reaches (Figure 2, Table 1) are in third- and fourth-order
streams, in the vicinity of junctions with headwater tributaries,

corresponding to locations in the stream network more frequently

subject to landslide and debris-flow deposits (e.g. Benda,
Veldhuisen, & Black, 2003; Bigelow et al., 2007). Study reaches are
also within or near channel segments predicted by the US Geological
Survey to have high debris-flow hazard in response to a 15-min,
24 mm h™? rainfall intensity (U.S. Geological Survey, 2020). Study
reaches are steep (~5%-10% gradients; Table 1), coarse (predomi-
nantly cobble- and boulder-bedded), and exhibit step-pool and step-
riffle (intermediate between step-pool and pool-riffle) morphologies.

Wright Creek (WRT), Bogus Creek (BOG), and Swamp Creek
(SWP) burned in the Archie Creek Fire and are tributaries of the North
Umpqua River. Cone Creek (CON) burned in the Holiday Farm Fire
and is a tributary of the McKenzie River. Hillslopes adjacent to study
reaches in WRT and CON are dissected by steep gullies rated with
high and moderate debris-flow hazard, respectively. A perennial tribu-
tary with high debris-flow hazard enters SWP (U.S. Geological
Survey, 2020). At the onset of this study in late 2020, following the
fires, selection of burned study reaches was constrained by accessibil-
ity and safety concerns. We also have one unburned reference reach,
McRae Creek (MCR), to enable comparison of post-fire responses
between burned and unburned sites. MCR is 8 km northwest of the
Holiday Farm Fire, in the HJ Andrews Experimental Forest (Figure 2),
and is a National Ecological Observation Network (NEON) site with
continuous records of stage and discharge and pre-fire channel
morphology data.

Prior to the 2020 fires, forested areas were dominated by
Douglas-fir (Pseudotsuga menziesii) and western hemlock (Tsuga
heterophylla; (U.S. Geological Survey, 2022a). All study basins have
experienced timber harvest, primarily via stand clearcutting, and
associated road construction (Table 1). Only BOG has been harvested
since 1998, as part of a small salvage logging operation following the
2009 Williams Creek Fire, which burned nearly all of the catchment at
mixed severity (U.S. Forest Service), 2022; (U.S. Geological Survey)
& (U.S. Forest Service), 2022). Thirty percent of WRT burned at low
severity in 2017 (US. Geological Survey) & (U.S. Forest
Service), 2020.

Mean annual precipitation in study basins ranges from ~1.5 to
2.2m (PRISM Climate Group, 2022; Table 1). Most precipitation
occurs during the winter as rain during long-duration, low-intensity
frontal storms, with mixed rain and snow above ~600 m in elevation.
All study reaches other than MCR are lower elevation (Table 1) and
are thus rainfall-dominated. Summers are relatively warm and dry.
Characteristic organic matter-rich loam soils have a high infiltration
capacity.

3 | METHODS

3.1 | Field surveys

To measure post-fire hydrogeomorphic responses, we conducted
repeat field surveys in the 1.5 years after the wildfires, encompassing
two winters, when most precipitation occurs in the study area. We
were first able to access the burned areas in mid-December 2020,
1.5 months after the fires were contained, and about 3 months after
most of the fire spread. This was following a mid-November 24-h,
76 mm (USGS Cougar Dam Met Station #440752122143200, eleva-
tion 383 m; Figure 2) and 58 mm (Archiel tipping-bucket gage,
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FIGURE 2 Study area maps, including study basin outlines, reach locations, rain gages used in this analysis, and burn severity of (a) Archie
Creek and (b) Holiday Farm fires, with labelled study basin locations; (b) also shows HJ Andrews Experimental Forest (green polygon); (c) Wright
Creek (WRT), (d) Bogus Creek (BOG), (e) Swamp Creek (SWP), and (f) Cone Creek (CON) study basins. (g) Shows hillshade and channel network of

unburned MCR basin. MCR, McRae Creek.

elevation 619 m; Figure 2) rain event near the Holiday Farm Fire
study sites (reach elevations 352-884 m; Table 1) and Archie Creek
Fire study sites (reach elevations 306-410 m; Table 1), respectively.
Some post-fire geomorphic changes may therefore have occurred by
the time of initial field surveys. We conducted repeat surveys of bur-
ned reaches in June 2021 and March 2022. We surveyed the
unburned reference reach, MCR, in June 2021 only, otherwise relying
on NEON data for MCR.

During each field visit, we used a Leica TS06 total station and an
Emlid Reach GPS receiver to conduct georeferenced surveys of 5-11
cross sections per reach and thalweg longitudinal profiles. To charac-
terize grain size of the mobile clasts, we completed a Wolman pebble
count of ~100 grains, excluding boulders (Wolman, 1954), in each
reach, in a location representative of the bed material. We measured
discharge during each field visit along a cross section with relatively

simple geometry using a SonTek FlowTracker ADV. We installed an
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TABLE 1 Characteristics of Wright Creek (WRT), Bogus Creek (BOG), Swamp Creek (SWP), Cone Creek (CON), and McRae Creek (MCR)
study sites.

