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ABSTRACT: Current global warming projections suggest a possible increase in wildfire and 
drought, augmenting the need to understand how drought following wildfire affects the recovery 
of stream channels in relation to sediment dynamics. We investigated post-wildfire geomorphic 
responses caused by storms during a prolonged drought following the 2013 Springs Fire in 
southern California (USA), using multi-temporal Terrestrial Laser Scanning and detailed field 
measurements. After the fire, a dry-season dry-ravel sediment pulse contributed sand and small 
gravel to hillslope-channel margins in Big Sycamore Creek and its tributaries. A small storm in 
WY 2014 generated sufficient flow to mobilize a portion of the sediment derived from the dry-
ravel pulse and deposited the fine sediment in the channel, totaling ~0.60 m3/m of volume per 
unit length of channel. The sediment deposit buried step-pool habitat structure and reduced 
roughness by over 90%. These changes altered sediment transport characteristics of the bed 

material present before and after the storm; the ratio of available to critical shear stress (o/c) 
increased by five times. Storms during WY 2015 contributed additional fine sediment from 
tributaries and lower hillslopes and hyperconcentrated flow transported and deposited additional 
sediment in the channel. Together these sources delivered sediment on the order of six times 

that in 2014, further increasing o/c. These storms during multi-year drought following wildfire 
transformed channel dynamics. The increased sediment transport capacity persisted during the 
drought period characterized by the longer residence time of relatively fine-grained post-fire 
channel sedimentation. This contrasts with wetter years, when post-fire sediment is transported 
from the fluvial system during the same season as the post-fire sediment pulse. Results of this 
short-term study highlight the complex and substantial effects of multi-year drought on 
geomorphic responses following wildfire. These responses influence pool habitat that is critical 
to longer-term post-wildfire riparian ecosystem recovery. 
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INTRODUCTION 

The occurrence of drought and 
longer and earlier dry seasons associated 
with global warming (Lenihan et al., 2003; 
Westerling et al., 2006; Bowman et al., 
2009; Turco, 2014; Dennison et al., 2014) 
and human influences (Mann et al., 2016) 
could affect the number, size, frequency, 
timing, and intensity of future wildfires. 
Environments in semi-arid Mediterranean 
climates, such as those in southern 
California, are susceptible to such changes 
(Keeley and Syphard, 2015; 2016). 
Typically, sediment supply to stream 
channels in Mediterranean climates is 
episodic (Inman and Jenkins, 1999), and in 
turn may be influenced by altered climate 
and wildfire regimes. Although aquatic 
habitat and species native to southern 
California’s chaparral ecosystems are 
resilient to episodic annual drought (Verkaik 
et al., 2013a), the geomorphic adjustments 
that alter the physical attributes interacting 
with aquatic ecology during multi-year 
drought following wildfire disturbance has 
not yet been investigated. 

Wildfire elevates sediment supply by 
burning vegetation that stabilizes weathered 
sediment on hillslopes (Shakesby and 
Doerr, 2006; Moody et al., 2013). In steep 
semi-arid chaparral basins, dry ravel is a 
dominant hillslope process by which 
weathered sediment is transported 
downslope by gravity (Anderson, et al., 
1959; Krammes, 1965; Rice, 1982; 
Florsheim et al., 1991; DiBiase and Lamb, 
2013; Wohlgemuth, 2015). Therefore, in 
steep chaparral environments, wildfire 
initiates a dry ravel sediment pulse to 
hillslope-channel margins in tributaries and 
in main channels (Florsheim et al., 1991; 
2016; Gabet, 2003; Lamb et al., 2011; 
2013). In steep step-pool stream channels, 
sediment contributed by dry ravel that 
consists of gravel and smaller sediment 
contrasts with the coarser cobble and 
boulder pre-fire channel bed material 
(Florsheim et al., 1991). Geomorphic 
responses to these landscape-scale 

sediment pulses during years with moderate 
rainfall include mobilization and then 
temporary deposition in channels before 
material is transported through the system. 
Morphology recovers to its pre-fire state, 
creating a sediment disturbance with less 
than a one-year residence time (Florsheim 
et al., 1991; Keller et al., 1997). Thus, 
during non-drought storm seasons, fire-
related sediment supply is readily 
transported, instead of stored, because 
rainfall and runoff are adequate to transport 
material delivered through dry ravel and 
other processes. In contrast to these fluvial 
channel responses to fire, debris flows are 
common in steeper first-order tributaries 
(Wells, 1987; Wells et al., 1987; Cannon et 
al., 2001; Staley, et al., 2013; Kean et al., 
2011; Prancevic, et al., 2014). 

