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ABSTRACT

Compared to perennial streams, studies investigating the impact of large wood on sediment transport and river
corridor morphology in ephemeral streams are lacking. Due to the flashy nature of ephemeral flow regimes,
opportunities to directly investigate the influence of wood in ephemeral channels are limited. Additionally, given
prior studies showing a strong association between existing riparian vegetation and large wood deposition in
ephemeral streams, the geomorphic impact of wood is entangled with that of vegetation. Here, we develop a
hydro-morphodynamic model to investigate changes to channel and floodplain morphology due to wood and
vegetation in an ephemeral stream in southeastern Arizona, USA. Three scenarios are modeled: the actual
configuration of the river corridor; an experiment in which jams are removed; and an experiment in which
vegetation is removed. Both large wood and vegetation effectively confined flow to the main, unvegetated
channel, which became wider and deeper over the course of a single moderate flood. When isolating the impact
of large wood, model results show that wood enhances channel change created by vegetation, resulting in +0.1
to 0.3 m of additional scour or aggradation. The simulated removal of vegetation resulted in more channel
change than the removal of wood alone, partially because vegetation occupies a much greater area within the
stream corridor than large wood. We propose a conceptual framework where large wood could mediate sedi-
mentation as well as the recruitment and growth of vegetation in ephemeral streams, contributing to the evo-
lution of ephemeral stream morphology over time.

1. Introduction

Sedimentation can aggrade the channel and encourage secondary
channels to form on the floodplain (Abbe and Montgomery, 2003;

The ecologic and geomorphic influence of organic matter accumu-
lations has been readily established in perennial rivers (Montgomery
et al., 2003; Gurnell, 2013; Ruiz-Villanueva et al., 2016; Wohl and Scott,
2017; Wohl, 2017; Swanson et al., 2021). Large wood (LW; >10 cm in
diameter and 1 m in length) and coarse particulate organic matter
(CPOM; >1 mm in diameter) can significantly impact the morphology
and function of river corridors (including the channel, floodplain, and
hyporheic zone (Harvey and Gooseff, 2015)). In-channel LW pieces and
accumulations (i.e., jams) can increase hydraulic resistance (Curran and
Wohl, 2003; MacFarlane and Wohl, 2003), which lowers local and
reach-averaged velocity (Shields and Smith, 1992; Manners et al.,
2007). As a result, LW can pond water (Gurnell et al., 2005; Klaar et al.,
2009) and sediment upstream of jams (Bilby, 1981; Nakamura and
Swanson, 1993; Faustini and Jones, 2003; Short et al., 2015).
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Montgomery and Abbe, 2006). Channel-spanning LW jams can trans-
form reaches from homogeneous, single-threaded channel planforms to
multi-threaded planforms with a greater diversity of channel widths and
depths (Wohl, 2011). Sedimentation downstream of individual LW
pieces and jams can form new islands or stabilize pre-existing islands
(Gurnell et al., 2005). In reaches with erodible banks and substrate, LW
can cause bank and bed scour (Keller and Swanson, 1979), which can
encourage lateral channel migration (Nakamura and Swanson, 1993;
Lassettre et al., 2008). Although understudied compared to in-channel
wood, LW on perennial floodplains can cause high sedimentation rates
and spatially heterogeneous deposition during overbank flow (Jeffries
et al., 2003). LW jams buried on floodplains can create hard points that
resist erosion and promote avulsion and multi-threaded planforms
(Collins et al., 2012). LW can be deposited in association with vegetation
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(e.g., Lininger et al., 2021), thus creating similar increases in roughness,
but the body of literature outlining the geomorphic effects of LW es-
tablishes that jams play a distinct role in shaping channels and flood-
plains in perennial river corridors.

In contrast, the effects and benefits of LW and CPOM in streams with
ephemeral flow regimes are relatively understudied (Wohl, 2017),
particularly in dryland regions where flow is predominantly controlled
by high-intensity, irregular storms. A limited number of studies have
quantified the volume of LW and CPOM in dryland ephemeral streams in
Australia (Graeme and Dunkerley, 1993; Dunkerley, 2014), the Medi-
terranean (Galia et al., 2018; Galia et al., 2019; Galia et al., 2020), Africa
(Jacobson et al., 1999) and the southwestern United States (Wohl et al.,
2018; Wohl and Scamardo, 2022). Most studies found that LW was
present but at lower volumes than in perennial rivers, and that LW and
CPOM accumulations were commonly associated with existing vegeta-
tion in the ephemeral channel and floodplain (Dunkerley, 2014; Galia
et al., 2020; Wohl and Scamardo, 2022). Despite the growing recogni-
tion of LW in ephemeral channels, the impact that LW and CPOM ac-
cumulations have on ephemeral stream channel morphology is still
poorly constrained and, given common trapping locations, entangled
with the geomorphic effect of vegetation. LW jams have rarely been
observed during a flow event due to the infrequency and brevity of
discharge in dryland ephemeral channels. The current understanding of
how LW jams alter hydraulics during flow is based on sediment depo-
sition patterns around jams post-flood. Significant sediment deposition
has been found downstream of LW jams (Jacobson et al., 1999; Dun-
kerley, 2014; Galia et al., 2018), suggesting potential decreased velocity
or eddying behind stable jams during flash floods. Jacobson et al. (1999)
found that recent sediment accumulations acted as ‘nursery bars’ that
could develop into elongate islands if not removed by subsequent high
flows. Due to sedimentation and flow deflection, LW jams may create
multi-threaded planforms in ephemeral channels (Graeme and Dun-
kerley, 1993; Dunkerley, 2014). However, despite some evidence that
LW accumulations can affect flow paths, sedimentation, and channel
morphology in dryland ephemeral streams, evidence for physical effects
from LW accumulations can be unclear. Galia et al. (2018), for example,
noted sediment deposition downstream from LW jams but found no
scour, temporary dammed pools, or evidence of flow deflection around
LW jams, suggesting that LW accumulations may have limited physical
effects. As in perennial streams, LW deposition can be correlated to
vegetation density in ephemeral streams (e.g., Wohl and Scamardo,
2022), because stable vegetation provides ample trapping locales for LW
and CPOM. Vegetation similarly increases roughness along ephemeral
channels, which can lead to sediment deposition (Nepf, 1999) and the
creation or maintenance of braided planforms (Graeme and Dunkerley,
1993; Wende and Nanson, 1998). Therefore, the question remains, how
do LW jams influence channel morphology in ephemeral rivers and how
does the influence of LW compare to that of vegetation?