WRT BOG SWP CON MCR
Fire Archie Archie Archie Holiday N/A
Reach slope (%) 4.8 6.0 10.0 5.9 6.2
Reach length (m) 71 116 116 107 53
Mean reach elevation? (m) 328 306 410 352 884
Drainage area? (km?) 8.9 2.8 1.1 45 4.2
Mean basin slope® (%) 45 56 30 51 39
Basin relief* (m) 1010 628 622 945 713
Harvested area® (%) 48 1 27 0 21
Pre-fire forested area® (%) 100 59 79 100 100
Road density (km km~2)¢ 2.4 1.0 1.2 0.7 1.6
Mean annual precipitation® (m) 1.6 1.5 2.0 2.1 2.2
% High burn severity’ 9 34 64 30 0
% Moderate burn severity’ 52 65 35 68 0
% Low burn severity' 24 1 1 3 0
% Unburned" 14 0 0 0 100

Abbreviation: USFS, U.S. Forest Service.
2U.S. Geological Survey (2022b).

PPercent of catchment area that has been harvested in the past; may not include all historic harvest activity U.S. Forest Service, 2022).

“U.S. Geological Survey (2022a).
9U.S. Forest Service (2022).
®Total of rain and snow water equivalent (PRISM Climate Group, 2022).

fSoil burn severity of study basin as percent of total area (U.S. Geological Survey) & (U.S. Forest Service), 2020).

In-Situ Level TROLL 300 pressure transducer in each ungaged reach
to record stage at 15-min intervals, and barometric pressure
transducers adjacent to WRT and CON to correct for atmospheric
pressure. To provide visual documentation of variability in daily
stream conditions (stage and turbidity), Browning Recon Force trail
cameras were mounted to tree trunks and directed at streams, large
wood jams, and gullies. Cameras took two photos per day. MCR has a
permanent trail camera that takes a photo every 30 min during
daylight. Finally, we photographed the length of study reaches to
document changes in stream morphology, large wood, and point
sources of sediment (e.g., slumps, bank erosion).

To further characterize stream and hillslope conditions and
erosion processes, we conducted uncrewed aerial vehicle (UAV)
surveys (collecting RGB photos and video) of study reaches and
upstream catchment areas. UAV surveys were completed from a
height of ~100 m, and photos were processed into four-cm resolu-
tion, georeferenced orthophotos in Pix 4D Mapper. The UAV surveys
provided a means to identify large sediment sources such as land-
slides, over a broader spatial scale than ground surveys, but they do
not provide a complete representation of all surface-erosion mecha-
nisms, such as sheetwash, small rills, or dry ravel. We estimated land-
slide and debris fan volumes using UAV imagery-derived digital
surface models (DSMs) in Pix4D, by digitizing the volume base
(i.e., the footprint of the landslide scar or debris fan) and calculating
the volume between the base and the surface defined by the DSM.
The first UAV survey, of BOG basin, was completed by the University
of Washington Natural Hazards Reconnaissance (RAPID) Facility in
March 2021. We conducted additional UAV surveys of burned sites in
June 2021 and March 2022 using a DJI Mavic 2 Pro.

3.2 | Precipitation and hydrologic response

To quantify precipitation, we used data from tipping-bucket rain gages
installed by research collaborators, USGS meteorological stations, and
the PRISM Climate Group. The tipping-bucket gages, one of which
(Archiel) was in the WRT basin, the other of which (Holiday4) was
3 km from CON, were in place from November 2020 to September
2021. For water years (WYs) 2021 and 2022, we determined total
precipitation, percent of normal precipitation, and Z-scores of
total precipitation, which are calculated as the number of standard
deviations away from the mean. We also calculated maximum daily
precipitation and maximum 24-h precipitation, the latter of which has
been used to characterize debris flow thresholds in western Oregon
(Wiley, 2000). Finally, we calculated the maximum 15-min rainfall
intensity, a metric used by the USGS to characterize debris flow
hazard (U.S. Geological Survey), 2020.

To evaluate hydrologic response to the 2020 wildfires, we
assessed peak flow stage (measured with pressure transducers),
discharge, and the duration of flows exceeding the level we identi-
fied as bankfull, based on morphologic and vegetation indicators.
We modelled hydraulic conditions using HEC-RAS (Hydrologic Engi-
neering Center’s River Analysis System). HEC-RAS requires cross-
section geometries, Manning's n, and discharge, and outputs a water
surface elevation (WSE) profile and cross section-averaged hydraulic
metrics (e.g., velocity, shear stress) at each cross section for the
modelled flow. For topography input, we used cross sections mea-
sured during March 2022 field surveys. We calibrated the Manning's
n roughness coefficient by simulating field discharges from
December 2020 and March 2022 and fitting modelled WSE to field-
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measured WSEs. To estimate peak flows, we varied discharge in
HEC-RAS until the modelled WSE matched the WSE recorded by
pressure transducers during the peak flows in 2021 and 2022 (addi-
tional details on HEC-RAS modeling are provided in Busby, 2022).
We compared timing, magnitude, and recurrence intervals (estimated
using USGS regression relations; (U.S. Geological Survey), 2022b) of
peak discharges in study streams to those in both burned and
unburned gaged creeks in HJ Andrews Experimental Forest and

nearby USGS gaged streams.