The resilience of fire-prone 
ecosystems depends in part on the effect of 
the fire in creating diverse environments 
that may facilitate range shifts of species, 
such that in some cases, fire may be a 
factor that helps some ecosystems respond 
to climate change (Moritz and Knowles, 
2016). However, from the standpoint of the 
riparian ecosystem, elevated inputs of 
sediment to stream channels after wildfire 
degrade aquatic habitat and impact 
organisms (e.g., Bozek and Young, 1994; 
Rinne, 1996; Gamradt and Kats, 1997; 
Pettit and Naiman, 2007). Pools in steep 
step-pool channels, in particular, are often 
important habitats (O’Dowd and Chin, 2016) 
for a range of organisms. Fine sediment 
filling pools decreases the heterogeneity of 
such habitats (Minshall et al., 1997). Prior 
work shows that ecosystems disturbed by 
wildfire often recover when sediment 
sources decline as vegetation reestablishes 
(Robichaud et al., 2009). The magnitude of 
the post-fire responses, however, may vary 
by biogeographic regions (Verkaik et al., 
2015) and the inherent resilience, diversity, 
and stability of the ecosystem (Justus, 
2008; Mori, 2016; Oliver et al., 2016). Post-
fire climate patterns – whether extended 
drought or extreme rainfall events – pose an 
additional disturbance at a seasonal or 
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inter-annual temporal scales that 
superimposes on the longer-term 
consequences of fire impacts (Bixby et al., 
2015). Because a large disturbance such as 
wildfire may render fluvial systems 
sensitized to small climatic events, our 
understanding is incomplete with respect to 
the sequence of disturbance impact and 
recovery, especially during prolonged 
drought such as is characteristic of southern 
California. 

We hypothesize that drought 
persisting after a wildfire alters the 
magnitude and timing of geomorphic 
responses with respect to mobilization and 
transport of the elevated post-wildfire 
sediment supply, and that these alterations 
to sediment dynamics significantly affect 
ecosystem recovery. To test the hypothesis, 
we investigated morphodynamics in a steep 
southern California chaparral fluvial system 
during the multi-year drought that began in 
2012 in the western USA, one of the most 
severe recorded (Diaz and Wahl, 2015; 
Diffenbaugh et al., 2015). Our findings 
illustrate the effects of drought on post-fire 
sediment dynamics in stream channels. 
They also contribute toward prediction and 
management of wildfire disturbances and 
recovery in steep chaparral landscapes. 
Finally, results of this work highlight the 
complex and substantial effects of climate 
variability on fluvial systems after wildfire. 
 
 
STUDY AREA 

The study area lies within the Santa 
Monica Mountains, the southern-most range 
of the steep, rugged Transverse Ranges in 
southern California’s coastal Mediterranean 
region. The Santa Mountains are comprised 
of Cenozoic marine sandstone and shale 
layers (Yerkes and Campbell, 1980, Dibblee 
and Ehrenspeck, 1990a; 1990b). We 
investigated post-wildfire sediment 
dynamics in a study reach in the 
headwaters of Big Sycamore Creek, an 
ephemeral second-order alluvial channel 
with 14 first-order tributaries in the channel 

network (upstream drainage area ~1.8 km2; 
Figure 1). The Big Sycamore Creek study 
area lacks floodplains such as are present 
lower in the fluvial system, and is therefore 
characterized by a high degree of 
connectivity between steep hillslopes and 
the channel. The present research builds on 
prior work that investigated step-pool 
dynamics (Chin, 1999; 2002) and extends 
prior analysis in the lower portion of the 
study reach regarding hillslope dry-ravel 
dynamics following the 2013 Springs Fire 
(Florsheim et al., 2016). In channels with 
steps and pools, such as Big Sycamore 
Creek, coarse bed material tends to be 
mobile only during high magnitude flows 
(Chin, 1998) with a low sediment supply 
between wildfires that is limited by soil 
production rates (Lamb et al., 2011). Over 
the past 1,000 years, wildfire in the study 
area has a recurrence interval of ~36 yr 
(National Park Service, 2015). The Springs 
Fire burned ~100 km2 including 85% of Big 
Sycamore Canyon with moderate severity 
(National Park Service, 2013). 

Southern California typically 
experiences a variable precipitation regime. 
The majority of rain usually falls between 
October and May; whereas, June through 
September are usually dry months. 
However, the seasonal drought duration 
sometimes lasts 10 months of the year. A 
multi-year drought began in the 
southwestern United States of America 
(USA) during water year (WY) 2012. Warm, 
dry Santa Ana winds, often associated with 
California wildfires (Davis and Michaelson, 
1995; Moritz et al., 2010; Keeley, 2015) 
combined with the drought and set 
conditions for the May 2-6 2013 Springs 
Fire. The Palmer Drought Severity Index 
(PDSI), a prominent index of meteorological 
drought (Heim, R.R. Jr., 2002), utilizes 
precipitation and temperature data to 
estimate relative dryness. The PDSI (Figure 
2A), showing the relationship of the Springs 
Fire occurring during the second year of the 
drought, fits the pattern relating an extreme 
moisture deficit triggered by drought and 
large fires that can occur in the 
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southwestern USA (Swetnam and 
Betancourt, 1998; Westerling et al., 2003).  

Nevertheless, some storms occurred 
during the extreme drought period 
continuing after the Springs Fire (Figure 2B; 
Ventura County Water Protection District; 
rainfall depths measured hourly; ID 513 
operated since 18 Feb 2014). One small 
storm occurred the first post-fire winter 
during WY 2014 (27 Feb – 2 Mar). Over five 
days, this storm generated 74.1 mm of 
rainfall (maximum rainfall depth measured 
over a one hour period = 9 mm). During the 
second post-fire winter, WY 2015, a two-day 
storm with smaller magnitude but higher 
intensity occurred (11-12 Dec 2014: 63.0 
mm, maximum depth measured over a one 
hour period = 30 mm). During the third post-
fire winter, WY 2016, two storms occurred 
(4-7 Jan: 64.2mm and 6-8 Mar: 38.0 mm, 
maximum depths measured over a one hour 
period = 33 mm and 36 mm, respectively).  
 
