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Abstract.Postfire changes to the transport regime of dry ravel, which describegraéy-driven transport of individual
particles downslope, are poorly constraimed critical to understand as ravel may contribute to elevated sediment fluxes and
associated debrifow activity observed podire in the western United States. In this study, we evaluatedfipmst
variability in dry ravel travel distance exceedance probabilities and disentrainmeninr#ites Diablo Range of central
coastal California following the Santa Clara Unit Lightning Complex fire of August 202veé&n March 2021 and March

2022 we conducted repeat field experiments simulating ravel with in situ partidl8s @m diameter) on a range of
experimental surface gradients (:381) on both grassy southcing slopes and oak woodland nefdting slopesWe
characterizegostfire evolutionin particle transporby fitting a probabilistic Lomax distribution model to the empirical
travel distance exceedance probabilif@seach experimentgarticle size surface gradient, artdne. The resulting-omax

shape and scale parametersre used tadentify the transport regiméor each subset of simulated ravednging from
Aboundedai ( edgltr | oc al-jailed av noflacal) matir®yr éxpetirneatal vegults indicated that as
vegetation recovered over the first two years {fiost the behavior of small particlemédian intermediate axis 6f mm)
became less similacross the experimental sitége to different vegetation structuregereasmedium and large particles
(median intermediate axes B8 mm, 28 mm) exhibited a general transition from more runaway to more bounded transport
and large particledbecame less sensitive soirfacegradient All particle sizes exhibited a decrease in the length scale of
transport with time.Of all particle subsets, larger particles on steeper slopes were more likely to experience nonlocal
transport consistent with previous observations and thedhese findingsre further corroborated by hillslope and channel
deposits, which suggest that large particles were preferentially evacuated from the hillslope to the channel during or
immediately after the fire. Our results indicate thanhlocal transport of iitu particles likely occurs in the experimental

studycatchment, and the presence of wildfire incredise likelihood of nonlocal transpogparticularly on steeper slopes
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1 Introduction

The average yearly areal extent of burned land in the Western United States is increasing (e.g., Parks & AR&2@ylou

Fire is an effective agent of weathering and results in the mobilization of sediment, with a temporary increase in sediment
transport rates frequently observed podgtfire (e.g., Roering & Gerber, 2005; Shakesby & Doerr, 2006; Swanson, 1981;
Wondzell & King, 2003). It is critical to characterize the pfiit evolution of transport mechanisms that contribute to
changes in sediment transport rates, as it can inform our understanding-fifepeatiability in catchment scale sediment
loading and associated hazards, such as debris flows (e.g., DiBiase & Lamb, 2019; Florsheim et al., 1991; Jackson &
Roering, 2009). Additionally, the form of hillslopes in steeplands is governed by the length scale of sediment transport and
understanding posdire sediment transport regimes informs the appropriate construction otdomglandscape evolution

models é.g, Gabet and Mendoza 22, Tucker & Bradley, 2010).

A contributor to the observed pefite increase in sediment transport in the Western U.&ryisavel, the rarified, gravity
driven transport of individual gravels or soil aggregat
surface disturbances such as bioturbation or wildfire (Gabet, 2003; Jackson & Roering, 2009; Roering & Gerber, 2005). The
incineration of vegetation dams during wildfires releases retained sediment on slopes greater than the angle of repose of tf
stored sediment, which then travels downslope as ravel (Bennett, 1982; Dibiase & Lamb, 2013). The loss of vegetation anc
associated surface roughness also results in reduced frictional resistance to theligvavitiransport of ravel entrained in

the months following a fire. This change may drive a transition between a dittameded particle motion regime defined

by net kinetic energy loss via friction to a runaway motion regime definéldebgonversion of gravitationpbtentialenergy

to kinetic energy, resulting in net energgin (Furbish et al., 202% Roth et al., 2020). On hillslopes, this transition has been
observed to occur at slopes 0f80 degrees and has often been described as a shift from local to nonlocal transport (DiBiase
et al., 2017; Furbish et aR021h Gabet, 2003; Gabet & Mendoza, 2012; Roering & Gerber, 2005). Nonlocal transport
describes a condition in which the upslope topography
topography controls the motions of particles that are transported long distances (FGa&orgu et al., 2010; Furbish &

Haff, 2010; Furbish & Roering, 2013). A theoretical transition between local and nonlocal transport can be described in
terms of the form of the particle travel distance exceedance probability distribution (i.e., the complementary cumulative
distribution of travel distances). As particle motion transitions from bounded (local) to runaway (nonlocal), the form of the
travel distance exceedance probabitiigtribution transitions from lightailed to heawtailed (FoufoulaGeorgiou et al.,

2010; Gabet & Mendoza, 201Roth et al, 2020Tucker and Bradley, 20)0Since the sediment flux depends on the rate of
particle entrainment and the distance particles travel before disentraining, the longer particle travel distances a#bociated

nonlocal transport are expected to result in higher sediment fluxed@se et al., 201 Furbish& Roering, 2013
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Recent experimental work suggests that nonlocal transportbmayore likely to occur podire due to the decreased
probability of particle disentrainmenpotentially leading to increased flespostfire (DiBiase et al., 2017; Furbish et al.,
2021b; Roth et al., 2020). Major increases in catchreeale sediment yield due to ravel fluxes in the first year after fire
have been wellocumented in the Pacific Northwest (e.tpckson& Roering, 2009Roering & Gerber, 2005; Swanson,
1981) andCalifornia (e.g.Collins & Ketcham, 2001DiBiase& Lamb, 2013East et al., 202IElorsheim et al., 1991; Lavé

& Burbank, 2004; Lamb et al., 2011, 20Brkins et al., 2092where they have also been linked to gosthazards (e.qg.,
DiBiase& Lamb, 2019; Guilinger et al., 2020; Kean et al., 2011; Wells, 1¥/8n in the absence of fire, however, it has
been shown that bioturbatiairiven dry ravel has the potential to contribute significantly to long term hillslope evolution
and hazards igalifornia (e.g., Black& Montgomery, 1991; Reefl Amundson, 2007), highlighting the need for clarity on

the mechanics and physical controls on ravel processes.

The recognition of nonlocal transport characteristics of ravel and the failure of traditional conbasacd diffusive
transport models to describe the hetajed of travel distancelistributionsassociated with nonlocal transport has led to the
development of alternative models to more effectively describe nonlocal transport (e.g., Furbish and Roering 2013). Recen
field experiments demonstrate that ravel particle travel distances are consistent with the Lomax distribution model theorized
by Furbish and Roering (2013) and refined by Furbish et al. (2021a). Using experimental clasts atrappede of burned

and unburned field sites, Roth et al. (2020) showed that the parameters of a Lomax distribution capture a continuum of
particle motion from local to nonlocal (i.e., light heavytailed distributions) as particle size increases or slopes get steeper

or smoother. Furbish et al. (2021b) found that this model accurately described particle travel distances publishedsin previou
field experiments as well as new laboratory experiments. However, no study to date has conducted field experiments
representative of natural particle motion in a manner allowing model validation against obsenfed gdepbsitsnor have
studiestracked the evolution of particle travel distances throughoutfjgestecovery to explore the conditions under which

dry ravel experiences nonlocal transport.

Here, wepresent series of repeat particle drop experimeotsductedn March2021, July 2021, and March 2032a total

of seven positions on nortAnd soutkfacing hillslopes burned by thiganta Clara Unit (SCWightning Complex fire in the

Bay Area, CAin Summer 202@Fig. 1a-1b). Our selection of this site anghrticle drop experimeat design were motived

by observations gbostfire ravel entrainmentby burrowing California ground squirrels andB o t tpacléetgophes, which

we attempted to simulat&Ve fit experimental particle travel distances to a Lomax distribution model to assess spatial and
temporal variation in particle motion as vegetation recedever the year and a half following the fire. Our experiments are
differentiated from prior studies by the use of experimental particles collected in situ at the fie{Higitéc) and
corroboration of results with particle size distributions measured along the study hillslope. We use our experimental results

along with fieldmeasuremerbased evidence of downslope coarsening of surface deposits to constrain the influence of
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particle size hillslopegradient, and aspedependent vegetation loss and recovery on-fi@ssediment transport by dry

ravel

2 Methods
2.1 Field Methods

Field visits occurred from September 2020 to March 2@2@. 1d) and experiments were conducted in March 2021, July
2021, and March 2022 (Figdllmages 24). In the following sections these three experimental epochs are described as
Spring 2021, Summer 2021, and Spring 2022.