3.3 | Geomorphic response

To evaluate the geomorphic response of steep streams to the 2020
wildfires, we measured changes in channel topography and bed-
material size. In burned study reaches (WRT, BOG, SWP, CON), we
calculated changes between each field survey and over the entire
study period. As such, change was measured for three time periods:
December 2020 to June 2021, June 2021 to March 2022, and
December 2020 to March 2022. From cross-section data, we calcu-
lated the percent change in reach-averaged bankfull width and depth
during each time period and tested for significant differences using
the nonparametric Wilcoxon rank sum test, which is applicable to
small sample sizes and nonnormally distributed data. We evaluated
changes in thalweg longitudinal profiles by calculating the change in
reach slope and bed roughness height, as characterized by the stan-
dard deviation of the thalweg elevation (Coleman, Nikora, &
Aberle, 2011). To assess changes in channel bed material, we used
pebble-count data to calculate the percent change in the Dsg, the
grain size below which 50% of the bed material is finer. We tested for
significant differences in grain size distributions during each time
period using the Kolmogorov-Smirnov test. All statistical analyses
were performed in R. In the unburned reference reach, MCR, which
we only surveyed in June 2021, we repeated cross section and pebble
count measurements taken by NEON staff in August 2019 and evalu-
ated change between 2019 and 2021. This time span is similar to the
study period in that it encompasses two winters in which flows at
nearby gages were predominantly below the two-year recurrence
interval flood. As such, we considered the change in MCR between
2019 and 2021 as representative of the magnitude of change that
may have occurred during the study period.

To contextualize temporal changes in bed grain size and channel
geometry in study reaches, we assessed flow competence (i.e., the
ability of flow to mobilize bed material). This entailed calculation of
boundary shear stress (zg) during the peak flow in WYs 2021 and
2022 and of the critical shear stress needed to mobilize the Dso. We
determined peak-flow 7 values for each surveyed cross section from
either HEC-RAS modeling (WRT, BOG, CON) or as:

70— P3RS (1)

where p is water density, g is acceleration due to gravity, R is hydraulic
radius, and S is channel slope. We calculated the critical shear stress,
7., for mobilization of the Dsg as:

e =1,(ps — p)3Ds0 (2)

where p; is sediment density and 7} is dimensionless critical shear
stress, calculated here using a slope-dependent equation developed

for steep streams (Recking, 2009; Recking et al., 2012):
7 =0.155%%27, (3)

Finally, we compared 74 (at peak flow) and 7. to evaluate whether
entrainment of the D5 is likely to have occurred (i.e., 79 > 7).

To provide insight on the influence of wildfire on instream large
wood and associated effects on channel morphology, we assessed
large wood conditions in burned reaches in March 2022 and in MCR
in June 2021. To do so, we used a combination of ground photos and
analysis of UAV imagery-derived, georeferenced orthophotos. We
defined large wood to be any piece with a mid-length diameter
>20 cm (the size that could be readily identified in orthophotos) that
extended at least 1 m into the bankfull channel. We classified each
piece as single or part of a jam (defined as three or more pieces of
large wood in contact), and noted the presence or absence of a
rootwad, features of accumulation, level of decay, burn status,
stability, source, and whether the piece forced a geomorphic unit

(e.g., pool, bar) and was storing sediment (Wohl et al., 2010).

4 | RESULTS

41 | Precipitation and hydrologic response

Total precipitation during the study period was below average in all
sites, such that all Z-scores of total precipitation were negative
(Table 2). The Z-scores were greater in WY 2022 and for sites in and
near the Holiday Farm Fire (CON and MCR) than for Archie Creek Fire
sites (Table 2). Consistent with typical regional hydroclimate patterns,
most precipitation and streamflow occurred between October and
April (Figure 3). Precipitation fell primarily as rain, with a greater pro-
portion of snow in the higher-elevation MCR site. Study sites showed
similar behaviour in terms of precipitation timing and intensity within
Archie Creek or Holiday Farm sites, and variability between years
(Table 2).

In some cases, daily precipitation maxima corresponded with peak
flow (e.g., early January, 2022 in Archie Creek sites), but in other
cases, there were lags between storms and runoff (e.g., for large, late-
fall precipitation events). In general, stage hydrographs in burned
reaches illustrate high-frequency, short-duration (i.e., less than two
days) increases in stage in response to storm events. Stage increases
in MCR were less frequent and longer duration, at least partly
reflecting the greater prevalence of snow at this site. Precipitation
maxima did not exceed published thresholds (Wiley, 2000) for
landsliding, as discussed further below.

In the 1.5 years after the wildfires, peak flows in burned reaches
remained mostly confined to the bankfull channel, according to pres-
sure transducer measurements and hydraulic modeling. The peak dis-
charges we estimated for these sites did not exceed 50% annual
exceedance probability (i.e., 2-year recurrence interval) floods, which

is consistent with nearby gaged sites.

35USD | SUOWIWIOD dAIERID 3|qedl|dde au) Aq paueA0b ke SSILE YO 88N JO S3|NU 10J Afiq178UIUO AB]IA UO (SUOIPUCD-PUR-SLLLBIALIOY™AS | IMAL1G 1[BUI|UO//SANY) SUOHIPUOD PUe SW L 8U1 385 *[7202/0T/80] U0 Afiq18ulluo AB)IM *SeLeS-AkiqiT pRISUe N BUEIUOIN JO AISIBAIUN - X00|IM MBIPUY Aq 2865 US9/200T OT/I0P/W0d" 3] 1M A1 1[puUo//StNY WwoJj papeoiumod ‘0 ‘LE86960T



BUSBY and WILCOX mwl LEY 7

TABLE 2 Precipitation data during study period.