 
METHODS 

We collected field data in Big 
Sycamore Creek over a two-year period 
following the 2013 Springs Fire. We 
distinguish a lower and upper portion of a 
contiguous study reach; all of the profile, 
grain size, and dry ravel measurements 
were conducted in the entire reach. 
Additional topographic data collected using 
Terrestrial LiDAR Scanning (TLS) in the 
lower portion of the study reach is 
discussed in the subsequent section. To 
explore annual precipitation trends over a 
longer record than is available from the local 
Rancho Sierra Vista rain gage (Figure 1) we 
compared the local storm rainfall totals to 
the mean of the longer-term rainfall record 
using satellite-based data. To accomplish 
this, we extracted the PRISM (parameter-
elevation regressions on independent 
slopes model; Daly 1994; 1997; 2002) 
precipitation dataset for Big Sycamore 
Canyon (120 year dataset available from 
WY 1896 -2016 (WestWide Drought Tracker 

(WWDT); lat: 34.14207; long: -118.94142; 
http://www.wrcc.dri.edu/wwdt/time/). 

Three thalweg longitudinal profiles 
and grain size measurements included: 
before and after the 2014 storm, and after 
the 2015 storms. The survey and grain size 
distribution data facilitated quantification of 
reach-scale channel changes that influence 
sediment transport. Grain size (Ds) between 
boulder steps was measured using the 
median diameter of 100 randomly selected 
grains (Wolman, 1954). The maximum grain 
diameter of steps (Dmax)

 was estimated 
using the five largest boulders present 
(Chin, 1999). Sediment sorting was 

estimated as the standard deviation ((Ds)) 
of the sample grain sizes, where sorting 

increases as (Ds) decreases. We 
compared form roughness as step height 
(Hs), spacing (λs) (Egashira and Ashida, 
1991), and grain roughness (D84) (Aberle 
and Smart, 2003) before and after the 
storms. 

Volumes of dry ravel deposits 
representing sediment supply from hillslope 
erosion during and immediately following 
the fire were measured following the 
approach used in Florsheim et al. (2016) to 
evaluate short-term changes in hillslope dry-
ravel processes. Field measurement of dry 
ravel deposits included height (h) from the 
base of the deposit in the channel margin to 
the top on the hillslope, and length (l) along 
the longitudinal profile of the channel using 
a stadia rod and tape measure, 
respectively; depth (d) of each deposit was 
measured perpendicular to height using a 
steel rebar probe. The dry-ravel deposit 
volume calculation used geometric 
relationships depending on the shape of the 
deposit, generalized as one half an (upside-
down) cone ((Vci): Vci = (1/6) π r2 h where 
depth, measured in the location 
corresponding to the deepest portion of the 
deposit, replaces the cone radius, r), or 
quasi-rectangles (Vri = A d where A is the 
surface area of the deposit (w h)). The total 
volume VT of sediment stored in the n dry-
ravel deposits for the reach is: VT = Σ Vci + Σ 
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Vri  where i = 1…n. In the present study, 
dry-ravel volumes reported in Florsheim et 
al. (2016) for the lower portion of the study 
reach are extended upstream through the 
burned area.  

Changes in fluvial transport capacity 
resulting from post-wildfire geomorphic 
adjustments were estimated by comparing 

shear stress available during storm flows,o 

= γ R S, to the critical shear stress needed 
to transport the predominant size of 

sediment, c = * (ρs - ρw) g D84; where γ is 
the specific weight of water, R is the 
hydraulic radius determined from high water 
marks, S is assumed equivalent to the bed 

slope over the reach length, * is the 

dimensionless Shields stress * = 0.15 S0.275 

(Recking et al., 2012) that allows for 
changes in channel slope caused by 
sediment deposition, and ρs and ρw are the 
densities of sediment and water, 
respectively. For sediment entrainment to 

occur, o must be larger than c, thus the 

ratio o/c must exceed 1.0 before bed 
material transport occurs. 

Terrestrial LiDAR Scanning (TLS) 
Datasets and Uncertainty Analysis 

Channel topography of the lower 
portion of the study reach was documented 
with Terrestrial Laser Scanning (TLS). The 
first TLS scan (“before 2014 storm”) took 
place in October 2013 before fire-related 
morphologic channel changes occurred, 
followed by the second scan in April 2014 
(“after 2014”) storm.” Channel topography 
was documented using methods similar to 
those detailed in other post-fire 
investigations of steep tributaries, hillslopes, 
and piedmonts (Staley et al., 2014; Wester 
et al., 2014; Orem and Peltier, 2015; 
Rengers et al., 2016). The TLS scans were 
collected by UNAVCO (formerly called 
University NAVSTAR Consortium; 
www.unavco.org) using a Riegl VZ-400 
scanner, including 14 scan positions in the 
dry study reach. Registration and alignment 
of Big Sycamore Creek scans followed 
methods outlined in Williams et al. (2012) 
and are described in detail in Florsheim et 

al. (2016). Steps taken to process the raw 
TLS point cloud data included: 1) an octree 
method to provide a homogenous point 
density that recursively subdivides the point 
cloud into the octree (cell size 0.1 m) with 
each resulting octant containing a data 
point; 2) filtering and removing vegetation 
from the point clouds; and 3) triangulating 
the processed point cloud to create bare 
earth digital elevation models (DEMs) of the 
study reach. The DEMs provided a guide to 
identify active channel boundaries. RiScan 
Pro 2.0.3 was used to: 1) clip the surfaces 
to exclude hillslopes and dry ravel deposits 
before analysis of relative volume changes 
in the active channel; 2) to process TLS 
point clouds; 3) generate cross sections 
used in the uncertainty analysis; and 4) 
compute the volumetric difference (m3) 
between the triangulated surfaces for the 
before- and after-storm TLS scans. 
Elevation differences, indicating erosion and 
deposition, were estimated between the 
before- and after-storm images using 
CloudCompare.  