Given the difficulty of obtaining direct measurements during infre-
quent and short-duration flash floods, we approach this question using
indirect methods. Our primary objective is to numerically model reach-
scale morphological changes during a flash flood in an ephemeral stream
using three scenarios: a calibrated model representing the actual
configuration of the river corridor; a numerical experiment in which
jams are removed; and a numerical experiment in which vegetation is
removed. This allows us to compare the modeled geomorphic changes
associated with the presence of LW versus those associated with vege-
tation and thus infer the relative importance of LW and vegetation to
channel change during a flood. Given the correlation between the
trapping of wood and presence of vegetation, we intend not to contrast
the morphological influence of both factors, but rather to compare. We
hypothesize that LW jams and vegetation will result in similar spatial
patterns and magnitudes of changes in morphology, such as increased
sedimentation on the floodplain and the formation of braided channels.
However, we expect floodplain sedimentation and channel erosion to be
greater with the inclusion of jams than without. We use two-dimensional
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hydro-morphodynamic models to simulate and isolate the influence of
LW jams and vegetation in an ephemeral stream in southeastern
Arizona.

2. Regional setting

Walnut Gulch Experimental Watershed (WGEW) encompasses ~150
km? of the semi-arid transition zone between the Sonoran and Chihua-
huan deserts in southeastern Arizona (Fig. 1). Headwaters to Walnut
Gulch start in the Dragoon Mountains and Tombstone Hills, eventually
joining the San Pedro River as an ephemeral tributary. Runoff events in
Walnut Gulch predominantly occur due to late summer monsoon rain-
fall. Bedrock in the headwaters of WGEW is primarily highly erodible
Gleeson Quartz Monzonite, soft tuffs of the lower S O Volcanics Group,
and sandstones and limestones of the Bisbee and Naco Groups (Oster-
kamp, 2008). Lowland hillslopes are underlain by the Gleeson Road
Conglomerate, while river corridors are composed of late Holocene
alluvium.

WGEW has been managed by the U.S. Department of Agriculture
Agricultural Resources Service (USDA-ARS) since 1959. The experi-
mental watershed was initially created to investigate the influence of
upland conservation on downstream water supply. Accordingly, a series
of in-channel flumes have been maintained in WGEW since the 1950s to
record temporary flows. A total of 11 critical-depth flumes, specially
designed to withstand intense flash floods in the watershed, record
water depth and discharge of all runoff events that produce flow above a
minimum threshold stage (0.003 m at small flumes, 0.015 m at large
flumes) (Smith et al., 1981). Currently, flow depth is recorded using a
potentiometer and converted to discharge using a known stage-
discharge relationship developed for each flume.

The following study focuses on a ~2.3 km reach of WGEW imme-
diately upstream of Flume 1, the downstream-most and largest flume in
WGEW (Fig. 1). The reach is separated into two parts: the upstream-most
1.1 km, termed the study reach, and the downstream-most 1.2 km. The
study reach is unconfined (average floodplain width = 115.3 m) with an
anastomosing planform, while the downstream reach is more confined
(average floodplain width = 46.5 m) with a single channel. The field
study and interpretation of the results are limited to the study reach, but
combined, the two reaches form the modeled area. The main ephemeral
channel through the modeled area is largely unvegetated and consists of
fine sand to medium gravel, with an average channel width of 18.1 m
and average gradient of 0.01 m/m. Bedforms are not evident throughout
the reach. Occasional bedrock outcrops ~5-10 m in length occur on
outer meander bends in the downstream reach, but otherwise, bedrock
outcrops or large (>0.5 m) boulders are rare in the channel. Approxi-
mately 31 % of the floodplain is vegetated with Arizona walnut (Juglans
major), mesquite (genus Prosopis), and netleaf hackberry (Celtis laevi-
gata) as well as shrubs such as Mormon tea (Ephedra nevadensis) and
rabbitbrush (genus Chrysothamnus) (Fig. 2). Ground cover of grasses and
sedges is limited.