WRT BOG SWP CON MCR
Total® (mm) WY 2021 1191 1134 1414 1786 1851
WY 2022° 811 752 987 1290 1333
% of normal®* WY 2021 74 75 71 84 83
WY 2022° 81 79 78 84 84
Z-score of log (total precipitation)*<¢ WY 2021 -1.5 -14 -1.7 -0.83 -0.87
WY 2022° —-0.74 —-0.84 —-0.90 —0.60 -0.57
Max daily (mm) and date WY 2021 37° 37¢ 37¢ 65" 65"
11/18/20 11/18/20 11/18/20 12/20/20 12/20/20
WY 2022° 49? 47° 592 598 598
1/4/22 1/4/22 1/4/22 1/5/22 1/5/22
Max 24-h (mm) and date WY 2021 58¢ 58¢ 58¢ 80f 80f
11/15/20 11/15/20 11/15/20 12/20/20 12/20/20
WY 2022° - - - 678 678
- - - 1/5/22 1/5/22
Max 15-min intensity (mm h~?) and date WY 2021 17¢ 17¢ 17¢ 218 218
1/13/21 1/13/21 1/13/21 9/18/21 9/18/21
WY 2022°" - - - 178 178
- - - 11/10/21 11/10/21

Abbreviations: WRT, Wright Creek; BOG, Bogus Creek; SWP, Swamp Creek; CON, Cone Creek; MCR, McRae Creek.
2Source: PRISM Climate Group (2022).

PFor the portion of WY 2022 encompassed by the study period (Oct. 2021 to Mar. 2022).

“Derived from monthly average precipitation for 1991-2020.

9Because precipitation is log-normally distributed, we report Z-scores of the log-transformed total precipitation.
®Source: Archiel tipping bucket gage (1-min resolution, latitude 43.299731, longitude —122.801334, elevation 619 m).
fSource: Holiday4 tipping bucket gage (1-min resolution, latitude 44.139128, longitude —122.334849, elevation 405 m).
&Source: USGS Blue River Dam Met Station near Blue River, OR, #441016122194300.

PNo data available for Archie Creek Fire sites in WY2022 at a resolution finer than daily.
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FIGURE 3 Daily precipitation during study period near (a) Archie Creek Fire (1 October 2020 to 4 November 2020 data from PRISM,

5 November 2020 to 16 September 2021 data from Archiel tipping-bucket gage, 17 September 2021-28 February 2022 data from PRISM) and
(b) Holiday Farm Fire study sites (1 October 2020 to 21 November 2020 data from USGS Cougar Dam Met Station Near Rainbow, OR, #
440752122143200, 22 November 2020 to 10 September 2021 data from Holiday4 tipping-bucket gage, 11 September 2021 to 28 February
2022 data from USGS Blue River Dam Met Station near Blue River, OR, #441016122194300). Arrows denote mid-November 24-h, 58 mm
(Archie Creek) and 76 mm (Holiday Farm) rain events prior to initial field surveys.
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4.2 | Sediment, wood, and geomorphic response
Post-fire imagery from UAV surveys and trail cameras complemented
ground surveys to document hillslope and channel responses at multi-
ple spatial and temporal scales. The UAV surveys (Supplemental
Video) did not show any evidence of post-fire mass wasting events in
study watersheds, with the exception of two landslides in WRT basin,
which we describe below. UAV surveys showed a high density of
downed logs on the floor of burned hillslopes and adjacent valley
bottoms, as well as illustrating the effects of variable burn severity,
with some areas experiencing loss of all vegetation and organic litter
on hillslopes, while other areas retaining intact trees.

Trail cameras showed changes in water colour suggestive of
increased turbidity during high flows in burned study reaches but not
in the unburned MCR reach during the first two winter-spring wet
periods following the fire. Trail-camera observations were corrobo-
rated by turbidity measurements at a.

USGS gaging station on the North Umpqua River 18-25 km
downstream of where the Archie Creek Fire study reaches enter the
mainstem (USGS 14317450 North Umpqua River near Idleyld Park,
OR), which showed short-duration turbidity spikes (hours to days),
especially during the mid-November 2020 (prior to trail-camera instal-
lations) and early-January 2022 rainfall events (U.S. Geological
Survey), 2024). Comparing timing of turbid flows to precipitation data
suggests erosive overland flow occurred during storms exceeding a
24-hour, ~1.6 mm h™! intensity. UAV surveys and field observations
revealed little evidence of riling and gullying on burned slopes,
suggesting that surface erosion occurred mainly as sheetwash.

Burned areas had abundant downed wood on hillslopes, in ripar-
ian areas, and in streams. We measured between 1.0 (BOG) and 1.8
(WRT) pieces of large wood per 10 m stream length in burned reaches
(Figure 4); 85% of these pieces were partially or completely burned.
We recorded slightly lower wood loading, 0.9 pieces per 10 m, in the
unburned study reach, MCR, where all pieces showed signs of decay
and did not appear to be recently recruited to the channel. About a
third (29%) of large wood pieces formed channel-spanning jams in
WRT, SWP, and CON; no jams were observed in BOG. Pieces that
were not in jams were ramped at various angles in the channel, in

some cases contributing to sediment aggradation and bar formation,
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FIGURE 4 Large wood pieces per 10 m stream length in burned
(orange) and unburned (blue) study reaches.

or were bridged across the channel in a manner that limited their
hydraulic influence.