Error is inherent in change detection 
using TLS (Wheaton et al. 2010), where 
uncertainty in the DEM surfaces versus the 
actual ground surface results from 
combined sources such as LiDAR 
instrument inaccuracy, registration 
inaccuracy, point coverage gaps, the octree 
method of filtering, and topographic filtering 
that removes irregular topography or does 
not remove all the non-bare earth points. 
Errors typically attributed to georeferencing 
are not incorporated within the dataset 
because registration for the initial point 
cloud in the Big Sycamore study reach was 
based on identifiable physical features, not 
global positioning system (GPS). To 
estimate the uncertainty within each TLS 
scan, we selected and compared the x, y, 
and z coordinates of identifiable areas on 10 
large boulders (D50 ranging between 0.7 m 
and 4.4 m with an average D50 of the 10 
boulders equal to 1.38 m) that did not move 
between the 2013 and 2014 TLS campaigns 
(Figure 3A). Within these areas, differences 
in the number of points in the point cloud 
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data in the 2013 and 2014 scans make a 
point-by-point comparison challenging. 
However, to avoid bias in the uncertainty 
analysis, the boulder areas used in the 
uncertainty analysis include some zones 
with low point density. Thus, for each rock, 
we randomly sampled a 0.5 m by 0.5 m 
area and averaged the x, y, and z for 2013 
and 2014. Positional errors in the horizontal 
components (x and y) have negligible 
influence on the vertical surface difference 
in most fluvial systems (Wheaton et al. 
2010). Nevertheless, we report the 
comparison of the horizontal components 
and vertical component (elevation, z) of 
each sample area on the 10 boulders to 
quantify spatial differences between the two 
point clouds that may influence the estimate 
of volumetric change between the 2013 and 
2014 scans (Table 1). The comparison 
yields average absolute difference of 0.006 
m and 0.007 m for x and y, respectively 
(Table 1) and an average elevation 
difference (∆z) of 0.008 m. This estimate 
encompasses the manufacturer error 
estimate of 0.005 m. 

We utilized the triangulated surfaces 
instead of smoothing the triangulated 
surfaces to avoid introducing error 
associated with interpolation and smoothing 
(systematic error ~0.1 m in comparison of 
the smoothed surface with corresponding 
points from the point cloud). To determine 
error introduced in creating the triangulated 
surface itself, we compared the triangulated 
surfaces to the corresponding points in the 
TLS point cloud. To accomplish this, cross 
sections every ~12 m throughout the lower 
study reach were extracted using RiScan 
Pro (Figure 3B). The elevations of the 
triangulated surfaces compared well to the 
corresponding elevation of the TLS points 
along each cross section with average root 
mean square errors (RMSE) less than 1.0 
cm for both scan campaigns (Table 2). The 
average bias, a measure of error that 
indicates systematic difference in the 
relative elevations of the triangulated 
surfaces and TLS points is minimal (Table 
2). 

To further minimize error in 
determining the volumetric difference 
between the pre- and post-storm active 
channel triangulated surfaces, we removed 
areas with no points before calculating the 
volumetric difference. To do this, the plotted 
spatial distribution of available points in the 
combined point clouds in the study reach 
were used to delineate gaps in the point 
coverage caused by the shadow below the 
instrument and irregular topography not 
filled in by adjacent scanner setups. About 
12% of the total area scanned was excluded 
from the analysis due to insufficient point 
coverage. 

Based on the tests described above, 
we report the maximum elevation error 
calculated by differencing the 2013 and 
2014 TLS scans as the square root of the 
sum of the squared error from the 2013 and 
2014 triangulation of the TLS scans 
(0.00562 + 0.00542) and ∆z (0.0082), or 
±0.011 m over the entire active channel 
scanned. This error translates to a 
maximum estimated uncertainty in the 
volumetric change estimate of ~16% of the 
total volume. 
 
 
RESULTS 

Magnitude, Frequency, and Duration of 
the Drought beginning in 2012 

Analyzing the PRISM precipitation 
dataset for Big Sycamore Canyon (Figure 4) 
provides a longer-term climate context for 
the storms occurring during the drought 
persisting following the Springs Fire. 
Overall, variability characterizes the 1896-
2016 precipitation regime. A comparison of 
the long-term mean (~416 mm/yr) to annual 
rainfall measured at Rancho Sierra Vista 
gage highlights the drought-years during the 
study period (Figure 4). Average annual 
rainfall during WY 2014, WY 2015, and WY 
2016 was ~39%, ~64%, and 39%, 
respectively, of the long-term mean.  
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To consider how typical the post-fire 
responses investigated in this study were in 
Big Sycamore Canyon, we report the 
duration of drought conditions by further 
analyzing the PRISM data, with years when 
rainfall is at least 20% below the long-term 
average corresponding to the mild-extreme 
PDSI drought classifications. The frequency 
of the number of consecutive years of 
drought of various durations indicates that 
most (61%) of the dry years are preceded 
and followed by wetter years; thus, having a 
1-year drought duration (Figure 4). The 
frequency of two- and three-year drought 
durations is 20% and 10% of the dry years, 
respectively. Four-year (WY 1948-1951) 
and 5-year (WY 2012-2016, to date) 
drought durations have occurred only once 
during the151-year period of record, each 
comprising only 3% of dry years (Figure 4). 