3. Methods
3.1. Field data collection

A comprehensive survey of all LW and CPOM jams within the study
area was conducted in August 2020. Surveys were completed by walking
the extent of the study reach and documenting the location of all jams
larger than 0.5 m in two principal directions (length, width, height)
using a handheld Garmin GPS (accuracy +3 m). We chose to include
CPOM accumulations meeting the size requirement due to the preva-
lence of woody accumulations that did not meet the definition of LW,
but still likely persist for years (Wohl and Scamardo, 2022). The
longevity of LW and CPOM accumulations has not explicitly been
monitored in WGEW, but occupation of jams by packrats and coloni-
zation by vegetation suggests that some of the surveyed jams had



J. Scamardo et al.

Geomorphology 417 (2022) 108444

N “f"—/
A
7
/' -
/-~
[
§

-10°9'
7 ) 7 q ]
Model Regions / ‘ ‘Study-Area
[ Channel
[ Floodplain )
[ Jam Zone 7 f
¥ e Jam Locations |~ \
oo b ¢
“l o bas/ o3
—?Kllometers
/
{ { e
R 72 kA

31°44'

110°9’

Fig. 1. Site map of the study area (box) and modeled area (colored regions) in Walnut Gulch Experimental Watershed, Arizona. Surveyed jam locations are indicated

with points.

Fig. 2. Oblique aerial image of the upstream portion of the study area, showing a sparsely vegetated floodplain, multiple channels, and outcropping bedrock. Reach
and floodplain boundaries are highlighted with a dashed yellow line. Camera angle is looking upstream. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

persisted for multiple seasons. Additionally, wood decay rates in dryland
floodplains are low, on the order of decades to centuries, suggesting that
non-mobilized wood (including large wood and CPOM) surveyed in the
floodplains would persist from year-to-year (Anderson et al., 2016).
Moving from upstream to downstream in the reach, we walked a series
of perpendicular transects across the floodplain and channel to capture
all jams. In addition to location, we measured the bounding dimensions

and estimated porosity within those bounds by visually approximating
the volume of void space within the jam volume (Livers et al., 2020).
The occurrence and size of all LW pieces were measured within each
surveyed jam and it was noted whether jams were trapped on vegeta-
tion. Finally, the location of the jam was categorized into one of four
geomorphic units: main channel, secondary channel, floodplain, or bar.

Sediment cores were collected at randomly generated point locations
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in the channel and floodplain within the study area to characterize grain
size in the reach. Eight cores were collected in the channel and ten cores
were collected on the floodplain. Cores were taken to a depth of 20 cm
using a slide-hammer corer, and sediment extracted from the cores was
sieved for grain size. Cores were unconsolidated and not vertically
stratified post-collection; however, no armoring or noticeable vertical
variation in grain sizes were noted.

3.2. Modeling domain set-up

We used SRH-2D, a two-dimensional depth-averaged hydro-
morphodynamic model (Lai, 2010), to simulate a specific runoff event
that occurred on 28 July 2017, starting at 6:20 PM with a peak discharge
of ~96 m3/s (Fig. S1). The 2017 event represents the largest flow
recorded in the decade prior to the 2020 wood survey and has an 8-year
recurrence interval based on the period of record at Flume 1. Given the
magnitude and recurrence interval of the runoff event, we expect all
surveyed jams to have been deposited prior to or at the front of the 2017
flood.

Model pre- and post-processing was performed using SMS 13.1
software (Aquaveo, commercial surface-water model system, https://
www.xmswiki.com/wiki/SMS:SMS). A computational mesh was
created by specifying the number of bounding nodes on the floodplain,
channel, and jam zone boundaries. The boundaries between the flood-
plain and channel zones were determined from field mapping and aerial
imagery. The jam zones are identified as areas of concentrated jam
deposition, and boundaries were determined by the field-based wood
survey (Fig. 1). The model boundaries and mesh were extended beyond
the study reach to include Flume 1, to take advantage of a known
outflow for model calibration. In total, the mesh contained 52,959
quadrilateral and triangular elements with an average element length of
3.1 m. Mesh element shape and size were chosen based on the need for
an accurate solution while balancing increasing computational de-
mands. Channel areas were modeled using quadrilateral elements with
an average cell size of 2.5 m in the downstream and lateral directions,
while floodplain areas were modeled using triangular elements with an
average cell size of 2.5 m near the channel and 5.0 m near the model
boundaries. The decision to vary mesh resolution across the domain was
made to increase accuracy in places of expected high change, such as the
channel and surrounding jam zones, while balancing computational
efficiency.

Elevation was assigned to the mesh using a 1-m resolution digital
elevation model (DEM) derived from airborne laser swath mapping
(Heilman et al., 2008) in WGEW in 2015. We assume that minor floods
between 2015 and 2017 minimally changed topography, so that the
2015 DEM represents pre-flood morphology. Sediment characteristics
within the mesh domain were estimated from the sieved sediment cores
taken from the bed and floodplain of the study reach. The channel was
modeled with Djg = 0.5 mm, D5y = 1.85 mm, and Dg4 = 8.8 mm, rep-
resenting medium sand to fine gravel. The floodplain and jam zones
were modeled with Dsp = 0.7 mm and Dg4 = 1.6 mm, representing
coarse sand.