Study streams showed local, ephemeral adjustments in bed eleva-
tions, as shown by repeat longitudinal profile surveys (Figure 5), and
in grain size (Figure 6), as discussed on a reach-by-reach basis below.
Gross channel changes in width, depth, slope, and bed roughness
height were limited (Table 3; Figures 5 and 6). Calculations of the
boundary shear stresses at peak-flow conditions, compared to
the critical shear stress required to mobilize bed materials, indicated
that peak flows in burned reaches in WYs 2021 and 2022 were com-
petent to transport the Dsq at nearly all cross sections. In MCR, in
contrast, flows were not competent to transport the D5 (Busby, 2022
provides details of flow competence calculations).

The most significant mass-wasting events were two landslides in
the WRT basin, which occurred ~600 and 700 m upstream of the
study reach as a result of road-fill failure during a 1-day, 49 mm rain
event on 4 January 2022 (Figure 7; Table 2). The two landslides had
volumes of ~900m® and ~1200m® as estimated from UAV
imagery-derived DSMs in Pix4D, in some places scouring to bedrock,
but differing degrees of connectivity to WRT. For the farther
upstream landslide, which occurred in a tributary gully rated with high
debris-flow hazard (U.S. Geological Survey), 2020, we estimated a
sediment delivery ratio (SDR, i.e., the ratio of sediment delivered to
the stream to the total volume of sediment in the landslide) of 83%
(i.e., ~750 m® of sediment entered WRT). The landslide produced a
debris fan comprised mostly of fine sediment and large wood
(Figure 7(c)) that forced a channel constriction and local gradient
adjustments, with a pool on the upstream side, and a transient
knickpoint on the downstream side. The downstream of the two land-
slides had an SDR of 25% (i.e., ~300 m® of sediment entered WRT)
and deposited a debris fan of mostly cobble and boulder-sized sedi-
ment and some large wood adjacent to the creek (Figure 7(e)). Trail
cameras showed changes in the colour of streamflow in WRT follow-
ing the landslides, suggestive of turbidity increases, lasting for two
days. Turbidity increases were also recorded at the USGS North Ump-
qua River near Idleyld Park, OR gaging station, 25 km downstream of
where WRT enters, during the early January 2022 rainfall event, from
background levels of 2-3 FNU (formazin nephelometric units) to a
peak of 112 NTU (U.S. Geological Survey), 2024.

In WRT, during the second winter rainy season after the fires,
there was significant bed-material coarsening, and the Dsg increased
by 52% (Table 3; Figure 6). Although changes in average bankfull
depth were not significant (Table 3), repeat longitudinal profiles show
~0.7 m of incision in the upper portion of the reach between
December 2020 and March 2022 (Figure 5).

BOG showed the most immediate geomorphic response to the
fires. As of initial field surveys, 1.5 months after the fires, we observed
a small landslide/slump along the channel margin (Figure 6), a rill and
associated fan of fine to cobble-sized sediment on the floodplain just
upstream of the study reach, and fresh overbank fine-sediment depo-
sition and gravel aggradation within the channel. Based on their
appearance and mobility, we infer that these erosional and deposi-
tional features are post-fire (Figures 6, 8, 9), most likely as a result of
the mid-November 2021 precipitation event described above. Gravel
aggradation in BOG mostly persisted during the first winter after the
fires, and further aggradation occurred locally, but this sediment was

largely eroded during the second winter rainy season (Figures 5, 9).
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FIGURE 5 Thalweg
longitudinal profiles of study
reaches, showing localized
aggradation and incision. Vertical
changes were mostly less than
0.3 m, with the exception of
~0.7 m of degradation in WRT
(A) at distance 15 m between
December 2020 and March 2022.
Because the thalweg location
sometimes shifted between
surveys, plots do not depict
repeat surveys of identical
locations. Note differing vertical
exaggeration on each plot.

FIGURE 6 Grainsize
distributions in study reaches.
There were statistically significant
changes in grain size between
December 2020 and June 2021 in
(c) SWP and (d) CON, between
June 2021 and March 2022 in

(a) WRT, and between December
2020 and March 2022 in (b) BOG,
(c) SWP, and (d) CON. Gray
dashed line indicates Dso. CON,
Cone Creek; SWP, Swamp Creek;
WRT, Wright Creek.
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TABLE 3 Summary of channel morphology measurements in study reaches: average bankfull depth (hy,y) and width (w,), median grain size
(Ds0), bed slope (S,), and bed roughness height®.

Site Survey date hy® (m) Wy, (m) Dso® (mm) So Bed roughness height
WRT Dec-20 0.94 7.7 - 0.048 0.20 m
Jun-21 0.68 6.9 54 0.043 0.20 m
Mar-22 0.77 8.2 82* 0.043 0.26 m
BOG Dec-20 0.59 5.9 23 0.060 0.26 m
Jun-21 0.60 6.1 24 0.060 0.25m
Mar-22 0.61 5.3 36™* 0.059 021 m
SWP Dec-20 0.48 24 3 0.100 0.28 m
Jun-21 0.51 24 10* 0.097 0.23m
Mar-22 0.64 24 12** 0.097 0.29 m
CON Dec-20 0.52 9.0 28 0.059 0.24 m
Jun-21 0.57 9.0 52* 0.056 021 m
Mar-22 0.76 9.2 47** 0.057 0.19 m
MCR® Aug-19 0.34 4.7 90
Jun-21 0.36 4.5 56

Abbreviations: WRT, Wright Creek; BOG, Bogus Creek; SWP, Swamp Creek; CON, Cone Creek; MCR, McRae Creek.