Sediment Deposition during the 2014 
Storm 

After the 2013 Springs Fire, before 
the WY 2014 storm, Big Sycamore Creek 
was characterized by coarse cobble, gravel, 
and boulder bed material and step-pool 
structure (Table 3; Figure 5) morphologically 
identical to the pre-fire condition with the 
exception of ash remaining where 
vegetation burned. The WY 2014 storm 
substantially altered pool depths, step 
heights, and grain sizes. Fluvial transport 
and deposition of sediment supplied by the 
wildfire-related dry-ravel pulse during the 
flow generated by the small WY 2014 storm 
buried a considerable portion of the pre-
existing channel bed, including step-pool 
morphology; all of the pools filled and 
boulders in few steps remained partially 
exposed (Table 3; Figure 5), such that 
channel morphology altered from step-pool 
to a relatively planar bed. Comparisons of 
longitudinal profiles surveyed before and 
after the storms shows that the depth of fill 
varied from a few centimeters where 
sediment filled spaces between exposed 
cobbles protruding from the bed, to as much 
as 1.05 m where the sediment filled pools 
(Figure 6). Fill depth averaged ~0.41 m 

along the thalweg profile of the study reach; 
average channel slope before and after the 
storm remained the same, at 0.048. 

The volume of sediment deposited in 
the active channel, calculated by comparing 
TLS data before and after the WY 2014 
storm in the lower portion of the study reach 
(Figure 7), equaled ~0.60 m3/m (~106.0 m3 
over an analyzed length of 176.4 m). Field 
observations documented four sources for 
the fill: 1) dry ravel directly to the channel 
margin, poised for transport; 2) rills, in dry-
ravel derived sediment stored on hillslopes, 
discharging directly to the main channel; 3) 
tributary contributions; and 4) transport from 
the main channel upstream of the study 
reaches. The initial dry-ravel sediment pulse 
released after the 2013 Springs Fire formed 
dry-ravel deposits along channel margins 
measured in the contiguous lower and 
upper portion of the study reach and 
upstream through the burned zone shortly 
after the fire stored 0.21 m3/m of sediment 
(~107.5 m3 over a 504 m channel length). 
Of the total volume within this longer reach, 
~70.9 m3 remained after the 2014 storm, 
suggesting that 34% was mobilized and 
transported (comparable to that measured 
for the lower portion of the reach alone, 
reported in Florsheim et al., 2016). This 
sediment eroded from dry ravel deposits 
accounted for 34% of the volume of the 
deposit that filled the lower portion of the 
reach during the 2014 storm. 

The other three sources contributing 
sediment during the 2014 storm—rills, 
tributaries, and main channel transport from 
the upstream watershed—likely contributed 
the remaining sediment in the fill deposit. 
Small rills observed on lower hillslopes near 
the head of the lower reach were not 
measured. Of 14 first-order tributaries, 11 
yielded sediment that formed distinct small 
fans protruding a few meters into the main 
channel. Flow in the main channel during 
the same storm then partially eroded these 
deposits, suggesting that the tributaries 
quickly responded to the storm before flow 
subsided in the main channel. The average 
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grain sizes of tributary-derived sediment 
were D50 = 9.3 mm and D84 = 26.1 mm 
(Figure 8a). Field estimates of the volume 
remaining in fan deposits after erosion by 
main channel flow during this storm was 
~12.8 m3. Stratigraphy of the main channel 
deposit included clast support of grains, 
imbrication, and vertical layering. Surface 
morphology included braiding on wider 
portions of the deposit, and high water 
marks were evident along banks. 

Grain size distributions of the active 
channel bed between steps before the 2014 
storm were coarse in contrast to those 
present after alteration by the sediment 
deposited during the storm (Figure 8A; 
Table 3). Average D50 and D84 decreased by 
an order of magnitude as a result of the 
influx of finer sediment that buried the pre-
storm bed material. Grain size 
characteristics illustrate similarity in the fine 
sediment derived from the post-fire dry-ravel 
sediment pulse (average D84 = 8.6 mm, 

average  (Ds) = 3.6 mm (not shown on 
table 3)) and material that filled the channel 

during the storm (Figure 8A). The  (Ds) 
only decreased by 30% because the tops of 
boulders were still exposed following the 
storm (Table 3). 

Alteration of bed material 
characteristics and channel morphology 
caused by the 2014 deposition decreased 
roughness (see Figure 5). D84 decreased by 
~93% (Table 3); form and spill roughness 
were significantly reduced by burial of the 
majority of the steps. The active channel 
appeared relatively smooth after the 
sediment influx (Figure 8B). These physical 
characteristics of the bed material and bed 
structure, including grain size and 
roughness, increased the ability of flow to 
mobilize fire-related sediment. The ratio 

o/c increased significantly after the 
deposition during the 2014 storm, with 
available bed shear stress ~five times that 
needed to transport the sediment supplied 
to the channel in the storm (Table 3). During 
the storm, fluvial flow transported the 
sediment until flow lost capacity as flows 

receded on the waning limb of the storm 
hydrograph, and the relatively fine sediment 
buried the coarser substrate and the step-
pool structure. 