2.1.1 Study Site

Our field experiments were conducted in Santa Clara County, California, USA at the Arbor Creek Catchment in the Blue
Oak Ranch Reserve (BORR), an experimental ecological reserve managed by the University of California Natural Reserve
System since 1990 (Fig. 1a). The experimental catchment is located in the Diablo Range of the California Coast Ranges an
is underlain by the Yolla Bolly Terrain of the Franciscan Assembldjbblee & Minch, 2006). Sandstone, meta
graywacke, and shale outcrops were observed at the field area (Donaldson et al., 2023). The Arbor Creek Catchment has
drainage area of ~0.04 Krand elevation range of ~7D5 m a.s.l. The climate is Mediterranean, with warm, dry summers
(August average 25°C) and cool, dry winters (January average 8°C). The majority of precipitation falls from October to May

as rain (mean annual precipitation 600 mm), and streams afgenemnial (Donaldson et al., 2023).

The Arbor Creek Catchment consists of a generally sfading slope (SFS) and a noffdicing slope (NFS) draining to the
west(Fig. 1a) Theportion of theSFSused in our experiments convex to planar with an average slope of 27 degrees and
slopes up to 43 degrees adjacent to the channepdrtien of theNFSused in our experimenis planar to concave with an
average slope of 31 degrees and slopes up to 35 degrees. Mobile material on the SFS generally consists of coarse, subang
to subrounded soil aggregates that move as coherent particles (Fig. 1b). On the NFS, the dominant species of mobile materi
is angular rocky colluvium, and a more limited fraction of soil aggregates is present relative to the SFS (Aithdligh

soil compressive strengtivas not measuredirectly during our field visits,we observed thathe soil at the SFSeasily
supportedbur weightwith limited defamation Wheresoil waspresentat the NFSit would canpactunderfootsuch that we

left deep footprintssuggesting lower soil strength at the NFS relative to the Shallow soil moisture igenerally greater

at theNFSrelative to theSFS(Donaldson et al., 2024)vhile soil depthis similar (30-80 cm) & is themeandepth to the
saprolitebedrock transitiony.7 mat the SFS, and 6.6 m at the NFS) (Donaldson et al., 2023).

The depth of soil at this sités assumed to bound the activity of burrowing rodents on the .slipese include both

California ground squirrels(top er mophi | us beecheyi) and Bot tObsewationoaf k e t



freshly excavated granular matdroverlaying theéburned surface in Summer 2020 (Fig. 1d, Image 1) suggest burrowing by

130 rodentsproducesmanyof the loose particlesbserved on the hillslopes at the experimental site.
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Figure 1: (a) The inset map indicates the location of BORR within California. The primary map presents the layout of the particle
135 drop starting lines (black lines) for the 7 experimental sites in the Arbor Creek Catchment at BORRSite labels reference aspect
and average site slope angle (e.g., S21 corresponds to a sdatfing site with slope of 21 degrees).ines labelled EXE4 indicate
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cross sections corresponding to the elevation profiles shown in (f)he numbers t4 indicate the location at which site photosd)
were collected, with arrows representing photograph orientationCoordinates are displayed as UTM Northing and Easting (m),
NAD 1983.Elevation contours represent ~1.5 m (5 ft) intervals.

(b) Elevation profiles interpolated from last returns of terrestrial laser scanner dda at experimental sites. Black lines indicate the
maximum distance any experimental particle travelledat each site.

(c) Postfire condition of surficial material at the SFS &oil, subrounded) and NFS (rocksubangular).

(d) Images (14) present various vantage points of the experimental catchment at different times including: one month pdse (1),
in Spring 2021 (2), in Summer 2021 (3), and in Spring 2022 (4). These photos exemplify the incineration (1) and initial vecy (2)
of vegetation postfire, followed by seasonal death (3) and regrowth (4).

2.12 PebbleCounts and Particle Collection

We conducted pebble line counts to obtain grain size distributions of in situ particles at different slope positionE®n the S
During each countwe measured the intermediate axis of particles (rocks oragmifegatesat every 1écm markon a
measuring tape laid along a 10 m contparallel transectThis approaclis a common method afystematicallysampling
bedsurfacematerial inrivers(e.g., Bunte & Abt, 2001; Hey and Thorne, 1983; Wohl et al., 1996). The 10 m transect length
was set by the maximum alowgntour distance over which the study hillslope remained relatively planar. The 10 cm
sampling interval was chosen to be larger than the intermediate diameter of the largest particles observed at the study sit

while still allowing ~100 measurements along each transect.

The Spring 202Jebblecounts were conducted at three transects initially identified as capturing the variable slope of the
SFS (S21, S26, S39)vhich were also used for rock drop experiments, described below. Particle measurements in Spring

2021 were conducted with a ruler, with 1 mm precision at S21 and S26 and 5 mm precision at S39.

The extent of subsequepébblecounts in Summer 2021 and Spring 2022 was expanded to include 4 additionalapess
transects, for a total of 7 transects spaced every 10 m downslope between the upper portion of the slope and the channel
the SFS. Particle measurements in Summer 2021 and Spring 2022 were conducted with a digital caliper, increasing

measurement precision to 0.01 mm.

All in-channel particle measurements from Summer 2021 were collected above a leaf layer that accumulated in the month
after fire, providing a lower bound to the timing of ravel deposition. The channel was then excavated down to the ash layer,

such that all particle measurements from Spring 2022 represent material deposited between Summer 2021 and Spring 2022
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2.13 Particle Drops

Particle drop experiments were conducted at a total of 7 sites (Fig. 1a) to simulate ravel movement inhiatexiving of
California ground s qui rThedxgerimemsin Sprong 2021 dvere qoralucteckin corguactiom with s
the pebblecounts along only the three original SFS transects (S21, S26, S39). Initial experiments at these sites used only the
particles from theoebblecouns, which were dropped immediately after measurement. To ensure adequate characterization
of particle travel statistics across the fgithin size distribution, additional ad hoc experiments were conducted at sites S26

and S39 with particles collected-site and sorted into bins with 6c¢sn resolution.

The preliminary results of the Spring 20p&bble couns were used to identify three particle size classes for future
experiments to span the measured range of particle sizes. In Summer 2021 we collected and spray painted several hundr
particles from the experimental hillslope (rocks or soil aggregates, i.e., granules) falling within three interenésliate
dimensionranges of 0.28. cm (small), 12 cm (medium), and-3.5 cm (large) for use in particle drop experiments (Fig. 2).
These particles were used in all experiments conducted in Summer 2021 and Spring 2022. The grain size distribution of eac
particle group was later characterized by hand measurement in the lab with a digital caliper. Measured intertisediate
dimensionsfor each size class fell within the ranges of 60335 cm (small), 0.94.72 cm (medium), and 2.2¥.25 cm

(large), with median (D50) values of 0.6, 1.3, and 2.8 cm, respectively for small, medium, and large particles (Appendix A,
Table A2). We note that these values represent lower limits due to the possibility that some particles may have degraded i
size without exceeding the particle size class limits. Based on the measured statistics of the particles used in Summer 202
Spring 2022, we retroactively binned our data from Spring 2021 into small@0z85cm), medium (0.72.25 cm), and

large (2.253.25 cm) groupso make themas comparable as possible to later epochs given then® firecision of Spring

2021 measurements.

Underthesebinning criteria, a range of 41 to 230 particle travel distances were included for each experimental particle size
class at S21, S26, and S39 in Spring 2021. At site S21, randomly selected particles of intermediate diameter larger tha
~2.25 cm were not present in sufficient quantities to include a large particle class in our analysis. Table A2 in Appendix A

contains additional information on experimental particles for all epochs.
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Figure 2: Examples of small (left, blue), medium (middle, red), and large (right, pink) experimental particles used in partedrop
experiments in Summer 2021 and Spring 2022. Ruler units are in cm.

In addition to the three sites selected in Spring 2021, four additional drop locations were selected in Summer of 2021 to
capture a broader range of surface conditions. This includes a site at the western nose of the SFS (S30) and thhee sites on
NFS (N26, N30, and N33) as shown in Fig. 1a. The seven selected sites captured variation in aspect and slope over the stu
area. Particle drop experiments were conducted at all seven sites using the painted particles in Summer of 2021 and Sprir

of 2022 with a range of 100 to 200 particles dropped for each particle size class per site.

During the Summer 2021 experiments, grasses at the SFS experimental transects were observed to have heights of up to .
m. At our experimental sites S21 and S26 these grasses were trimmed to ensure that particle distances could be feasik
measured and particles recovered after each experiment. Grasses were trimmed to ~15 cm, well above the estimate
maximum particle bounce height at these sites, to avoid modifying the vegetative roughness encountered by the particle

during transport.

During particle drop experimen(gig. 3), particles wereeleagd from the middle of the palm with fingertips placed along
the downhill edge ofhe starting ling(Fig. 3a). This approach aimed to produce relatively consistent initial energies and
rotationalmotion (Fig. 3b-3c) (asnotedby Furbish et al., 2021bkasonable for particles mobilized by the scratch digging
typical of rodents at this sit@=itch, 1948; Kley and Kearney, 20080 define astarting line, a tape measure was placed
along contour (i.e., at a constant elevation) with a clinometsd particles weregeleasedat regular 1&m intervals(Fig.

3d). Particle travel distances were measured in the gdapallel direction usingulers,meter sticksor tape measurd§ig.