?Bed roughness height is calculated as the standard deviation of the thalweg elevation, from longitudinal profiles.

PNone of the changes in bankfull depth or width were statistically significant (P < 0.05). Statistical testing was not performed for depth and width changes
on MCR.

*Statistically significant difference (P < 0.05), between December 2020 and June 2021.**Statistically significant difference (P < 0.05), between December
2020 and March 2022 (i.e., over the length of the study period).

FIGURE 7 Landslides in WRT basin,
which burned in the Archie Creek Fire,
triggered from road-fill failure in January
2022. (a) Landslide, stream, and study
reach locations. Blue arrow indicates flow
direction, and letters denote locations of
ground photos in panels b-e: upstream
and downstream landslide initiation sites
(b and d, respectively), upstream debris
fan of mostly fine sediment and large
wood (c), and downstream debris fan of
cobble to boulder-sized sediment and
large wood (e). WRT, Wright Creek.

Debris Fan

|| study Reach
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This is consistent with repeat pebble counts, which showed only a 4%
change in the Dsq during the first winter and a 50% increase during
the second winter (Table 3; Figure 6), reflecting bed-material coarsen-
ing. Only the change in grain size distribution between December
2020 and March 2022 (57% increase in Dso) was statistically signifi-
cant (Table 3; Figure 6).

SWP, the steepest and smallest-drainage area study reach,
exhibited the most continuous step-pool system, with boulder and
wood steps, an entrenched channel, and undercut banks (Figure 10).
The Dsq (excluding step-forming boulders) was 3 mm 1.5 months after
the fires (Table 3), suggesting substantial fine-sediment supply and
fine-sediment trapping by steps and in pools. Subsequent surveys
showed incision (32% increase; +0.16 m in average bankfull depth
during the study, but not statistically significant) and significant bed-

material coarsening over the study period (300% increase in Dsg;
Table 3; Figure 6).

FIGURE 8 BOG study reach in December 2020, showing post-
fire geomorphic change (inferred from observational evidence)
including treefall, slumping, and a mid-channel gravel bar; blue arrow
indicates flow direction. BOG, Bogus Creek.

EM-WiLEy*

Channel conditions in CON fluctuated following the fires. Initial
surveys documented what appeared to be new, post-fire marginal
channel bar deposition comprising fine to cobble-sized sediment at
the downstream end of CON, as well as overbank fine-sediment
deposition. During the first winter rainy season after the fires, the
marginal bar began to erode, and a mid-channel bar formed (by June
2021) and then eroded (by March 2022) (Figure 11). As of March
2022, bank erosion resulted in localized widening and deepening of
the bankfull channel (Figure 11(c)), although reach-averaged changes
were not statistically significant (Table 3). Ground photos showed sub-
stantial gravel deposition above wood jams at the upstream and
downstream ends of the reach during the initial rainy season, which
persisted through the second rainy season. Bed material coarsened
significantly (86% increase in Dso) during the initial winter, and then
remained consistent (Table 3; Figure 6). Two channel-margin slumps

occurred at the downstream end of CON during the second winter

FIGURE 10 SWP study reach in December 2020, showing steep,
entrenched, step-pool channel. SWP, Swamp Creek.

FIGURE 9 Repeat photos looking downstream in BOG study reach showing wood-forced gravel aggradation between (a) December 2020
and (b) June 2021 and erosion by (c) march 2022. Between (b) and (c), there was >0.6 m of channel incision at the location indicated by the arrow.

BOG, Bogus Creek.
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rainy season after the fires, creating additional sediment supply and

geomorphic change.

MCR appeared to be morphologically stable from August 2019 to
June 2021. Thalweg (Figure 5) and cross-section surveys showed con-
sistent channel morphology, and time-lapse photos showed no notice-
able changes in channel morphology at the trail camera location
during this period. Although the Dsq decreased by 38%, the change in
grain size distribution was not significant (Table 3; Figure 6).

5 | DISCUSSION

Our observations shed light on the influence of tiered controls on the
hydrogeomorphic responses to wildfire (Figure 1). The high burn
severity of the 2020 fires, steep topography, and high long-term mean
annual precipitation of study basins (Table 1) suggested that these
streams would be susceptible to geomorphic change from post-fire
flooding and debris flows. On the one hand, the post-fire sediment-
supply increases, wood recruitment, and resultant sequence of
channel aggradation followed by erosion in burned reaches that we
observed are consistent with previous studies of steep stream
response to wildfire (e.g. Florsheim et al, 2017; Florsheim &
Chin, 2024; Florsheim, Keller, & Best, 1991; Keller, Valentine, &
Gibbs, 1997; Minshall, Robinson, & Lawrence, 1997). On the other

FIGURE 11 Repeat photos looking upstream
in CON showing mid-channel bar formation
between (a) December 2020 and (b) June 2021
and erosion by (c) March 2022, as well as bank
erosion and channel widening in (c). CON, Cone
Creek.

hand, our streams did not show substantial morphologic change
during the study period, owing to the absence of debris flows or
floods large enough to mobilize the coarser fractions of bed material,
which we elaborate on below.