Sediment Deposition during the WY 2015 
Storms 

Sediment deposition during the WY 
2015 storms increased the channel bed 
elevation by another ~0.64 m, on average, 
atop the 2014 deposit (see Figure 6). This 
sediment in the new deposit, with grain 
roughness D84 = 8.0 mm (Figure 8A, Table 

3) and sorting (Ds) = 3.5 mm (Table 3), 
buried the majority of the remaining step-

pool structure and increased o/c to 13.7 
(Table 3). The volume deposited (calculated 
by projecting a surface through the 
surveyed profile elevations and calculating 
the difference between the projected and 
TLS-derived surfaces) was ~six times the 
volume of the WY 2014 deposit (621.7 m3, 
or 3.5 m3/m in the 176.4m reach). The same 
sources active during the 2014 storm 
provided the additional sediment, albeit in 
different proportions. First, the remainder 
(66%) of the total sediment supplied by dry 
ravel to the main channel margins was 
mobilized (~71 m3) and accounted for ~11% 
of the total fill volume. Contributions from 
tributary and the upstream channel (that 
also included material derived from hillslope 
dry ravel) and abundant rills on lower 
hillslopes observed in the burned area 
following the WY 2015 storms likely 
provided the remainder of the sediment; 
however, estimates of the volumes for each 
source are not available. Observations 
during field reconnaissance after the small 
WY 2016 storms occurring during the 
continuing drought, showed only minor 
changes to the material deposited during 
the 2015 storms.   

 A soil pit excavated into the 2015 
channel deposit near the mid-point of the 
lower portion of the study reach showed 
weak horizontal stratification with poorly 
sorted gravely sand between layers of 
gravel, with the long axes of clasts oriented 
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parallel to the flow direction, characteristic 
of deposition by hyperconcentrated flow. 
The uppermost 0.06-0.08 m of the 2015 
channel deposit exhibited relatively well 
sorted gravel, and together with a braided 
pattern on the relatively planar surface in 
some locations, suggests some reworking 
by the latest stage of storm flow. Field 
observations at tributary confluence zones 
showed cobbles and relatively coarser 
clasts mixed with finer main-channel 
sediment. 
 
 
DISCUSSION 

After the 2013 Springs Fire, a dry-
ravel pulse supplied fine grained sediment 
to channel margins, lower hillslopes and 
tributaries in Big Sycamore Canyon, a steep 
fluvial system in southern California 
(Florsheim et al., 2016). Even the relatively 
small magnitude storms that occurred 
during the drought following the Springs Fire 
(39% and 64% of the long-term mean 
rainfall during WY 2014 and WY 2015, 
respectively) mobilized the post-fire 
sediment delivered to Big Sycamore Creek. 
Although the small WY 2014 storm 
generated flow and easily mobilized and 
transported this fine-grained sediment within 
the stream channel, streamflow was 
insufficient to transport the volume of 
sediment downstream. Instead, as the 
storm ended and flow lost capacity, 
sediment was deposited—partially burying 
the coarse-grained, rough, step-pool 
channel morphology. No other sediment 
transporting flows occurred during WY 
2014. Therefore, the drought-moderated 
fluvial response exceeded one season, 
lengthening the residence time of fire-
related sediment deposition, and postponing 
recovery to the pre-fire step-pool channel 
morphology and associated habitat.  

The WY 2015 (11-12 Dec 2014) 
storm in Big Sycamore Canyon occurred 
during the continuing drought. The WY 2015 
storm was characterized by a lower 
magnitude and larger intensity rainfall than 

the event that occurred during the prior 
winter. The additional large volume of 
sediment deposition in Big Sycamore Creek 
during this storm suggests that a substantial 
supply of fire-related sediment supply was 
still available after the first post-fire storm 
season. The sediment was still stored in: 1) 
tributary and main channel margin dry ravel 
deposits not already flushed out by the 2014 
storm; and 2) weathered sediment 
mobilized by post-fire dry-ravel processes 
on hillslopes where vegetation re-growth 
during the persisting drought was not 
sufficient to re-stabilize available material. 
Thus, sediment availability from both 
drought-moderated sources provided the 
post-wildfire supply to the main channel 
during the second winter after the fire. 