8



3d). Less than 5% of sodggregate particles degraded during transport (as evidenced by loss of paint) such that they fell

outside of the selected particle size ranges and were removed from the experiment.

Figure 3: Experimental particle drop procedure, with panels ac showing particle drop approach and @nel d showing slope
220 parallel measurement of particle transport distance for large particle class (pinlparticles) at site N26 in Spring 2022 In a-c, red
circles highlight position of particle during and after release. In d, red arrows represent particle drop positionat 10 cm intervals.

Note photos in ac were not collected at BORR.
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2.14 Topographic Data

Topographic dataised in our analysesas collected by UNAVCO with a Riegl V2000 terrestrial laser scanner (TLS)
between July 18 and July 20, 2021. Registration and georeferencing of point clouds was performed by UNAVCO. Point

cloud resolution was generally between-2.¢m.

We use@ TLS-derived point cloud data to define the surface slope at each particle experiment site. The software

CloudCompare was used to fit a plane to the unmodified point cloud of each particle drop experimental region with the built
in AFit Planeodo tool. Due to the | ow density of points
surface in the experimental regions, the vegetation did not qualitatively appear to impact our slope estimation approach. All
slope measurements were also corroborated with field measurements collected with a clinometer. The experimental region
were visually identified with survey flags placed in the field prior to TLS collection. The size of these selected regions wa

dependent on the width of the experimental drop zone and the maximum particle travel distance observed during the particl

drop experiments described above.

2.2 Model Description

We usel a Lomax model to represent particle travel distance exceedance probability R(x), also known as the survival
function of particle travel distances or a complementary cumulative distribution. The exceedance probability can be related
to an associated spatial disentrainment rate P(x), or hazard function representing the conditional probability ofia particle
motion being disentrained at a distance x downslope from its point of entrai(fiigerd). A Lomax distribution is capable

of capturing both local and nonlocal transport reginfagkiish et al., 2021Roth et al., 2020 and generally acts as a
constant function at low values of the travel distance, with a transition to a power law at greater values. This transition
generally occurs at a value of B/|A| (Fig, 40 ( Mi | oj evi I, 2010) .

The modeled forms of R(x) and P(x) are defined in terms of the Lomax shape (A, dimensionless) and scale (B, dimensions

of length) parameters (Roth et al., 2020):
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The Lomax distribution can represent a range of forms o
to nonlocal (A>0) (Fig.4). The form of the R(x) and P(x) described by the shape parameter A informs our physical
understanding of the sediment transport regime. Although the Lomax distribution is fit to the survival function R(x) due to
more limited potential for propagation of error from the cumulative probability distribution, the disentrainment fundtion P(x
represents the physical process controlling travel distances and therefore informs our understanding of the mechanics ¢
particle motion. Although our results are presented exclusively in terms of R(x) because these distributions were used tc
identify Lomax parameters A and B, we provide some background description of P(x) because of the physical relevance of

the form of the distribution. R(x) explicitly results from P(x) and can be represented as such (Furbish and Roering, 2013).
Yo Q- (o]

The condition A<O describing a lighailed R(x) indicates that the likelihood of disentrainment P(x) will increase with
distance asymptotically as particles approach position x=BHi§} 4a) Particles are probabilistically unlikely to travel
beyond this theoretical bounding distance, which we expect to increase with greater gravitational energy (for example, as
particle size increases), an increased rate of conversion of gravitational energy to kinetic energy controlled by the surface
gradient, and/or lower frictional losses from surface roughriesthis case, the model describes a transport regime of

bounded motion, which is associated with Alocalo transp

For A=0, R(x) is an exponential distribution and P(x) is equal to the constant 1/B, indicating the probability of
disentrainment is equal at all travel distances and the transport regime can be described as uniform dise(frgirment

Regardless of the value of A, at short travel di stances

For A>0, the exceedance probability R(x) is hetailed and the disentrainment rate P(x) decreases with distance along a
slant asymptote P(x)=1/Ax after x=B/|ig. 4c) In this case, the spatially decreasing disentrainment probability represents
the onset of runaway motion. The distance to this onset x=B/|A| is expected to decrease with greater gravitational energ)
(larger particle sizes) or conversion of gravitational to kinetic energy (steeper slopes) and lower frictional losses, each of
which wil|l |l ead particles to experience runaway moti or

transport regime (Furbish et al., 2021b).

11
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Figure 4: General form of the disentrainment rate P(x) (panels a, b ,c) and travel distance exceedance probability R(x) (panels d, e,
f) corresponding to different values of the Lomax shape parameter (A) where x represents downslope travel distance, modified
after Roth et al. (2020).

2.3 Initial Processing of Empirical Data

Preliminary processing of empirical travel distance data was conducted to prepare datendar distribution fitting

Particle motion was nestochastic immediately after release from the palm due to our use of a consistent approach for
initiating particle motion (Fig. 38b). Stochastic motioroccurredafter contact with the mineral surfacghich induced
randomcomponents of motion as particlesunced and tumbleth our experimental approactine disentrainmerriate may

be anomalously low relative to naturally occurring transgoitr to the onset of stochastic motjoespecially for the
smallest particles(Furbih 2021b) To ensure that onlstochastic particle motion associated with partickirface
interactions (as opposed to motion dominated by initial conditions associatedxywéhimentalprocedureswas captured

and avoid the potential influence of unrealistically uniform initial particle velocities, wérleftated all empirical travel
distance exceedance distributions at a distance of 1 cmr(iemovi ng tr avel di stances O 1c¢
stochastic motion may vary for particles of different geometry, as more rounded or angular particles may initially experience

tumbling or a random oblique mation, respectively. We selected a single left truncation distance for combined distributions

12
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of different particle geometries rather than separating particles by geometry or composition (soil or rock) in ordeseto achie
our goal of identifying a general trend for a given range of particle sizes. We selected the truncation value of 1 cia through
combination of visual analysis of the raw empirical R(x) data and consideration of the median intermediate diameter of the
smallest particles involved in our study (~0.64 cm), which is approximately half the truncation distance (e.g., Futbish et al
2021b).

After truncating travel di stance measurements O 1 c¢cm,
experimental travel distance dataset. We normalized F(x) by a factor of N+1 (where N is the number of samples) under the
assumption that the cumulative probability of empirical data remains below 1 due to the finite humber of samples (e.g.,
Furbish 2021b). Three of the seven sites were then assigned 4 {Figh#) censor distance (Appendix A, Table A3) based

on the distance to physical barriers that terminated particle travel such as the channel at the base of the slope (S39, ¢
epochs), dense piles of vegetative debris (S30, Summer 2021), or trails caused by human activity on the slope (N33, Sprin
2022).In cases where censorship was necessary, particle travel distaneesling the censor distance wexeluded from

the empirical distributionlf a physical barrier was not present at the time of our experiments, then nd dgmsorship was
applied.We then calculated the empirical exceedance distribution R(x) as the complementary cumulative distribution, or
R(X) = 1-F(x).

2.4 Optimization of Lomax parameters

Lomax parameters describing the transport regime of our experimental ravel simulations were optimized by fitting a Pareto
Type Il (Lomax) distribution (Equation 1) to the empirical travel distance exceedance probability R(x). We optimized
Lomax parameters A and B through an ordinary lsgsiares regression. Oaptimizationapproach is identical to that of

Roth et al., (2020) with the Nelddtead Simplex selected for minimization, implemented as described in Lagarias et al.
(1998). This algorithm is highly efficient, simple to implement, and capable of optimizing a wide range of objective
functions. Because this method was not guaranteed to converge at a local minimum without an initial parameter estimatior
of reasonable quality, a trust region regression capable of handling poor initial guesses was first implemented ttiabtain ini
estimates of A and B (Sorensen & Moré, 1983).

Error estimations presented in our results were calculated using a bootstrap procedure in which each R(x) was resample
with replacement 10000 times with one of the parameters A or B individually fixed while the other was calculated (per Roth
et al ., 2020) . The standard dewida téspectively were usechte deeote ttheima t

uncertaintyas the standard error and t he wuncer t aphwas ¢alculaied tBdughAhe metrobek af mamentds U

using these standard deviati ons an gs,atdescribedarvEguatiomf ce of t
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For cases in which nonlocal transport was identified with A>0, the tail is the sparsest region of the empirical datdband may
underrepresented. This issue is exacerbated by a low sample number N. As noted by Furbish (2021b), parametric value
estimated with N<1000 should be accepted with skepticism, especially for-tadl@dydistributions, for which variability in

R(x) increases. Any censored distributions may only have a small portion of the exceedance probability represented in the
experimental data, exacerbating underrepresentation of the tail. Unfortunately, N>1000 was deemed to be impractical in ou
field experiments due to the extensive time required to drop, measure, and collect the in situ particles at a large number ¢
sites as described in Sect. 2.1. This is a perspective shared by other similar field studies such as DiBiase et dho(2017), w
dropped between 43 and 93 particles for their various size classes and Roth et al. (2020), who dropped ~100 particles of ea
size class per site. Given the logistical limitations of our experiments, we therefore acknowledge uncertainty in A,

particularly in our ability to distinguish heagiled and lighttailed distributiongor values of Aclose to0.