3.3. Hydrodynamic set up and calibration

An unsteady hydrodynamic model was developed using the hydro-
graph from the July 2017 runoff event in SRH-2D, which solves the
depth-averaged St. Venant equations using an implicit scheme (Lai,
2010). Discharge was measured at the downstream end of the reach at
Flume 1. We used an iterative process to infer an inlet hydrograph based
on the outlet hydrograph. Initially, the outlet hydrograph was used as an
inlet hydrograph, and the modeled outlet hydrograph was compared to
the measured outlet hydrograph. The difference between the modeled
and measured outlet hydrographs at each timestep was then added to
the inlet hydrograph until the lowest root mean square error (RMSE)
was achieved between the modeled and measured outlet hydrographs.
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RMSE was determined by calculating the error between the modeled and
measured outlet hydrograph at each time step, in order to capture error
in the magnitude and timing of discharge. Hydrograph calibration was
conducted using Manning roughness values of n = 0.036 for the channel,
n = 0.06 for the floodplain, and n = 0.09 for the jam zone, based on
previously published values in Walnut Gulch (Bunch and Forbes, 2019;
Michaelides et al., 2018) and additive methods for calculating roughness
(Cowan, 1956). The flow outlet was modeled as a supercritical boundary
to mimic the conditions immediately upstream of the critical-depth
flume. For all runs, the initial bed condition was set to dry in order to
mimic the conditions prior to the runoff event.

3.4. Roughness parameterization and sensitivity analysis

Model sensitivity to surface roughness was tested by varying Man-
ning's n values in the channel, floodplain, and jam zone within a
reasonable range. Previous studies in other reaches of WGEW estimated
roughness values of n = 0.027 in the channel (Bunch and Forbes, 2019)
and of n = 0.056 on the floodplains and hillslopes (Michaelides et al.,
2018). Although published roughness values were not estimated for the
study and modeled reach, they provide context for developing a
reasonable range of roughness values. A range of roughness values for
the channel was determined using the additive method of Cowan
(1956),

n:(nb+n1+n2 “+n3 +I14)1’I1 (1)

where ny, is a base roughness value of a straight, uniform, smooth
channel in natural materials, n; is a correction factor for surface irreg-
ularities, ny is a value accounting for fluctuations in cross-section shape,
n3 is a value estimating obstructions, n4 accounts for roughness of
vegetation, and m is a correction factor for meandering. A base value of
np, = 0.025 for coarse sand bed channels was used. The channel through
the model reach is fairly uniform, with minor vegetation and obstruc-
tions. Therefore, the lower limit of channel roughness was determined to
be the base value, while the upper limit of channel roughness was
estimated to be n = 0.036 based on moderate irregularities, moderate
cross-section variability, negligible obstructions, and small amounts of
vegetation.

Reasonable roughness values for the floodplain were estimated using
Eq. (1) adjusted for floodplains (Arcement and Schneider, 1989). The
floodplain along Walnut Gulch is characterized by minor to moderate
topographic irregularities (rises and sloughs) and minor to moderate
brushy vegetation. A lower limit of roughness in the floodplain was
determined to be n = 0.042, based on minor irregularities, negligible
obstructions, and small amounts of vegetation. An upper limit of n =
0.063 was chosen, representing moderate irregularity, minor obstruc-
tions, and moderate amounts of vegetation.

Roughness for the modeled jam region, or region where the majority
of jams were accumulated, was determined based on the calibrated
roughness for the floodplain, given that jams were mostly accumulated
in vegetated floodplain areas. In perennial systems, increasing the sur-
face roughness value within a model is a common approach to modeling
jams (Addy and Wilkinson, 2019). Accordingly, based on the floodplain
roughness value, the effect of obstructions (n3) was increased to minor
or appreciable (n = +0.01-0.03). This increased roughness accounts for
the added obstruction within the cross-section created by LW and CPOM
accumulations.

Sensitivity to roughness was tested by adjusting Manning's n values
for each model region within the range of realistic n-values and then
comparing the RMSE of the measured and modeled hydrographs
(Fig. S2). The sensitivity analysis was conducted to determine how
important relative uncertainty in roughness values is on the results of
the hydrodynamic model. Roughness values used in the hydrograph
calibration were chosen from within the reasonable range of values for
each model region, based on site characteristics and previously
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published values determined upstream in the catchment. However,
roughness was not explicitly calibrated due to limited available data,
given that stage measurements were only conducted in one location —
Flume 1 - during the duration of the flow.

3.5. Morphodynamic set up and calibration

Following the hydrograph calibration, the hydrodynamic model was
then coupled with a mobile bed morphodynamic model in SRH-2D. We
modeled bedload transport using both the Engelund and Hansen (1972)
total load and Meyer-Peter and Muller (1948) bedload transport equa-
tions to test output sensitivity to transport equations. Both equations
have been used to successfully and accurately model sediment transport
and morphodynamic change in sand to gravel bed ephemeral channels
(Lotsari et al., 2018; Scott, 2006). Adaptation length was modeled using
the Philips-Sutherland saltation length formula, which is recommended
for sand bed channels (Lai, 2020). Active layer thicknesses between 1.0
and 3.0 times the Dy thickness were tested to calibrate sediment
transport. Sediment concentration at the inlet was estimated by calcu-
lating the transport capacity across the upstream boundary.