The muted hydrogeomorphic response we observed in burned
reaches highlights the importance of post-fire precipitation, including
below-average precipitation, as occurred in the study period
(e.g. Brogan, Nelson, & MacDonald, 2019; Chin et al., 2019). In the
future, precipitation that exceeds thresholds for flooding and debris
flows could trigger destabilization in study sites, particularly within
the time period of maximum vulnerability when pre-fire vegetation
roots have decayed and post-fire regrowth is limited, ideas that we
explore further below. Alternatively, steep streams may prove resilient
to destabilization even during large floods, and high transport capaci-
ties may be sufficient to flush large inputs of sediment without reor-
ganization of channel-bed structure, especially if those sediment
inputs are finer than the antecedent bed material. The high infiltration
capacity of soils in the region, where infiltration-excess overland flow
is rare even after wildfire (Wondzell & King, 2003), as well as the
highly localized nature of fire effects on soil hydrological properties
(McGuire et al, 2018), also would tend to dampen fire-induced
increases in runoff in the study area. Erosive overland flow only
occurred in the study basins, as suggested by qualitative trail camera

evidence of turbidity increases, during a few storms exceeding a
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24-hour, ~1.6 mm h™! intensity. These observations, coupled with
the near-absence of landslides, suggest that post-fire erosion in the
burned watersheds we monitored occurred primarily as surface
erosion.

Streams did show some changes in the post-fire period, indicative
of transient, dynamic conditions as a result of shifts in the balance of
sediment supply and transport capacity. Burned reaches exhibited
changes in bed-material size and local changes in channel geometry
from aggradation and erosion, although changes in gross channel form
(e.g., average bankfull width and depth, slope) were limited. Burned
sites appeared to be in sediment transport-limited conditions in the
first winter rainy season after the fires (i.e., sediment supply was high
relative to transport capacity), as a result of post-fire increases in
sediment supply and wood recruitment, contrary to the typical
supply-limited conditions in steep streams. After the wildfires, the
amount of large wood pieces in burned reaches increased by ~50%,
increasing flow resistance and reducing transport capacity. The coarse
sediment aggradation we observed during the first post-fire winter in
BOG and CON, which reduced wetted channel area, is suggestive of
high sediment supply in these sites, which may reflect the combina-
tion of steep basin slopes and high burn severity in the BOG and
CON basins (Table 1). In addition, accumulation of gravel to finer-
sized sediment in channels decreased bed grain size and in turn
lowered bed-mobility thresholds, facilitating evacuation of new sedi-
ment deposits even at modest flows.

During the second winter after the fires, streams evolved toward
supply-limited conditions. Peak flows exceeded critical shear stress
for mobilization of the Dsq, leading to flushing of fine sediments,
significant coarsening of channel bed material, and incision of post-
wildfire sediment deposits, suggesting a trajectory of recovery to pre-
fire bed-material conditions. In SWP, for example, our observations
suggest that, despite evidence of local sediment supply increases from
bank collapse and erosion around a rootwad, there was flushing of
fine sediments over the study period that resulted in channel degrada-
tion. The pattern of evolution toward supply limitation applies even in
WRT, where two landslides in January 2022 increased sediment sup-
ply. There was an inferred spike in turbidity in WRT following the
landslides, based on trail-camera images, but we posit that coarser
sediment delivered to the channel had not yet been transported to
our reach during the study period, perhaps due to reduced transport
capacity associated with post-fire wood loading, and suggesting
different time scales of fine versus coarse sediment routing through
the channel network.

Transient increases in turbidity and sediment accumulation in
study reaches may be deleterious to aquatic habitat (Wood &
Armitage, 1997) and represent a short-term threat to spawning suc-
cess for salmonids and lamprey (Federal Emergency Management
Agency (FEMA), 2020). Further, channel aggradation can cause
summer base flows to drop below the level of the bed, creating dis-
continuities in the wetted channel and reducing pool capacity (May &
Lee, 2004). We anticipate that, in the absence of debris flows, post-
fire recruitment of large wood will likely have the most prolonged
effect on biophysical processes in the study streams by creating habi-
tat complexity (e.g. Fausch & Northcote, 1992) and roughness, reduc-
ing transport capacity, and mediating downstream sediment delivery
(Chin et al., 2024; Montgomery et al., 2003; Welling, Wilcox, &
Dixon, 2021; Wohl et al., 2022).

Spatial and temporal variability in climate and other controls iden-
tified in Table 1 may manifest as different types of erosional
responses (e.g., surface erosion versus mass wasting) across water-
sheds, occurring at different times since a disturbance. In the time
since we completed field work, mass-wasting events have occurred in
the Archie Creek and Holiday Farm burn areas, although we are not
aware of any that directly affected study reaches. For example, a
road-induced landslide occurred in the SWP basin, downstream of our
study reach, in spring 2022. Multiple landslides or debris flows
occurred in the Archie Creek burn area on 13 January 2024; 28.5-
46 mm of rain was recorded that day at nearby gages (Roseburg, OR
and Toketee Falls, OR).

Post-fire landscape changes may also be influenced by manage-
ment activities implemented in response to fire, including salvage
logging and hazard-tree removal operations. These activities are com-
mon following wildfire, including in the study area, and they remove
large wood from the landscape that stores sediment on hillslopes
(Adams et al., 2023) and in channels (Welling et al., 2021; Rengers
et al,, 2023). Post-fire salvage logging may also increase hillslope run-
off and erosion rates, although increases depend strongly on water-
shed characteristics and logging methods (Mclver & Starr, 2001).