2.5Estimating Mean Travel Distance and Frictional Coefficient

Besides allowing evaluation of the transport regime (A) and length scale of transport (B), the Lomax parameters A and B
all ow calcul ati on ¢ fand m&ictional toefiicierd Hescdbing énergy dost due ¢o particle collisions
with the mineral s as delsaailie@ in Furbidh evaé @@21Kate thate s nat & Goulomiike friction
coefficient, butdescribes the efficacy dfictional lossesdue to particlesurface collisions that extract translational energy

For additional discussion, see Furbish et al. (2021a, 2021b).

T he me anofalammax distribution is defineaks
‘ - 0 8
p O P v
Not e ybriyaxists svhen A<l (Furbish et &021b)forheavyt ai | ed di stri butions with AO1,

To estimate ¢, we follow the approach of Furbish et al
O 0 prE
Y TSI CAY O ¢
where S is hillslope gradient, d is slope angle is) radi
Ecis the initial kinetic energy, and o, the ratio of t|

following Furbish et al. (2021b).
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In our use of equation 6, we estimated particle potential energy as a replacement of initial particle kinetic energy with an
assumption that all potential energy available to each particle due to the elevated position of release (Fig. 3a) weds convert

to kinetic energy by the time the particle contacted the ground surface. Potential energy was calculated as mgh, with e
constant release height above the ground, h, of 10 cm for all particle sizes. We estimated m by assuming a spherical partic
form and calculating particle volume from the median intermediate particle axis. We then assumed a particle density of 1200
kg/m? to obtain m.

3 Results

Presented resultdescribe observatiorend experimental resulfsllowing our field visits at the Arbor Creek Catchment.
These include gualitative assessment of vegetation condittoough timegrain size distributions from our pebble counts,

andLomax parameter Viaes (A and B) derived from oyarticle drop experiments

3.1 Qualitative Vegetation Assessmes

To provide context for the results of our particle drop experimevespresent qualitative descriptions of vegetation at the

SFS and NFS ankdow vegetation structures evolved as the site recoveredfippsThe SFS is dominated by annual grass
species (e.g., Avena sp., Bromus diandrus). The NFS is dominated by blue (Quercus douglasii), black (Q), keikbggii
valley (Q. lobata) oaks, with sparse annual grasses and prevalent lichens and moss. The grassy vegetation on these sloj
undergoes seasonal cyclesth growth through the spring and senescence in late summer as rainfall ceases and temperatures
increase. This is particularly noticeable at the SkSich receives more insolation and has a larger population of grasses
relative to the NFSDonaldson et al2024) focused on aspedépendent evapotranspiration rates at our field site and found
that the SFSin contrast tomost soutkfacing aspects in the Southern hemisphere that receive more insolation than their
north-facing counterpartdjadlower rates of evapotranspiratiaghan the NFSlue to oak tree water uptake from weathered
bedrock at the NESVhile the NFS hadjreater rates of evapotranspiratiblan the SFSour observations of soil texture and

the findings of Donaldson et al. (202#ylicatethe NFS generally hakligher levels of shallow soil moisturBonaldson et

al. (2024) proposed théhe different hillslopescale vegetation structurasthe SFS and NFS are drivenfhgtors including

higher air temperature and reducdthllow soil moisture at the SF&s the SFS is grasiminated and the NFS is oak tree

dominated, though mosses and short grasses are paeeniNFS

In addition to observations of different vegetation structures and soil moidiffezent fire behavior at the SFS and NFS
resulted inobservations ofariableburn severitybetween aspecturing our field visitsFollowing the August 2020 SCU
Lightning Complex firegrasses were singed down to a roughly unifora8-edn height, but generally still present at the soll

surfaceon the SFSWe did not observalteration of granular aggregate structure or damage to fine root strigased on
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these characteristics and the observed recovery of vegetation within one year, the SFS was generally burned at low severi
(Parsons et al., 2010yhe NFS experiencedwider range of soil burn severities ranging from unburned to high, although

the majority of the slope demonstrated low burn severity. Lichens and moss were observed to be unaltered in some aree
postfire. Limited patches of high burn severity were present where downed trees or branches were incinerated. Within these
patches, the organic woody and soil components were completely consumed, several cm of white ash was present, and so
demonstrated disaggregation and oxidation typical of the extreme temperatures associated with burning of downed logs (e.g
Mataix-Solera, et al. 2011). On both NFS and SFS, the intensity of burrowing activity after the burn was clearly visible due

to the difference in color of the charred surface and lighter excavated solldFimage 1).

Along with aspectdependece of burn severitydifferent postfire vegetation structusawvere observedat the SFS and NFS.
These structureare relevant when considerittge evolution of particle transport over timdere,we provideour qualitative
observations of vegetati@andimages of typical vegetation structures at each asyétitin 7 months of the fire, vegetation
(grass) had begun to regrow on the SFS. DuringSitming 2021 experimental period, the vegetation was several cm high
and covered the majority of the SRBough it was fairly sparg€ig. 1d, Image 2 Fig. 59. Where vegetation was denser, it
was observed to resist the downslope motion of partiolasilized by burrowingCalifornia ground squirrelé~ig. 5b). By

July 2021 the SFS vegetation had experienced seasoraf,dieit residual dry mattaanged from roughly 30 cm to 1.3 m

in height (Fig. 8, Image 3 Fig. &). In Spring2022, live vegetation had regrown to a height of several cm to 1 m and leaf
litter and dead grasses were present on the mineral surfacesdFig.he leaf litter and dead grassesreased surface
roughness relative to our first experimental period, as these materials had been recently inpineratedur experiments

in Spring 2021. The mineral and vegetative surface roughne&ummer2021 andSpring 2022 qualitatively appeared
similar, though the height of the dead vegetation was greaturimmer202], and thelive vegetation wasbserved to be
less brittle and more resistant to displacement when impacted by traveling pari@pemgR022.

16



&

% | ib 'asi'x',g@fg

Ol

Figure 5: Vegetation conditions at south facing slope (SFS) through experimental epochs. (a) in Spring 2021 vegetation was

generally short and sparse though in some regions dense vegetation was observed as shown in (b), vegetation supporting a deposit

of granular material generated from a California ground squirrel burrow. (c) By Summer 2021 vegetation had regrown and died.
410 Panelcshows how this dead vegetation at site S21 acted as a barrier to our large particles. (d) In Spring 2022, there was a mixture

of live and dead vegetation.
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The NFS experienced more limited pdis¢ evolution of vegetation compared to the SF8roughout all experimental

415 periods the surface characteristics of the NFS appeegkdively unchangetbased on vegetation density and moss cover,
thoughmost grassewere dead irsummer 2021 (Fig. 6a) aradmix oflive and deadregetatiorwas present ispring2022
(Fig. 6b).

nﬁnﬁer_ 20

——— R,

(7,

Figure 6: Typical vegetation conditions on the NFS during experimental epochs. (a) Site N26 in Summer 2021.

420 Although grasses are present, the density is lower than at the SFS in the same experimental epoch and more of the
mineral surface is visible. (b) Site N33 in Spring 2022. Mosses and grasses are present, and vegetation is less dense
than at the SFS. Note the presence of more angular, roclparticles at the surfacein contrast to the soils on the SFS.

3.2 Pebble Counts

425 The particle size distributions measured gmbblecounts during each study epoch are presented in7Fighe median
diametes (Dsg) of our three selected particle size classes for Summer 2021 and Spring 2022 are indicated on all plots.
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In Spring 2021, particle size distributions appear similar along all three transects at which measurements were collected (|
m, 20 m, and 50 m transects roughly corresponding to the positions of sites S21, S26, and S39). We note that becaus
measurements taken along the 50 m transect near the hillslope toe were recorded at 0.5 cm precision, this distrilyution is on
coarsely comparable with other distributions. In Summer 2021, we oblsaotable downslope coarsening in surface
particles in the lower transects near the hillslope toe wherglopeincrease. The materi al coll ect e
channel along the base of the SEBproximately 10 m below the 50 m transeefs coarser than the material on the
hillslope, with a median value over twice that of the lowest hillslope transect at 50 m (Appendix A, Table Al). By Spring

2022, downslope coarseniilgthe channelwas still evident, but had declined substantially.