Six model runs were developed to calibrate the sediment equation
and active layer thickness (Table S1). Resulting erosion and sedimen-
tation from each model run were compared to a DEM of difference (DoD)
for the reach between 2015 and 2018 created using the Geomorphic
Change Detection Software (Wheaton et al., 2010). Although smaller
flows before and after the 2017 runoff event likely changed topography
within the reach, the 2017 runoff event marks a large flood during this
period, and likely created a significant amount of channel change during
the time of interest. Output rasters of modeled erosion and sedimenta-
tion were compared to the DoD using RMSE (Fig. S3, S4). The Engelund-
Hansen sediment transport equation with an active layer twice the
thickness of the Dg( produced the lowest error and was therefore used as
the calibrated model for comparisons.

3.6. Numerical experiments

Our analysis compares three morphodynamic modeling simulations:
a baseline (calibrated) model including channel, vegetation, and jam
zones; a model without jams, and a model without jams or vegetation.
Based on the roughness sensitivity analysis, the baseline model used
Manning's n values of 0.036 for the channel zone, 0.06 for vegetation
zones, and 0.09 for jam zones. In the second simulation, the additional
roughness of jams was removed by assigning a Manning's n value of n =
0.06 to the jam zones instead of n = 0.09; that is, jam zones were treated
as floodplain zones in the model. In the third simulation, the roughness
of vegetation was artificially removed by assigning a roughness value of
n = 0.036 to both the floodplain and jam zones; that is, the entire
domain was modeled using the channel roughness. Beyond roughness,
all parameters of the experimental runs matched those of the calibrated
model. Experimental runs were compared to the calibrated run, and
were not validated or calibrated, given that the conditions being
modeled were not present in the reach during the 2017 runoff event.

4. Results
4.1. Jam characteristics

A total of 61 jams were surveyed within the study area. The average
volume of LW and CPOM per jam was 0.97 m®, with the largest jam
having a wood volume of 18.48 m? (Table 1). A total wood volume of
67.1 m® was recorded in the study reach, which covered 120.3 m? or
~0.1 % of the total study area. Jams were largely deposited on vege-
tation (91 % of all jams) outside of the channel region. Approximately
94 % of the measured jams were found within the denoted ‘jam regions’
in the model, with the remaining 6 % located in the channel wrapped
around mid-channel vegetation (Fig. 3B). We observed coarse sediment
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Table 1

Jam characteristics within the study reach.
Characteristic Value
Total number of jams 61
Jams per hectare 4.1
Number of jams with LW 19
Median volume 0.51 m®
Standard deviation of volume 2.4m?
Max volume 18.48 m®
Proportion in channel 0.06
Proportion in secondary channel 0.16
Proportion in floodplain 0.67
Proportion on bar 0.11
Proportion with vegetation 0.91

deposition associated with jams (Fig. 3).

4.2. Sensitivity to roughness

The model was most sensitive to roughness adjustments in the
channel region, compared to the floodplain and jam zones (Fig. S3).
RMSE ranged from 6.01 to 8.64 m3/s (2.62 m3/s range) when roughness
in the channel region was varied (range of n = 0.025-0.036), compared
to a 1.4 m®/s range when floodplain roughness was varied (range of n =
0.042-0.063), and 0.9 m®/s range when the jam zone roughness was
varied (range of n = 0.07-0.09). Generally, RMSE was lower as rough-
ness increased, but overall, the model is only mildly sensitive to un-
certainty in roughness, as is indicated by small ranges of RMSE (1.0-2.0
m®/s) relative to the magnitude of peak discharge (~90 m3/s).

4.3. Modeled hydrologic characteristics

The modeled flash flood peaked 2 h after the start of the flood,
similar to the measured runoff that occurred in the reach (Fig. S1). At the
runoff peak, the calibrated hydro-morphodynamic model (including
jams and vegetation) showed inundation across the majority of the
floodplain, with high velocities confined to the main channel (Fig. 4A).
Average velocity in the channel was 2.46 m/s, compared to average
velocities of 0.86 m/s and 0.93 m/s in the floodplain and jam regions,
respectively (Table 2). The total wetted area at the peak discharge was
~182,200 m? (87% of total area).

Artificially removing the roughness of jams resulted in minimal
change to hydrologic conditions during the modeled runoff event
(Fig. 4B). In the experiment excluding jam roughness, ~179,900 m?
(86% of total area) of floodplain and channel were inundated. High
velocity flow was still mostly confined to the channel, with an average
velocity of 2.46 m/s, compared to average velocities of 0.85 m/s and
1.19 m/s in the floodplain and jam regions, respectively (Table 2). Ve-
locity distributions and inundation are very similar to the modeled run
with jams.

In contrast, the no-vegetation experiment resulted in a larger change
in hydrologic conditions (Fig. 4C). Average velocity at peak inundation
in the channel was 2.37 m/s, and average velocities in the floodplain and
jam zones were 1.16 m/s (35 % higher than the calibrated model) and
1.62 m/s (74 % higher than the calibrated model), respectively
(Table 2). Higher velocities in the floodplain and jam zones were also
accompanied by higher standard deviations in velocity compared to the
calibrated run and no-jam experiment, reflecting concentrated high-
velocity areas in side-channels on the floodplain and jam zones.
Higher floodplain velocities were coupled with a slightly smaller inun-
dated area of 173,500 m? (83% of total area).