The sediment/water ratio during the 
WY 2015 storm flow likely depended on the 
spatial variability and timing of sediment and 
water inputs from multiple sources. These 
sources include erosion of channel-margin 
dry-ravel deposits and rill inputs from dry 
ravel deposits stored on lower hillslopes. In 
steeper first-order tributaries, debris flows 
likely occur during such storms (sensu 
Gabet et al., 2008; Prancevic, et al., 2014). 
Nonetheless, even small fluvial and 
hyperconcentrated flows generated from 
small storms are sufficient to mobilize and 
transport fire-related fine-grained material 
within main channels. If transport capacity 
decreases before the large influx of 
sediment supplied is transported 
downstream, these storm flows then deposit 
a large volume of sediment. We infer that 
storm flows with magnitude greater than the 
threshold for transport of the fine sediment 
did not have sufficient duration to flush the 
large volume of sediment supplied from the 
system. Observations of minor channel 
changes during the WY 2016 storms (with 
smaller magnitudes but larger depths 
measured over a one hour period than 
those that occurred during the 2015 storm), 
suggest that the post-wildfire supply may 
have been depleted or stabilized.   
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These geomorphic responses to 
wildfire-related increases in sediment supply 
during the persisting drought, contrast with 
previously documented flushing of post-
wildfire sediment during the winter storms 
following wildfire. During relatively wet 
winter seasons, storm flows easily 
transported and removed the fine sediment 
supplied by dry ravel (Scott, 1971; Laird and 
Harvey, 1986; Campbell et al., 1987; 
Florsheim and Keller, 1991; Keller et al., 
1997; 2015). These prior studies indicate 
that, during wet storm seasons following 
wildfire, the sediment contributed via the 
post-wildfire sediment pulse is not stored in 
the long-term. Rather, sediment is 
mobilized, deposited, and then flushed from 
the system within one storm season. In 
contrast when small storms during extended 
drought are unable to flush out fire-related 
sediment from fluvial systems, the 
increased residence time of the sediment 
significantly alters the channel dynamics. 
Further work is warranted to document 
inter-relationships among vegetation re-
growth that stabilizes weathered sediment 
on hillslopes, sediment supply, and climate 
variability. 

 Persisting post-wildfire 
sedimentation changes channel dynamics 
and disrupts ecological interactions within 
steep channels, where the characteristic 
alternating steps and pools provide 
heterogeneous aquatic habitats 
(Scheuerlein, 1999; O’Dowd and Chin, 

2016) for a variety of organisms. Step-pool 
habitat is significant in a range of 
environments. For example, step-pool 
structure supports salmonids in the pacific 
northwest, USA (Montgomery et al., 1999), 
tailed frogs in northwest California (Welsh 
and Ollivier, 1998), and treefrogs and newts 
in the Santa Monica Mountains of southern 
California (Gamradt and Kats, 1997; Kerby 
and Kats, 1998; Delaney and Riley, 2013; 
2014). The post-fire sediment filling pools 
decreases the heterogeneity of habitats 
(Minshall et al., 1997) while providing local 
conditions that may attract organisms 
tolerant to the disturbance, changing 

ecological relationships (e.g., Andradi, 
1999; Kaller and Hartmann, 2004). 

In Big Sycamore Canyon, aquatic 
herptofauna (Pacific treefrog, California 
treefrog, and California newt) were affected 
by the severe drought prior to the Springs 
Fire (Delaney and Riley, 2013; 2014). 
These organisms continue to be affected by 
the combination of continuing drought and 
the transformation of the physical channel 
habitat (Delaney and Riley, 2015; Delaney 
Pers. Comm., National Park Service, 2016). 
Drought influences post-wildfire ecological 
recovery by decreasing rainfall necessary to 
generate channel flows necessary to flush 
fire-related sediment from pools. Moreover, 
infiltration into the post-wildfire sediment 
deposit leading to subsurface instead of 
surface flows likely compounds the lack of 
moisture required for riparian herptofauna to 
breed. The persistence of these changes 
influences the recovery of organisms 
following wildfire. We infer that the longer-
term ecological consequence of post-
wildfire sedimentation arising from storms 
during multi-year drought is closely tied to 
the longevity of the drought.  

In this study, both the wildfire and 
the prolonged drought serve as 
disturbances to the fluvial system. Instead 
of facilitating recovery of the fluvial system, 
small magnitude storms during prolonged 
drought in southern California compounded 
the negative impacts of the wildfire. Similar 
negative impacts were recorded following 
wildfire and eight years of drought in 
Australia, where combined fire and drought 
disturbances reduced resilience of 
macroinvertebrate communities (Verkaik et 
al., 2013b). These studies suggest that the 
negative impacts of wildfire disturbance on 
habitat and stream ecology could be 
attenuated or compounded according to 
subsequent climate patterns, and therefore, 
influence the timeframes and pathways of 
recovery in ecological habitat and 
communities.  
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Although a drought duration of five 
years has only occurred once in the ~150 
year historical record in southern California, 
Holocene paleo-drought in the region has 
lasted multiple decades or even centuries 
(Malamud-Roam et al., 2006; 2007). 
Therefore, if drought becomes more 
prevalent, it follows that the short-term 
(multi-year) drought-moderated post-wildfire 
geomorphic responses such as recorded in 
Big Sycamore Canyon will likely recur, and 
that these responses may persist over 
longer durations. Even with geomorphic 
recovery when the drought ends, the longer-
term consequence of disturbance such as 
prolonged sedimentation to riparian ecology 
may be more complex. This complexity may 
be especially acute in fragmented 
ecosystems (M. Witter, Pers. Comm., 
National Park Service, 2015) such as are 
present in the growing areas characterized 
as the wildland-urban interface. 
 
 
CONCLUSIONS 

Field studies during a multi-year 
drought persisting after wildfire in a 
southern California chaparral fluvial system 
yield the following conclusions. First, the 
initial landscape-scale dry-ravel sediment 
pulse released after the 2013 Springs Fire 
from hillslopes to channel margins was 
poised for transport by stream flows the 
following winter. Second, a small storm the 
following winter (WY 2014) generated flow 
that transformed channel dynamics and 
morphology. Fine sediment derived from 
partial erosion of dry ravel deposits and 
other sources was mobilized and 
transported until transport capacity 
decreased below the threshold of mobility—
the deposition of sediment buried step-pool 
morphology. Third, a reduction in grain size, 
increase in sorting, and loss of morphologic 
structure and physical habitat occurred due 
to deposition in the small WY 2014 storm, 
with residence time that lasted longer than 
one winter. These changes were magnified 
by additional sedimentation during WY 2015 

storms, and they still persist following WY 
2016.  