) Spring 2021 Summer 2021
0.8
S 0.6
=
° 04+
0.2 1 1
. | | @ | _®
0 10 20 30 40 0 10 20 30 40
Intermediate diameter (mm) Intermediate diameter (mm)
Spring 202
om
10 m
5 —20m
A= —30m
o —40m
° —50m
9 Channel S
J l \ (c) D50 (S.M, L)
0 10 20 30 40

Intermediate diameter (mm)

Figure 7: Particle size distributions from pebble counts conducted on crosslope transects along the study hillslope duringa)

Spring 2021, (b) Summer 2021 and (c) Spring 2022.Distances -50 m r epr esent each transectds
experimental particle drop site S21. The extent of counts in Spring 2021 was limited to only 0, 20 and 50 m transects, antigha

sizes at 50 m were collected at a reduced measurement precision (0.5 cm). Dashed lines represent the median diameters (D50) o

the three particle size groups used in Summer 2021 and Spring 2022 experiments (S = 0.6 cm, M = 1.3 cm, and L = 2.8\mtg.

the 95" percentile of Channel S particles and above are excluded from the plot in panel b to aid comparison between epochs. The
largest of these particles had an intermediate diameter of 88 mm, and the remainder 51 mm or less.
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3.3 Evolution of Lomax Parameterswith Site Recovery

Figures 8 and 9 show variation in model R(xpnd associated empirical travel distance d#teough time for each
experimental site anparticle size combinationNote that the number of dropped particles in each experimental group (N)
and estimates of A, B 4, @ndlg may also be found in Appendix B, Table EBee Appendix B, Fig. BB7 for individual
empirical datasetsnodel fits, and visualizatioraf variability in the form of R(x)with estimatedia. Figure8 illustratesthe
evolution of R(x) at all SFS sitewhile Fig.9 shows the evolution of R(x) at all NFS sitdkte that versions of Figs. 8 and

9 with equal scaling of the horizontal axes for each experimentahigtavailablen Appendix B (Figs. B8 and B9).

Experimentsat sites on the NFS and the S30 site were only conducted in Summer 2021 and Spring 2022.
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455  Figure 8 Empirical and modeledtravel distance exceedance distributions R(x) for all SFS sites. Dashed lines indicatedels with
A<0 (bounded motion) and solid lines indicatemodels with A>0 (runaway motion). Open circles represent empirical data.
Columns correspond to particle sizes (small, medium, large) while rows indicate experimental site.
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Figure 9: Empirical and modeledravel distance exceedance distribution R(x) for all NFS sites. Dashed lines indicatedels with
A<0 (bounded motion) and solid lines indicatemodels with A>0 (runaway motion). Open circles represent empirical data.
Columns correspond to particle sizes (small, medium, large) while rows indicate experimental site.

Figures8 and9 indicate that nonlocal transport of the in gtarticlesin our experimental catchment occurs across a range of
particle sizes, hillslope gradients and aspects as evidenced by the presence of hmdleg travel distance exceedance
distributions (solid lines). In Fig8 and 9 heavytailed distributionsare shown to be most prevalent for the largest particles,
and their occurrence decreases for smalteticle sizes. More heawailed distributions are also observed across the range
of hillslopegradientsandparticlesizes in the first experimental periods during earlier stages ofippsite recovery, with a
general transition to ligktailed distributions as the site continued to recoséiernative esults using a 1.75 cm MersusL

binning threshold rather than 2.25 cm for Spring 2021 are presented in Talded\droadly show similar results
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No single trend in A vs. time elapsed since the fire can be consistently identified across all sites and partitléssizes.
therefore more useful to consider the evolution afchosdifferentcombinations of particle sizéjllslopegradient aspect,
and experimental epochlote that inour presentation of trends in Lomax paramefarfigs. 1614 (A and B),we include

475 the standard errdela, +0g).
The evolution of A across all experimental parameter combinations is presented 10. Ritirroring results fromFigs. 8
and 9, Fg. 10 shows positive Avalues (i.e.,nonlocal transpoytin our dry ravel simulations for allparticle sizesand
indicates that as particle size increased at both the NFS andh8k8gestA value observed also increased. At the SFS, A
480 values diverged with time for small particl@gg. 10d) while A values converged for medium and large parti(fégs. 10e-
10f). The range of Aetween the NFS and SF& medium(Figs. 10b and10e) and largeparticles(Figs. 10c and 10f) also
became more similar with time pefite. Note that in Fig.10, Ua values are sufficiently large iaduce uncertainty in the
sign (and therefore transport regime) of A f& df our 51 combinations of particle sizeilslopegradient aspect, and
experimental epocfsee Appendix BTable B1)
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Figure 10: Values of Lomax shape parameter A for all combinations of particle size class, sloaegle (°), and experimental epoch,
on the a-c) north-facing (NFS) and d-f) south facing (SFS)study slopes Error bars represent standard error (a) of A obtained
from bootstrapping. Field visits occurred 217, 329, and 572 days pefite. There is a dashed lineat A = 0, the boundary between
heavytailed (A>0) and light-tailed (A<0) Lomax distributions.

23



490
Figures 11 showc hanges i n A, B, and t he r e)onithphillslopeagradiemtfThisrfigusen t r
showst h a't A, x gBneralaincréasedl as slopes steepen for all observed particle sizes and experimental epochs

although exceptions occur among small and medium particles on lower.slopes

495 A values forthe transport regime of the largest partidesnonstrate larger increases with increasing hillsgppéient than
those ofsmall or medium particleés Spring 2021 and Summer 2021 (Fig. daFigure 11 also suggests a transition from a
more nonlinear relationship between A and gradient (Fig. 11b) to a more rigl@donship (Fig. 11c) with time since fire

for large particles.
500 Besides showing an increase in the length scale of transport with gradient] driglso illustrate the consistent decrease in

the length scale of transport between Summer 2021 and Spoipg (see AppendiC, Figs. C1-C2 for additional

visualizations.
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505 Figure 11: a-c) Trends in A with hill slopegradient during a) Spring 2021, b) Summer 2021, and c¢) Spring 20280ote differences in
vertical axes between suplots. There is adashed line at A = 0, the boundary between heawgiled (A>0) and light-tailed (A<0)
Lomax distributions. d-f) Trends in B with hill slope gradient for each experimentaparticle size duringd) Spring 2021,6) Summer
2021, andf) Spring 2022 g-i) Trends in the reciprocal of mean travel distance (Ek) with hillslope gradient for each experimental
particle size during g) Spring 2021,h) Summer 2021, andi) Spring 2022 Undefined values of 18x ( €= B f @1) ard
represented by filled black markers and plotted at a value of medium and large particles at S39 in Spring 2021 and large

particles at S39 in Summer 2021).
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increased with particle sizBigure 12gi suggestan exponentialike relationship betweegy and particle size.
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Figure 12: ac) Trends in A with particle size note differences in vertical axes between sublots. There is a dashed line at A = 0,
the boundary between heawtailed (A>0) and light-tailed (A<0) Lomax distributions. d-f) Trends in B with particle size note

differences in vertical axesbetween subplots. g-i) Trends in mean travel distance §x) with particle size Values of ex =

@r A O

l)arep | ot t e=d5 (adbdve vertical axis extent) tallow visualization of trendsin ex. Thesevaluesinclude medium and large
particles at S39 in Spring 2021 and large patrticles at S39 in Summer 208ES = south facing slope, NFS = north facing slope.

To evaluatdifferencedn the frictionalenergylosses experiencdal differently sized particleat our experimental sisewe

calculateda friction coefficient as described in Sect. 2Figure B shows thatrictional lossegenerallyincreased through
525 time for medium and large particlest h o u debreased in some cases between Summer 2021 and Spring 2022. There is
no clear pattern in frictional losses of small particles through wmere data is available for apochs Additional figures

presenting the relationship betweeand gradienbrganized by epoch and sidesavailableas AppendixC, Figs.C3-C4.
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Figure 13: Values of coefficient of friction ) for all combinations of particle size class, slope anglé&)(and experimental epoch,on
a-c) the north-facing study slope(NFS) and d-f) the south-facing study slope(SFS) Field visits occurred 217, 329, and 572 days

postfire.

4 Discussion

Here, we consider the results of our pebble counts and dry ravel simulatiemaltatethe influencesof particle size,

aspect, and slopan dry ravelas the time since the Arbor Creek Catchment burned increased. We also consider evidence of
downslope coarsening of particle size at the SFS. Our experimental resuttsmgraredagainst previous field and lab
experiments exploring dry ravel transport regimes, and we provide suggestions for additional data collection efforts relevant

to those who apply the Lomax model to similasitu particle transport experiments.

4.1 Transport Dependene on Site Conditions andParticle Size

The heavytailed traveldistanceexceedance distributionse observe provide clear evidence of nonlocal transpioat

variety of particlesize and slope combinatiofBigs. 8-10 and 11&c). Since these results represent the behavior of in situ
particles under experimental conditions intended to simulate a primary particle entrainment process at this site (burrowing),
these results suggest that nonlocal transport does occur within the natural rpadielekizes, slopes, and pefste surface

conditions at this site
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Overall, larger particles on steeper slopes weoee likely to exhibit nonlocal transport over long distanddse heaviness

of distribution tails (A) the length scale of transport (B), and mean trdviels t a 4 in @&nyg exegmental epoch generally
increasedwith particle size and gradient dwoth study slopes (Fg 11 and 132. Our esti mated e vall
frictional energy losse¢ e v a | u at wate alsoi gtedter for)small antiedium particls, andvegetation and mineral
roughness were less effective in reducing particle energy as hillslope gradient indfegseid). These findings are
consistent with expected controls on particle disentrainment, as larger particles have a larger component of effective
gravitational energy due to their higher massl are therefore less affected by surface roughness (e.g., Furbish et al., 2021b;
Gabet and Mendoza, 2012; Roth et al., 2020 find less consistent behavior at low gradients, especially for smaller

particle sizes, which often demonstrate higher A values than medium or even large particles (discussed below).