4.4. Modeled erosion and deposition

Significant deposition occurred at the upstream boundary of the
model in all scenarios, likely due to the calculation of sediment supply in
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Fig. 4. Velocity at peak discharge (timestep = 2 h) for the calibrated jam model (A), the no-jam experiment (B), and the no-vegetation experiment (C). Arrow

indicates direction of flow.

Table 2

Mean velocity and standard deviation of velocity in each model region at peak
discharge (t = 2 h) for each modeled scenario. Percent change in mean velocity is
calculated based on the calibrated jam model.

Model Scenario  Mean velocity (m/s) [% Standard deviation
region change] (m/s)
Jams 2.46 0.63
No jams 2.46 [+0 %] 0.61
Channel No veg 2.37 [-0.1 %] 0.43
Jams 0.86 0.46
No jams 0.85 [-0.1 %] 0.47
Floodplain No veg 1.16 [+35 %] 0.66
Jams 0.93 0.46
No jams 1.19 [+28 %] 0.54
Jam Region No veg 1.62 [+74 %] 0.77

the absence of a known sediment discharge which results in significant
entrainment and subsequent deposition at the upstream boundary. The
upstream-most 150 m (~10 channel widths) of the modeling domain
were excluded from sediment volume calculations, to ensure entrance
effects were not skewing results. Entrance effects appear to only influ-
ence the upstream-most ~100 m of the modeled reach. However, by

excluding the upstream-most 150 m, we ensure that sediment transport
has equilibrated, and entrance effects are not skewing results. As with
changes in hydrologic characteristics, changes in morphology over the
course of the runoff event were similar between the calibrated model
and the no-jam experiment (Fig. 5A). Jams in the calibrated model
resulted in more channel erosion (on the order of 0.1 m) and more
(0.1-0.3 m) floodplain deposition (Fig. 6A & B). However, volumes of
eroded and deposited sediment were comparable between the calibrated
model and no-jam experiment (Table 3). The volume of eroded and
deposited sediment was calculated for each run by comparing the final
bed configuration (t = 8 h) to the initial bed elevation. Net change in
sediment storage was similar between the calibrated model and no-jam
experiment, with one notable exception being that the calibrated model
resulted in more deposition in the jam zone than the no-jam experiment
(Table 3).

In contrast, the differences between the no-jam experiment and the
no-vegetation experiment are larger (Fig. 5B). The removal of vegetation
resulted in less net channel erosion and less net floodplain deposition
compared to the vegetated runs (calibrated model and no-jam experi-
ment; Table 3). Higher volumes of erosion outside the channel in the no-
vegetation experiment were also coupled with higher rates of deposi-
tion, resulting in comparable net change to the vegetated experiments,
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Table 3
Total volume of erosion, deposition, and net change in each model region for each modeled scenario as well as the percentage of the study area in each region
experiencing erosion or deposition. Values reflect final model configuration (t = 8 h).

Model region Scenario Erosion (m3) Deposition (ms) Erosion (% area) Deposition (% area) Net change (m3)
Channel Jams —474 208 59 39 —266

No jam —456 180 54 45 —276

No veg —416 250 51 48 —165
Floodplain Jams -39 235 24 45 +196

No jam -36 235 20 47 +199

No-vegetation experiment -178 358 22 39 +180
Jam region Jams -72 331 32 66 +260

No jam —47 282 31 66 +235

No veg —241 484 36 58 +244
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Fig. 7. Time series of sediment flux at cross-section A-A’ for the calibrated model (with jams), no-jam experiment (no jams), and no-vegetation experiment (no veg).

despite greater sediment instability (Table 3). High rates of deposition
are likely due to a higher calculated sediment flux in the no-vegetation
experiment (Fig. 7), which may be a result of increased sediment
mobility due to higher velocities in the jam and floodplain regions of the
model (Table 2). Overall, the no-vegetation experiment resulted in
shallower and slightly narrower channels and lower floodplains than the
vegetated scenarios (Fig. 6).

5. Discussion
5.1. Patterns of erosion and deposition with LW and vegetation

Vegetation and LW worked in tandem to effectively confine flow,
resulting in high velocity in the main channel in the calibrated jam
scenario. However, the basic template of channel change — wider and
deeper channels - is likely driven by the roughness of vegetation in the
Walnut Gulch study reach, based on the more substantial changes be-
tween the vegetated scenarios and the no-vegetation experiment (Figs. 5
& 6). The additional roughness of jams on top of vegetation resulted in
minor (+0.1-0.3 m) enhancement of floodplain deposition and channel
scour while still resulting in similar post-flood topography (Fig. 6).