Our analysis illustrates complexities of considering geomorphic
change in terms of exceedance of thresholds, the identification and
analysis of which is fundamental in geomorphology (Church, 2002).
On the one hand, shear-stress thresholds for mobilizing the median
grain size of bed material (excluding boulders) were exceeded, such
that localized sediment transport, aggradation, and erosion occurred.
On the other hand, substantial channel reorganization did not
occur, and larger clasts remained immobile. In steep streams with
step-pool morphology, size fractions coarser than the median are
typically mobile only during large floods (Gilbert & Wilcox, 2024;
Mao et al, 2008), and step-forming boulders serve as keystones
for controlling channel morphology (Chin, 1989; Church &
Zimmermann, 2007).

Moreover, thresholds to trigger debris flows were not exceeded
during the study period. Debris-flow triggering precipitation thresh-
olds (e.g. Jakob & Hungr, 2005; Pitlick, 1994) are typically estimated
using either statistical or empirical methods (e.g. Staley et al., 2017).
For western Oregon, Wiley (2000) suggests the following threshold
conditions for all “fast-moving landslides,” inclusive of debris flows:
(1) ~ 20 cm of antecedent rain since the end of September, which
typically marks the onset of the rainy season, based on the concept
that wet antecedent soils facilitate instability, and (2) 24-h rainfall
exceeding 40% of mean December rainfall. Wiley’s (2000) threshold
does not explicitly consider wildfire, roads, and timber harvest history.
In our study area, Wiley's (2000) antecedent rainfall requirement was
exceeded in early to mid-November in all sites and in both years, but
the 24-hour precipitation thresholds (40% of mean December rainfall
equates to 113-147 mm, depending on the site) were not exceeded
(Table 2). The two road-fill failure landslides in WRT occurred in
response to an unexceptional storm (49 mm rainfall event on
4 January 2022; Figure 7), which is well below Wiley's suggested
threshold, illustrating the potential for wildfire and road development
to lower precipitation thresholds for landslides.

We also evaluated precipitation data relative to USGS statistical
models of debris-flow likelihood, which classified three of the burned

study streams as having high debris-flow hazard in response to a
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15-min, 24 mm h~! rain event (U.S. Geological Survey), 2020. This
threshold was not exceeded during the study period (Table 2). More

generally, there is a critical need for refinement of rainfall thresholds
for triggering post-fire debris flows in western Oregon (Thomas
et al.,, 2023), especially in light of projected increases in fire frequency
and severity across the Pacific Northwest under climate change
(e.g. Halofsky, Peterson, & Harvey, 2020; Littell et al., 2018).

Rainfall intensity-duration thresholds change following wildfire as
soil infiltration capacity, canopy cover, root strength, and hydraulic
roughness of the ground surface evolve, in a manner that varies based
on both site-specific and hydroclimatic factors (Hoch et al., 2021;
Raymond et al., 2020). Post-fire landscape responses may be most
likely during a “window of disturbance” timescale (Hoch et al., 2021);
linkage of mechanistic models of vegetation regrowth with physically
based, distributed hydrologic models is a key need in terms of
modeling how post-fire systems recover (Ebel et al., 2023). Hillslope
susceptibility to erosion may be prolonged by drought in the years
following wildfire, which may slow vegetation recovery, delay or pre-
vent reestablishment of root systems and associated stabilization of
hillslopes (Hatchett et al., 2021), and/or result in the conversion
of pre-fire forest to nonforest vegetation (Coop et al., 2020).

Much of the western United States experienced extended
drought in the first two decades of the 21st century (Williams, Cook, &
Smerdon, 2022). Severe drought conditions also characterized
Oregon's climate during that period, including in the study area in the
months preceding the 2020 fires (O'Neill, Hatchett, & Dalton, 2021),
and drought continued during the study period. Both the extended
drought and increased fuel aridity, which created conditions ripe for
the 2020 wildfires in the Western Cascades (Abatzoglou et al., 2021),
have been attributed to human-induced climate change (Abatzoglou &
Williams, 2016; Williams, Cook, & Smerdon, 2022). The muted post-
fire responses in study streams, reflecting below-average precipitation
during the post-fire period, may also bear the direct or indirect
signature of climate change, which could also affect the window-
of-disturbance timescale (McGuire et al, 2019) and forest-
regeneration patterns (Davis et al., 2019) in a manner that alters
hillslope hydrology and sediment dynamics. Conversely, intense pre-
cipitation events in western Oregon are projected to increase in fre-
guency in response to climate change (Cooley & Chang, 2021; Touma
et al., 2022), which would heighten potential for post-fire flooding
and debris flows. Climate change may thus have complex, multiface-
ted effects on post-fire landscape response.

6 | CONCLUSION

Changes in fluxes of water, sediment, and large wood after severe
wildfire in the Western Cascades induced an evolving balance of sedi-
ment supply to transport capacity in steep streams affected by the
2020 Labor Day fires. Bed-material size exhibited the greatest change
among the geomorphic parameters we measured, while gross channel
form showed resilience, despite local aggradation and erosion. Post-
fire inputs of large wood will likely have prolonged implications for
channel morphology and habitat heterogeneity. Landscape responses
to disturbance may not manifest for years to decades, as a function of
precipitation, vegetation change, management actions, and short-term

sediment disconnectivity that creates time lags between hillslope and

fluvial responses (e.g. Fryirs, 2013). Climate change may exert a com-
plex influence on channel response to wildfire by increasing drought
(i.e., lowering total precipitation) while simultaneously increasing the
frequency of extreme rain events and the duration of susceptibility to

disturbance.
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