Figure1lgi emphasizes that both particle size and vegetation structures control the slope at which a transition to runaway
motion may occurTheoretically, particles rolling down a rough surface would exhibit a linear decline in the reciprocal of
the mean travel distance, orelwi t h i ncreasing gradientbhbef oper agpa odaic
gradient at which particles are unlikely to be trapped by topography (Furbish et al.; Za2dfon et al., 1999For all

particle groupspur data suggest thtite critical gradient likely increased with time since fitge to vegetation regrowts
evidenced by increases In/x at most sites with timéwith the exceptions of medium particles on the lowest slope and all
small particles between Spring and Summer, 2021). However, our data also suggest that the critical gradient is particle size
dependent. The value &f/x was ~0 omearO for large particles at the steepest experimental isita epochssuggesting

that our steepest site (S39) is near or at this critical gradient for large particles. In Spring 208H/s ~0 for medium
particles,but in subsequent epochs the trendlirlx suggest that S39 was just below this critical gradfentmedium

particles

Where data is presentonthe sefitk c i ng s | opvalues ganerallp deareade between spring 2021 and spring 2022
(Fig. 11) This trend is clearly evident for larger particle sizes on steeper slopes, although it does not appear to hold for
smaller particles on lower slopes. Many of these trends are also partially obscured by larger values in summer 2021 than i
the surrounding spring e ©Bvenhhe differerecestobserved between summer anB spang d
vegetation in the field, we assume this deviation reflects the effects of seasonal variation. We therefore exclude summe
2021 data from our consideration of pfis¢ recovery impacts and instead focus on differences between Spring 2021 and
Spring 2022 on the soufacing study slope. We interpret the general decrease in tail heaffigeskl b-c), transport length
scale(Fig. 11e-f) and mean travel distancé@sig. 11h-i) as consistent with the progressive recovery of vegetation after the
fire. This interpretation is supported by our estimated friction coefficients, which indreeseeen Spring 2021 and Spring

2022 at all study sites on the SFS for all medium and large particles, reflecting the regrowth of vegégatldn
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These findings align with differences in particle transport on burned and unburned slopes observed by previous studies
demonstrating that travel distances become increasingly longer and-ta#destywith decreasing surface roughness or
increasing particle size or slope (Roth et al., 2020; Furbish et al., 2021b). However, a more nuanced assessment of tr
controls on particle transport may be derived from closer consideration of the cases that deviate from these expected trend
These cases appear to primarily reflect the influence of 1) seasonal or spatial variation in vegetation characteristics and 2
stochastic particle motion. Below, we discuss the effects of these factors on producinglegpadent particle behavior

and the anomalous behavior of small particles on low slopes.

4.1.1Small Particles and Stochastic Motion

Fig. 10d10f shows thaf\ values for small particles diverged and A values for medium and large particles converged near
A=0 through time. We suggest that these changes were driven bglegieadent particle responses to the regrowth of
vegetation. Small particles, which had a lower component of initial momentum than medium and large particles, were most
sensitive to surface roughness (e.g., Gabet & Mendoza, 2012) and were more likely to experience a random component ¢
motion upon impact with vegetatiqrigs. 1@ and Bd). We presume that this random motion and greater sensitivity to
differences in vegetation structure between experimental sites caused values of A to diverge with time for small particles
(Fig. 10d) We infer thathe greater momentum of medium and large partideslted in less random motion upon contact

with vegetation, though particle momentum was still decrefisaskd on the observation that A began to converge around

values closer to 0 over tin{€igs. 10e and 10f)

Our estimation of friction coefficient & supportsest his
particles had the largest valuespoin all epochs St ochasticity in € also increase
through ti me. For exampl e, the decrease in ¢ for medi u
medi um particle groups, and ¢ di ver ge(#ig. 130 Thesdihdings somteast | pa
interpretations made by Furbish et al. (2021b), who suggeste thahsensitive to particle size for identical slope and

roughness conditions. We suggest that &€ may be insensit
surface (e.g., Gabet & Mendoza, 2012) or using larger rounded particles (e.g., Roth et al., 20@@), ppesence of

vegetation with spacing comparable to the range of experimental particle sizes resultsiedize ct i ve val ues o

4.1.2AspectDependentDifferences inParticle Motion

The shift in travel distance distributions from Summer 2021 to Spring 2022 among large and medium particles is far less
pronounced or even absent on the NFS (Fig. 9), especially among large particles where we see the largest shift on the SF
(Fig. 8). Without Spring 2021 data for the NFS, it is uncertain to what extent this difference is due talespedent

variation in posffire recovery or aspeaependent seasonal variation in vegetation and soil moisture. However, our data and
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field observations are consistent with the hypothesis that adppenhdent differences between conditions on the NFS and

SFS contributed to measurable differences in particle motion.

Aspectdependency wamore noticeable in Summer 2021 than Spring 2022, giitfater differences in A, B, andean

travel distance for a given gradient and particle sigeveen the NFS and SFS in Summer 2021 (Figscllbef, and11lh

i). In Summer 2021, soutfacing slopes above 26° also experienced uniformly higher mean travel distances than their north
facing counterparts (Figl1gi). Between Summer 2021 and Spring 2022, friction coefficients on the SFS increased by an
average 47% for all but two experimental particle size/slope groups. Over this same period, friction increased for only 5 of
the 9 experimental groups on the NFS (average 50% increase), while 4 decreased by an average 12% (all large and ol
medium particle groups). These results indicate that the SFS: 1) experienced conditions in summer 2021 that were mor
conducive to longlistance particle motion overall, and 2) experienced conditions in Spring 2022 that disproportionately

reduced particle motion relative to the NFS.

Though both the SFS and NFS exhibited some seasonal changes in vegetation (Figs. 5 & 6), the SFS experienced mo
extreme seasonal variation in both vegetation than the NFS due to the senescence and regrowth of dense seasonal grasse:
addition to simply adding new growth to the older, dried vegetation already present on the hillslope, healthy vegetation may

have acted as a more effective barrier to the passage of particles in Spring 2022 than the dead vegetation in Summer 2021.

Other factors such as the coefficient of restitution of the mineral surface may also have evolved with seasonal changes i
antecedent moistureBased on field observations, soils on the SFS were more dry and less easily deformable than on the
NFS during the summer. These observations are corroborated by measurements by Donaldson et al. (2024), who found th
shallow soil moisture was generally lower on sefating slopes in our study catchmewte suggest that the drier soils on
the SFS may have increased the coefficient of restitution relative to theTNiESvould be expected to produce longer and

more heawytailed particle travel distances on the SFS, consistent with our observations in Summer 2021.

4.1.2Implications for Postfire Variability in Particle Fluxes

Although large particles were the most sensitive to slope, their sensitivity varied throughout the experimental epochs. A
more nonlinear trend in A with slope in Summer 2021 (Fig. dd)sitioned to a more linear trend in Spring 2022 (Fig.

11c). Our results suggest that immediately gl or in summer when vegetation strength is apparently reduced (e.g.,
Summer 2021 at our site), the aggregate travel distance distribution for all particle sizes naturally preselgmandtiate

a greater spread due to nonlinearity in large particle A values. Since the flux of dry ravel involves the convolution of the
entrainment rate and R(x) (as described by Furbish et al., 2021a), thidepeedent nonlinearity in A values could
contribute to the increased variance and nonlinearigediment fluxegommonly observed at high slopes (e.g., Roering et

al., 1999).Evidence of nonlinear dependence of giost dry ravel flux has been previously presented by Gabet & Dunne
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(2003)andascribed to nonlocal transport (Gabet & Mendoza, 2012). In fact, we expect that entrainment rates may also vary
with particle size and contribute to this nonlinearity, although further research is needed to constrain the relatimesmip bet

particle sizes and bioticalgiriven entrainment rates.