Although the inclusion of jams still resulted in net sediment storage
in the floodplain and throughout the reach, the added roughness of jams
resulted in increased erosion in the channel (Table 3). The effect of jams
increasing sediment transport and scour due to flow concentration has
been shown in prior field (Keller and Swanson, 1979; Abbe and Mont-
gomery, 2003) and modeling studies (Cherry and Beschta, 1989;
Schalko et al., 2019) for sand-bed perennial rivers. Greater channel
erosion was also coupled with greater channel deposition in the cali-
brated jam model compared to the no-jam experiment, which is
consistent with prior studies that document significant deposition up-
stream of LW accumulations in perennial rivers (Bilby, 1981; Nakamura
and Swanson, 1993; Abbe and Montgomery, 2003; Faustini and Jones,
2003; Short et al., 2015). However, the result of net channel erosion
even in the calibrated jam model is likely a result of the location of LW in
our study area. Only 6 % of jams were found in the channel, whereas
previous studies have focused on the effect of sediment deposition
around in-channel LW. In contrast, our study found the majority (94 %)
of jams outside of the channel region, where few studies have docu-
mented the magnitude of sediment deposition behind or around LW
accumulations during floods. For example, in forested perennial streams

in England, Jeffries et al. (2003) documented ~0.5 m of deposition
associated with LW jams, and Sear et al. (2010) measured up to 0.16 m
of sedimentation behind LW accumulations annually. Based on these
comparisons with humid perennial floodplains, jams in the calibrated
model resulted in similar magnitudes of additional sedimentation on the
floodplain in Walnut Gulch (Fig. 6A).

In dryland ephemeral streams, field studies have also found that ri-
parian vegetation can increase in-channel velocity and drive scour in
main and secondary channels during large floods (Graeme and Dun-
kerley, 1993; Wende and Nanson, 1998; Merritt and Wohl, 2003).
Therefore, similarities in topography and net erosion/deposition be-
tween the two vegetated scenarios (the jam model and no-jam experi-
ment) are expected, given that both LW and vegetation result in similar
channel change. The result of vegetation driving channel morphology is
also expected, given that vegetation covers ~31 % of the reach area
compared to 0.1 % of area covered by jams and that 91 % of jams were
deposited in association with vegetation.

In the no-vegetation experiment, increased velocity on the floodplain
and decreased velocity within the main channel facilitated significant
sediment deposition outside of the channel region (Table 3). Significant
sediment deposition has been recorded in wide or braided perennial and
ephemeral dryland streams during high magnitude, long recurrence
interval floods due to a loss of transport capacity (e.g., Friedman et al.,
1996; Merritt and Wohl, 2003). As we shift roughness values in the no-
vegetation experiment to mimic those of the channel across the entire
reach, there is ample energy available to transport sediment-laden flows
into the floodplain where energy dissipates and sediment is deposited,
suggesting topography itself is a significant factor influencing sedi-
mentation in ephemeral streams. Smaller magnitude flows that are
confined to a single, narrower channel can subsequently erode sediment
deposited during larger floods (e.g., Friedman et al., 1996). However,
given a decrease in transport capacity in wide, braided ephemeral rea-
ches during large flows, we may expect significant amounts of LW and
CPOM deposition as well from upstream vegetated areas in the water-
shed. LW and CPOM can trap moisture and stabilize sediment, providing
prime locations for seedling establishment (Pettit et al., 2005), thus
increasing the vegetated area. Increased vegetation would provide
increased LW inputs — due to falling limbs or tree mortality — and create
future trapping sites for new LW accumulations. As shown in this study,
LW enhances the process of floodplain deposition and channel scour
created by vegetation. Therefore, deposition associated with a no-
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Wet Climatic Period

Fig. 8. Conceptual diagram showing deposition po-
tential and channel change following a moderate,

wood-laden flood. Under wet climatic conditions
with healthy vegetation, large wood would be trap-
ped on woody vegetation, leading to increased ri-
parian roughness and deeper and wider channels.
Under dry climatic conditions, where vegetation has
begun to die back and riparian roughness is low,
runoff would likely spread evenly across the reach,
resulting in massive deposition. In this scenario,
deposition of large wood and CPOM could provide
sites of increased moisture and nutrients for seedling
establishment, thus encouraging vegetation growth.
Over time and subsequent small floods, this could
provide positive feedback leading to denser and

Extreme
Flood
<«

healthier vegetation. Extreme floods could uproot
vegetation and reset the reach.

vegetation scenario could eventually lead to channel erosion during
floods, as LW facilitates a transition back to a vegetated scenario further
stabilized by jams (Fig. 8).

The scenario of an unvegetated floodplain and wide, sandy channel is
not unfamiliar in the lower reaches of Walnut Gulch. Aerial imagery and
cross-sectional topographic surveys from the mid-20th century show
that the reach upstream of Flume 1 was largely unvegetated, with a
much wider channel corridor. Vegetation density has increased
throughout the reach since the 1930s, concurrent with a decrease in the
magnitude of annual peak discharges and increase in precipitation
during non-summer months (Nichols et al., 2002; Nichols et al., 2005).
The reach upstream of Flume 1 is particularly susceptible to channel
change due to a lack of confinement. The main stem of Walnut Gulch is
longitudinally variable with several reaches that are bedrock confined
and fault aligned. Confined reaches cannot readily migrate laterally and
stand in contrast to floodplain type reaches — such as upstream of Flume
1 — where runoff can expand laterally, and channel morphology can vary
significantly over timescales of single storms to decades.