When post-fire dry ravel processes 
deliver a large volume of fine sediment to 
stream channels, small storms during 
drought generate flows that appear 
incapable of flushing the elevated sediment 
supply out of the system. Small storms 
during multi-year drought increase the 
residence time of sediment deposition. This 
prolonged drought-moderated residence 
time impedes the breeding activity of 
riparian herptofauna. Although the post-
wildfire dynamics reported here are short-
term with respect to geological processes; 
they may have long-term impacts to riparian 
ecology as they prolong geomorphic 
disturbances to physical habitat. This 
significant impact to post-wildfire recovery 
may become more prevalent in 
Mediterranean systems due to increases in 
predicted droughts associated with warming 
climates. Results from this study add to our 
knowledge regarding the possible range of 
post-wildfire geomorphic responses in 
relation to climate variability. This 
knowledge is needed to predict how fluvial 
systems will recover following wildfires in the 

future. 
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TABLE 1. Absolute Differences between 2013 and 2014 TLS Scans: 
 Average ∆x, ∆y, and ∆z Measured in 10 Boulder Sample Areas  

Sample 
id 

2013 
#points 

2014 
#points 

Absolute Differences 
∆x ∆y ∆z 

1 14368 65268 0.000 0.004 0.016 
2 21777 77908 0.009 0.016 0.014 
3 22440 63353 0.010 0.009 0.001 
4 4014 6732 0.002 0.003 0.003 
5 11459 6680 0.001 0.015 0.017 
6 2216 3267 0.016 0.017 0.014 
7 1068 2317 0.013 0.007 0.005 
8 3088 19957 0.005 0.001 0.005 
9 2427 1026 0.001 0.002 0.001 

10 1145 602 0.006 0.001 0.002 

 

 

 

 

TABLE 2. Uncertainty Analysis: Average and Maximum RMSE and Average Bias in Comparison 

of Triangulated Surface to Point Cloud Data along Cross Sections (see Figure 3B). 

 2013   2014  

Average 
RMSE 
(m) 

Maximum 
RMSE 

(m) 

Average 
Bias  
(m) 

Average 
RMSE 

(m) 

Maximum 
RMSE 

(m) 

Average 
Bias  
(m) 

0.0056 .0090 0.0005 0.0054 .0010 -0.0003 

*Positive values represent overestimations and negative values represent underestimations 

 

 
 

 

TABLE 3. Average Pre- and Post-storm Channel Characteristics 

  

Pool 
depth 

Step 
height 

Step 
spacing 

Step 
Dmax 

D50 D84 
Sorting 

 Ds   c 

(m) (m) (m) (mm) (mm) (mm) (mm) 

Before 2014 
storm 

0.2 0.3 14.4 401 88 250 143 0.4 

After 2014 storm 0 0 na na 5.8 20.3 101 4.7 

After 2015 storm 0 0 na na 2.6 8.0 3.5 13.7 
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Figure 1. Location of Big Sycamore Creek in Southern California showing study reach and rain gage. 
Inset shows photograph of upper and lower portions of the study reach and tributaries comprising the 
channel network. 

 

 

 

Figure 2A and 2B. (A) Palmer Drought Severity Index (PDSI) displays annual variability and temporal 
relation of the 2013 Springs Fire, WY 2014 and WY 2015 storms, and moisture conditions (data source: 
Desert Research Institute: www.wrcc.dri.edu). (B) Cumulative rainfall curve illustrates increases during all 
storms measured at Rancho Sierra Vista rain gage (see Figure 1; data source Ventura County Watershed 
Protection District (VCWPD) Hydrologic Data Server: www.vcwatershed.net/hydrodata/). 
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Figure 3A and 3B. Smoothed DEM derived from the 2014 TLS data. (A) Locations of large stationary 
rocks used for sampling elevation differences throughout the reach (upper image). (B) Location of cross 
sections used in uncertainty analysis to compare elevations of filtered point cloud data relative to 
triangulated surfaces in the TLS error analysis.  

 

 

 

 

Figure 4. PRISM rainfall data for the period 1896 to 2016 illustrates annual variability. The five-year 
running mean corresponds to the temporal variability of ENSO in southern California. Inset shows 
frequency of droughts with one to five year durations—drought lasting one year is the most frequent; 
whereas, droughts with duration similar to the 2011-2016 drought have occurred only one other time over 
the period of record. 
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Figure 5. Photographs of the study reach before and after the 2014 storm, and after the 2015 storms. 

 

 

 

 

Figure 6. Longitudinal profiles before and after the 2014 storm and after the 2015 storms. 
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Figure 7. Volumetric change between 2013 and 2014 triangulated surfaces in the lower study reach. Bar 
indicates channel segment illustrated in Figure 8B. 
 
 
 
 
 
 
 
 

 
Figure 8A and 8B. Grain size distributions of material present on channel bed before and after storms, 
and dry ravel and tributary sediment contributions. (B) Sub-section of active channel DEM (see location 
on Figure 7) illustrates a relatively rough bed before the 2014 storm and smoother bed after sediment 
deposition during the storm. Contour Interval = 0.1m. 