4.2 Downslope Coarsening and Size Selective Transport

On the SFS, we observed nonlocal transpormefliumandlargeparticles at all sites with slopes of 26 degrees or greater in
Spring 2021 (Fig 8 & 10). At S26 and S39, a transition from nonlocal to local transport was observed between Spring 2021
and Summer 2021 for medium particles while large particles still experienced nonlocal transport. After Summer 2021,
systematic changes in particle motiarere not observable across all SFS experiments, but the maximum particle travel
distance decreased for all SFS sites angalicle sizes.The postfire observation of downslope coarsening along the SFS
hillslope and the coarser particles found in the channel relative to the SFS hillslopgé &fgendix A Table Al) provide
evidence of particle sizeelective transport consistent with our experimental resBitsvious field experiments and
observations of podtre dry ravel DiBiase et al.2017; DiBiase& Lamb2017;Florsheim et al., 1991; Gabet, 20Q@&mb

et al., 2013Roering& Gerber, 2005Roth et al., 2020) report the sequestration of fine sediments by mineral or vegetative
roughness as large particles bypass hillslope storage zones and are delivered to the channel network. This imechanism

interpreted tgroducethe variation between hillslope and channel particle size distribughunsnin Fig. 7.

4.3 Limitations and Suggestiondor Future Work

Limitations of our work includea lack of control siteandno quantitativecharacterization of vegetation structsjrerhich
should be considered in future data collection campalyiesalso suggest thaiture attemptat similar experiments would

benefit from the collection of entrainment rate data

In this study, weassume that our observations, particularly the transition from A>0 toward lower A values closer to 0 for M
and L particles on the SFS, are caused by-fi@stegetation recovery. This interpretation is consistent with previous studies
demonstrating higher A values on smoother or burned sites relative to those on vegetated slopesb{ghget al., 2021b

Roth et al., 2020). Future work would benefit from the inclusion of paired experiments at unburned control sites to better
isolate the postire response relative to background transport characteristics. We emphasize the need for care in control site
selection, however, as our data highlight the sensitivity of these experiments to not onlyscaderoonditions (slope,

aspect, vegetation), but microtopographic, biotic, and hydrologic conditions that may be subject to heterogeneity over both

experimental plot and catchment scales.

Another opportunity for future workomplementary tehe findings presented here would be the estimation of entrainment
rates of raveht the NFS and SFE&s the convolution of the entrainment rate and R(x) provides an estimate @Ftitbish

et al., 2021a)derivingentrainment ratefor the different particle sizes we used in our experimeatsd allow calculations
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of sedimentflux due to dry ravelObservations by others suggest that differences in soil cohesion associated with soil
moisture and selective burrowing by Califorgiwundsg ui r r e | s paketdopHemnay auwses aspect dependency in

the production and entrainment of ragelg. Gabet, 2003; Ordefiana et al., 20Bjrrowing rodents apparently generate

much of the mobile material at the mineral surface in the Arbor Creek Catchment (Fig. 1d, Image 1), and their presence
likely influences hillslope morphology #&te NFS and SFSWhile the transport regime of medium and large particles was
apparently similar at the NFS and SFS in Spring2202would be useful tevaluate ifthe actual flux of ravelariedwith

aspect due to variable entrainment rates

Previous studies have used descriptions of vegetation, such as roughness obtained from point cloudxgktee to
relationships between vegetation, slope, and particle tran@agrt Roth et al., 2020)To characterize the mineral and
vegetative components of surface roughness attempted to conduct structdfrem-motion from images collected with
drones in each experimental epoch, thg motion of dense grasses between image collectiomsed the quality of
resulting point cloudsWhile point cloud data generally enabldse calculation ofuseful topographic metricsuch as
roughness, theresence of dense vegetation inhibits the estimation of density at the mineral surfadeslierpft et al.,
2014; Grau et al., 2017). Physical vegetation sampling procedures are well established, including-teateogt quarter
method (Dix, 1961), the frequency grid (VogeMasters, 2001), or alternative quadbaised approaches (e.gnapp et al.,

1986).We suggest that futusgudies of this nature utilize physical sampling procedures.

Finally, we emphasize uncertainty in the values of A presented for different experimental particle groups in thi¥/ls¢éundy.
considering these resulis is important to be aware that regressed A values generally represent an upper bound estimate of
A due to potential overfitting of tails, which are generally the sparsest region in our empirical data. This issue iBegkempli

by the potential removal of the farthest travel distance recorded at S21 in Spring 2022 faastictds(Appendix B, Fig.

B1), which would modify the R(x) distribution from one describing runaway motion (unrealistic at this site for small
particlesgiven our other results) to near uniform disentrainment. At some sites for which error was large relative to the
calculated A value, it was difficult to distinguish clear signals in the transport rdgimenoise, which we assume was
dominated by seasonal vegetation or resulted from wsatapling issues. Further experiments would be required to
constrain the background level of travel distances at an unburned site or over longer time periods to validate whether thic

catchment had fully recovered by Spring 2022

Conclusion

This study examines pe#te variability in rarified particle motion representative of dry ravel at Arbor Creek Catchment at
Blue Oak Ranch Reserve in the Mt. Diablo Range of the California Bay Area. We conducted a series of particle drop

experiments using in situ particles in size classes representative of the range of particle sizes present at ouasield site,
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measured bypebble counts along cres®pe transects. We fit our experimental particle travel distances to a Lomax
distribution model for the travel distance exceedance probability of simulated ravel, in order to track-fine pestution

of the form of these distributions with time, particle siglepe, and aspeciThe Lomax parameter A, which describes the
form of the traveldistanceexceedance distribution as liglaled (bounded motion, local transport, A<0) exponential
(isothermal, A=0) or heavtailed (runaway motion, nonlocal transport, A>0) was the primary metric used in our

interpretations.

In considering differentombinations of particle size, slope, and asplectugh time we identified that larger particles on
steeper slopeis earlier experimental epoclagere more likely to exhibit evidence of nonlocal transport. Our observations of
size selective transport corresponded with evidence of downslope coarisemiediately after the fire, adetermined from

pebble counts alonglope and in the channel at the base of the hillslope. We also observed the transport regime of small
particles (=0.6 cm) on a south facing slope to diverge with time as vegetation recovered, while the behavior of medium
(Dsp=1.3 cm) and large (3=2.8 cm) particles became more similar across aspect and slope with time. Our results suggest
that as vegetation recovered, the behavior of small particles became more depersiterdpecific vegetation structuse

and medium and large particles were less likelgxbibit evidence of runaway motio®ur estimated friction coefficients
supportour identification ofvegetation dependemgarticle behavigras the friction coefficiengenerallyincreased for
medium and large particles as vegetation recovered on the south facing/Bilgpends for smaller particles on less steep
slopes were inconsisterfor all particle sizes, the length scale of transport continued to decrease as vegetation recovered
through the first two years pefite, though seasonal changessurface characteristics (vegetation, soil moistlikely

caused greater variability in transport behavbservedon southfacing aspectselative tonorth-facing aspects through

time.
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Appendix A: Experimental particle and site parameters

Table Al: Hillslope particle size statistics. Median, minimum, maximum, standard deviation and number of measuremerftom
pebble countson crossslope transects along the study hillslope during each epocNumbered transect positiors describe the

730 downslope distance from Site S21and Channel (S) denotes thehannel at the base of the soutfacing slope. In Spring 2021,
measurements at 0 and 20 m were recorded with 1 mm precision, measurements at 50 m were recorded with 5 mm precision. In
Summer 2021 and Spring 2022 measurements were recorded with 0.01 mm precision.

Transect Intermediate diameter (cm) )
position (m) Epoch Median Min. Max. Std. dev. N particles
0 SP 21 0.6 0.3 3.0 0.4 111
SuU 21 0.593 0.066 2.371 0.411 111
SP 22 0.575 0.236 2.312 0.418 102
10 SP 21 --
Su21 0.55 0.01 2.611 0.428 111
SP 22 0.678 0.255 3.550 0.470 100
20 SP 21 0.7 0.3 2.0 0.3 100
SuU 21 0.740 0.010 4.883 0.713 109
SP 22 0.670 0.269 2.160 0.403 100
30 SP 21 -
SuU 21 0.547 0.010 3.09 0.467 111
SP 22 0.673 0.276 2.348 0.365 100
40 SP 21 --
SuU 21 0.523 0.010 3.016 0.468 110
SP 22 0.759 0.222 2.333 0.438 100
50 SP 21 -- 0.5 3.5 -- 91
SuU 21 0.717 0.118 4.194 0.767 121
SP 22 0.703 0.323 3.198 0.460 100
Channel (S) SP 21 --
SuU 21 1.951 0.268 8.827 1.206 150
SP 22 0.925 0.292 3.843 0.683 100
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Table A2: Median, minimum, maximum, and standard deviation ofparticle sizes for all experimental particle classes. Particle
minimum and maximum values are reported as bin edges for Spring 2021 due to measurement imprecision, and as measured
sample minimum and maximum for summer 2021 and Spring 2022, during which preollected and painted particles were used.