Unconfined dryland streams in general go through wet and dry
phases, with morphology based on climate (Burkham, 1972; Graf,
1988). Wet phases are defined by years to decades of above average
precipitation, while dry phases are characterized by below average
precipitation. (Nanson and Croke, 1992; Manners et al., 2014). During

wet phases, vegetation thrives, and more frequent moderate to low
magnitude floods do not readily remove vegetation or rework the
floodplain. Dry phases result in vegetation dieback, and intermittent
moderate to large floods are able to significantly erode the channel and
floodplain, effectively widening the unvegetated channel. In either
phase, a sufficiently large flood may reset the river corridor by removing
vegetation and widening the channel (Friedman et al., 1996; Friedman
and Lee, 2002). Increased vegetation density upstream of Flume 1 in
WGEW since the 1930s — concurrent with increased precipitation in the
watershed -has led to effective channel narrowing, with the develop-
ment of more expansive vegetated floodplains (Nichols et al., 2005).
Although our models suggest that the 2017 flood was large enough to
widen the channel, stability provided by vegetation and enhanced by
jams prevented topographic reset in the form of significant erosion or
deposition. Our study reach therefore provides an example of the sta-
bility provided by vegetation and LW in ephemeral streams during
relatively wet climatic periods (Fig. 8).

5.2. Modeling limitations

Modeling results can be explained and supported by prior field
studies in both perennial and ephemeral dryland watersheds, suggesting
that the model outputs are reasonable and interpretable. Given the
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traditional difficulty in collecting data during flash floods (Borga et al.,
2014), a modeling approach can provide the benefit of a first-order
approximation of the morphodynamic influence of LW in an ephem-
eral stream, compared to the more well-known influence of vegetation.
Still, limited field data prevent the models presented in this study from
being fully validated with other flow events, meaning that model pa-
rameters could not be applied to a different discharge event or water-
shed without further calibration. Additionally, the scale at which
modeling can be conducted is dependent on the scale of topographic
inputs and computational power. To reduce complexity in the model,
jams were estimated by generally increasing roughness in large areas of
concentrated jam deposition, which is consistent with hydrological
models developed for LW in perennial rivers (Addy and Wilkinson,
2019). However, the surface area covered by jams is minimal in Walnut
Gulch, and the influence of individual LW jams (particularly local
sedimentation and scour) occurs on too fine a scale to be captured by this
model. Instead, our model represents potential reach-scale changes
which can have implications for macro-scale sediment transport and
river corridor morphology. Future studies monitoring the persistence of
LW jams and high-resolution sedimentation and erosion around LW in
ephemeral streams could provide more insight into micro-scale
geomorphic changes and habitat associate with jams and LW.

5.3. Impact of sediment dynamics on dryland ecosystems

The majority of rivers globally are non-perennial (Messager et al.,
2021), and in the American Southwest, up to 80 % of the river network is
estimated to be ephemeral or intermittent (Levick et al., 2008).
Ephemeral streams are important sources of water, nutrients, and sedi-
ment to downstream perennial rivers and waterbodies (Goodrich et al.,
2018). Excess sediment delivery from ephemeral streams can have a
negative impact on water quality, waterway health, and reservoir
sedimentation (Sandercock and Hooke, 2011). However, sediment is
also a necessary resource for the creation of key fluvial features (i.e.,
bars, which are useful for both recreation and habitat) and for the cre-
ation of fresh alluvial surfaces necessary for the establishment of many
riparian trees (Hupp and Osterkamp, 1996; Kemper et al., 2021). Ulti-
mately, the balance between storage and erosion of sediment from
ephemeral streams such as Walnut Gulch can have important implica-
tions for downstream ecosystems and watershed-scale management.

Local erosion and deposition can affect vegetation health and habitat
within a reach. Sediment deposition is necessary for the establishment of
many riparian pioneer species, but excess sedimentation can cause tree
mortality and limit seedling survival (Levine and Stromberg, 2001; Kui
and Stella, 2016). Erosion can prevent vegetation burial, but excess
scour can uproot and remove vegetation (Rominger et al., 2010).
Therefore, the balance between erosion and deposition matters for local,
reach-scale ecosystems as well.

The calibrated jam model was more stable (resulted in lower vol-
umes of erosion and sedimentation) than the no-vegetation experiment,
yet more active (greater net sediment accumulation) than the no-jam
experiment (Table 3), suggesting that jams could help maintain the
balance between scour and deposition that supports local and down-
stream ecosystems in ephemeral watersheds. Sediment stability around
LW and CPOM jams can additionally support biota. LW and CPOM ac-
cumulations are relatively stable compared to mobile, sandy beds and
can retain moisture for longer post-flow, thus providing valuable habitat
for aquatic invertebrates (Ward et al., 1982; Chester and Robson, 2011).
On floodplains and surfaces inundated less frequently, LW and CPOM
piles can also be colonized by lizards, rodents, and desert turtles
(Buhlmann et al., 2009). Therefore, LW and CPOM jams in Walnut Gulch
could provide multiple ecosystem benefits beyond impacts to channel
morphology.
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6. Conclusion

The presence of LW and CPOM jams in dryland ephemeral streams
has been documented globally, but a quantitative assessment of the
morphodynamic impact of LW has been lacking. Morphodynamic
modeling provides a useful framework by which hydro- and morpho-
dynamics can be estimated in flash flood-dominated systems, such as
Walnut Gulch. Modeling revealed that LW creates similar channel
changes as vegetation. Primarily, LW jams and vegetation help confine
high velocity flows, leading to deeper and wider channels. The addi-
tional roughness of LW increased channel scour and floodplain deposi-
tion by ~0.1-0.3 m. Results suggest that LW jams could enhance
sediment mobility in the channel and sediment stability in the floodplain
along ephemeral channels, which can have implications for local and
downstream ecosystems.
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