Epoch Site Particle size class |Intermediate diameter (cm) N
Median Mi n. |Max. (<) |Std. Dev.
Spring 2021 S21*  [Small -~ 0.25 0.75 -~ 68-214
S26 Medium -~ 0.75 2.25 -- 41-230
S39  |Large - 2.25 3.25 - 42-58
Summer 2021  |all sites|Smalll 0.63 0.33 0.95 0.11 89-199
Spring 2022 Medium 1.31 0.97 1.72 0.16 93-200
Large 2.80 2.27 3.14 0.18 97-204

*No patrticles in large size class dropped at site S21, Spring 2021

Table A3: Censor distances for all sites. Site S30 was censored in Summer 2021 only, Site N33 was censored in Spring 2§22 onl
and Site S39 was censored in all three epochs. The variable censor point at S39 caused by the variable distance to theglopin
channel at the base of the site required manual censorship based on drop position.

Site S21 S26 N26 S30 N30 N33 S39
Censor Distance (m) | None None None 10.5 None 7.5 6.2-8.6

Table A4: Comparison of Lomax parameter A resulting from alternative division of medium (M) and large (L) particle classes fo
relevant experiments conducted in Spring 2021. The classification of several particles recorded as 1.75 cm (i.e., falling/den 1.5

and 2 cm) and 2 cm (1.75 2.25 cm) in diameter was particularly sensitive to our selection of the binning threshold between
medium and large size classes. We tested thresholds of 1.75 and 2.25 cm for comparison, and found that a boundary of 2.25 cm
resulted in less severe under sampling of the medium class at S39 without meaningfully altering results for the large pagticlass.

We also note the that the lower edge of the Spring 2021 medium bin (0.75 cm) falls below the medium size range in the |ptsches
(0.97 cm). Given these considerations, we selected the 2.25 cm threshold for all analyses presented in the main text.

M/L Bound S21 M S26 M S26 L S39 M S39L
A value with L| -0.19 0.20 0.21 0.07 1.98
01.75cm

A value with L| -0.17 0.26 0.25 1.03 2.26
02.25cm
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Appendix B: Detailed regression with empirical data and error for all sites

Table B1: Summary ofnumber of experimental particles (N) A

val ues,

s t a na), 8 vathesgn), and standarfd erdar (0

ofB[le(m)]. Red text i ndi gimngreatsrthaniA irdicatiagtsubstamtialahcertainty in the sign of A
Site | Epoch | Particle Size
S
N [A da B de N [A Ga B Gs N | A da | B ds
S21 [Sp ¢ 79 0.03 | £0.08 | 0.03 +0.00 | 46 -0.17 | £0.06 | 0.05 +0.00 | --
Su ¢ 201 |-0.23 | £0.06 | 0.07 +0.01 | 204 | -0.06 | +0.07 | 0.07 +0.01 | 204 | -0.04 | +0.08 | 0.09 | #0.01
Sp ¢ 100|042 | +0.12 | 0.01 +0.00 | 100 | -0.15 | +0.06 | 0.04 +0.00 | 100 | -0.09 | +0.07 | 0.07 | #0.01
S26 | Sp ¢ 226 | 0.06 | +0.09 | 0.04 +0.01 | 240 | 0.26 +0.10 | 0.07 +0.01 | 58 0.25 +0.10 | 0.16 | %0.02
Su ¢ 200 | -0.22 | £0.06 | 0.09 +0.01 | 200 | -0.18 | £0.06 | 0.10 +0.01 | 200 | 0.01 +0.08 | 0.11 | #0.01
Sp ¢ 100 | -0.47 | £0.04 | 0.06 +0.00 | 100 | -0.10 | £0.07 | 0.04 +0.00 | 100 | 0.10 +0.09 | 0.08 | +0.01
S30 [Sp 4 --
Su ¢ 201 |0.14 | +0.09 | 0.10 +0.02 | 200 | 0.43 +0.12 | 0.18 +0.03 | 201 | 0.11 +0.09 | 1.80 | #0.21
Sp ¢ 100 | -0.02 | £0.08 | 0.05 +0.01 | 100 | -0.07 | £0.07 | 0.10 +0.01 | 100 | 0.35 +0.12 | 0.37 | £0.05
S39 [Sp ¢ 83 -0.14 | +0.06 | 0.07 +0.01 | 82 1.03 | +0.18 | 0.09 +0.02 | 42 2.27 +0.52 | 1.03 | +0.28
Su ¢ 100 | 0.12 | +0.09 | 0.21 +0.03 | 100 | -0.06 | £0.07 | 0.57 +0.06 | 100 | 1.83 +0.39 | 1.04 | +0.26
Sp ¢ 100 | 0.11 | £0.09 | 0.09 +0.01 | 100 | 0.07 +0.09 | 0.29 +0.04 | 100 | 0.58 +0.15 | 0.69 | %0.12
N26 [ Sp 4 -
Su ¢ 100 | -0.01 | £0.08 | 0.08 +0.01 | 100 | -0.11 | £0.07 | 0.11 +0.01 | 100 | -0.06 +0.07 | 0.17 | £0.02
Sp ¢ 100 | -0.24 | £0.06 | 0.05 +0.00 | 100 | -0.01 | +0.08 | 0.05 +0.01 | 100 | 0.12 +0.09 | 0.16 | +0.02
N30 [Sp 4 --
Su ¢ 106 | 0.23 | £0.10 | 0.06 +0.01 | 110 | -0.20 | £0.06 | 0.22 +0.02 | 101 | -0.12 +0.07 | 0.44 | £0.04
Sp ¢ 100 | -0.02 | £+0.08 | 0.06 +0.01 | 100 | 0.22 +0.10 | 0.09 +0.01 | 100 | 0.28 +0.10 | 0.25 | £0.04
N33 [Sp 4 --
Su ¢ 105 | 0.14 | +0.09 | 0.11 +0.02 | 112 | -0.05 | £0.07 | 0.23 +0.03 | 100 | 0.42 +0.12 | 0.56 | +£0.09
Sp ¢ 100 | -0.16 | +0.06 | 0.08 +0.01 | 100 | 0.16 | +0.10 | 0.10 +0.01 | 100 | 0.49 +0.13 | 0.46 | +0.08
755
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S21: R(x) vs. Distance (m)
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Figure B1: Empirical R(x) and modeledR(xi) for site S21 annotated with Lomax parameters A and B and characteristic distance
B/|A|. Error estimations are denoted with parameter values. Black circles are empirical dataDashed red lines represent
variability in R(x) with the standard error in A.
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S26: R(x) vs. Distance (m)
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Figure B2: Empirical R(x) and modeledR(xi) for site S26 annotated with Lomax parameters A and B and characteristic distance
765 BJ/|A|. Error estimations are denoted with parameter values. Black circles are empirical dataDashed red lines represent
variability in R(x) with the standard error in A.
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S30: R(x) vs. Distance (m)
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Figure B3: Empirical R(x) and modeled R(xi) for site S30 annotated with Lomax parameters A and B and characteristic distance
B/|A|. Error estimations are denoted with parameter values. Black circles are empirical dataDashed red lines represent
variability in R(x) with the standard error in A.
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Spring 2022 R(x)

S39: R(x) vs. Distance (m)
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Figure B4: Empirical R(x) and modeled R(xi) for site S39 annotated with Lomax parameters A and B and characteristic distance
B/|A|. Error estimations are denoted with parameter values. Black circles are empirical dataDashed red lines represent
780 variability in R(x) with the standard error in A.
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N26: R(x) vs. Distance (m)
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Figure B5: Empirical R(x) and modeledR(xi) for site N26 annotated with Lomax parameters A and B and characteristic distance
785 BJ/|A|. Error estimations are denoted with parameter values. Black circles are empirical dataDashed red lines represent
variability in R(x) with the standard error in A.
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N30: R(x) vs. Distance (m)
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Figure B6: Empirical R(x) and modeled R(xi) for site N30 annotated with Lomax parameters A and B and characteristic distance
B/|A|. Error estimations are denoted with parameter values. Black circles are empirical dataDashed red lines represent
variability in R(x) with the standard error in A.
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N33: R(x) vs. Distance (m)
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Figure B7: Empirical R(x) and modeled R(xi) for site N33 annotated with Lomax parameters A and B and characteristic distance
B/|A|. Error estimations are denoted with parameter values. Black circles are empirical dataDashed red lines represent
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Appendix C: Additional visualizations of trends in A, B, 1/ex, ande
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Figure C1: Values of Lomax scale parameter Bm) for all combinations of particle size class, slope anglé)( experimental epoch,
815 and aspect. Error barsrepresent standard error @Cg) of B obtained from bootstrapping. Field visits occurred 217, 329, and 572
days postfire.
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Figure C3: Trends in the coefficient of friction (¢) with particle size for each experimental site and epoch. Subplot titles designate
aspect (S = south facing slope, N = north facing slope) and slope in degrees (e.g., S21 has a slope of 21 degrees).

Figure C4: Trends in the coefficient offriction (&) with hillslope gradient for each experimental epoch.

Code and Data Availability

The V1.0.0 version of the code (Lomax2) and data (particle travel distgred#secounts) required to recreate the analyses
presented in this manuscript can be found on Github and are archived with Zenodo (Jacobson, 2023). Topographic data al
available in the UNAVCO online data archive at https://doi.org/10.7283/¢B79
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