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Motivation

Tectonics and isostasy combine to create positive topography that is eroded and sculpted by surface processes. River
networks propagate signals of base level change upstream through incision or aggradation and also move eroded
material downstream through sediment transport, making landscapes particularly sensitive to river channel dynamics.
Erosion in bedrock channels can respond to changes on human timescales. Anthropogenic effects (e.g. mining, log-
ging, grazing, dam construction and removal, road building) and natural stochastic events (e.g. wildfires, landslides,
debris flows) can significantly change short-term sediment fluxes (Roering and Gerber, 2005) and have in some cases
increased bedrock erosion rates (James, 2004; Stock et al., 2005), affecting riparian habitats and the structural integ-
rity of dams, levees, roads and bridges. At orogenic timescales, a more quantitative understanding of erosion processes
is needed to understand the coupling among tectonics, topography and climate, and to rationally interpret signals of
external forcing (climate, tectonics) from landscapes (see, e.g., Willett, 1999; Whipple and Tucker, 2002; Hancock and
Anderson, 2002; Whipple, 2004).

A variety of models have been proposed to predict the dynamics of river channel erosion into bedrock (see, e.g.,
Howard and Kerby, 1983; Howard et al., 1994; Sklar and Dietrich, 1998, 2004; Whipple and Tucker, 1999, 2002;
Stark and Stark, 2001), but data needed to evaluate aspects of competing models is rare (van der Beek and Bishop,
2003; Tomkin et al., 2003; Whipple, 2004). Numerical simulations of landscape evolution demonstrate that the details
of various bedrock channel erosion models can significantly affect simulated landscape behavior (Whipple and Tucker,
2002; Gasparini et al., 2006). Channels that incise into bedrock must also transport the sediment load imposed from
upstream because otherwise the channel bed will aggrade. Large shear stress thresholds must be overcome to move
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boulders and other coarse sediment typically found in bedrock channels, and a large volume of sediment must be
transported through the channel network to erode an entire landscape. Therefore, it is unclear at present whether the
factor limiting the ability of bedrock channels to vertically incise tends to be the ability of erosion processes to
physically remove pieces of bedrock (detachment-limited end member model, DL) or to transport the sediment supply
(transport-limited end member, TL), and what criteria would allow this interpretation to be made (Howard, 1998;
Whipple and Tucker, 2002).

Directly linking transport and erosion, Sklar and Dietrich (1998, 2004) proposed a physically based bedrock
incision model for abrasion by saltating bedload. In the ‘saltation-abrasion model’, having too little sediment inhibits
erosion because few clasts impact the bed (the ‘tools effect’), but having too much sediment causes deposition,
shielding the bed and also inhibiting erosion (the ‘cover effect’). For given flow conditions the highest erosion rate
occurs at the balance point between minimum bed cover and maximum bed impacts. Sklar and Dietrich (2001)
validated the tools and cover concepts by experimentally abrading flat rock disks. The saltation-abrasion model
suggests that the rate of channel incision into bedrock is always influenced by both bedrock detachment and sediment
transport, and therefore that neither transport-limited nor detachment-limited conditions can be entirely met when the
channel is incising. In the saltation-abrasion model, TL conditions correspond to complete bed cover with incision rate
going to zero. The DL end-member does not directly correspond to any part of the saltation-abrasion model, although
low sediment supply and strong bedrock emphasize detachment controls. Another interesting and counterintuitive
prediction of the saltation-abrasion model is that at high transport stages (7/7,, = 1, where 7 is basal shear stress and
.. is the critical shear stress necessary to initiate sediment motion), erosion rate decreases with increasing shear stress
because saltation hop lengths increase more rapidly than particle impact velocities.

Our experimental design was inspired by some predictions and limitations of the saltation-abrasion model. The saltation-
abrasion model incorporates flow and sediment transport physics that are satisfyingly quantitative, but this physical
rigor comes at the price of several simplifying model assumptions (e.g. planar channel bed, single sediment size) that
are rarely met in natural channels. In these experiments we evaluate the planar bed assumption by observing erosional
feedbacks that create bed roughness and that in turn influence erosion rates. We focus on understanding the tool-starved
end of parameter space (where sediment flux Q; is significantly smaller than transport capacity Q.) because (1) tool-
starved conditions naturally lead to the development of rough bed topography, (2) saltation-abrasion model predictions
are arguably furthest from either transport-limited or detachment-limited model behaviors in this range and (3) Sklar
and Dietrich (2002) and Davis et al. (2005) explore the behavior of sediment cover effects closer to transport-limited
conditions in similar flume experiments. We also demonstrate that at least some sculpted erosional forms (Richardson
and Carling, 2005) are robust morphologies that naturally develop in flume settings as well as in the field.

Regardless of whether a river is dominantly alluvial or dominantly bedrock, many feedbacks exist between channel
morphology and erosional and depositional processes that limit our ability to predict channel response (see, e.g., Wohl,
1993, 1998; Dietrich et al., 2003; Jerolmack and Mohrig, 2005). Many properties of channel morphology and bed
state can adjust to imposed conditions, including flow width and depth (for a given discharge), slope, bed roughness,
bedrock exposure and sediment size (Leopold and Maddock, 1953; Stark and Stark, 2001; Montgomery and Gran,
2001; Stark, 2006). The functional relationships between these variables are poorly understood, and yet they govern
the internal dynamics of fluvial channels. For example, what are the positive and negative feedbacks that set the
roughness of eroded bedrock channels, and how does this roughness influence channel slope or width? Field data
demonstrate that correlations between channel width and slope can significantly influence calculated parameters such
as the reach-averaged bed shear stress (Finnegan et al., 2005), and yet causality between variables remains elusive.

While possible feedbacks in the dynamics of bedrock channel incision remain largely unexplored, many prior studies
have interpreted the significance of elegant erosional forms (e.g. potholes, flutes, scallops, inner channels) that develop
during channel incision into bedrock or cohesive sediment (Alexander, 1932; Wohl, 1993; Zen and Prestegaard, 1994,
Wohl et al., 1999; Springer and Wohl, 2002). Richardson and Carling (2005) propose a classification scheme for fluvially
sculpted bedrock forms. Experimental work has been done to understand the flow and sediment conditions that create
erosional morphologies. Of particular relevance, Allen (1971) quantitatively explored feedbacks between stable vortices
and particular erosional forms (including flutes, scallops and longitudinal grooves) formed in cohesive mud and rock.
Longitudinal grooves and inner channels with undulating walls were the primary erosional morphologies formed by
sand abrasion into a cohesive substrate by Shepherd and Schumm (1974) and Wohl and Ikeda (1997). In the latter study
erosional morphology changed with bed slope, demonstrating that the formation of sculpted forms does not require
substrate heterogeneity, but can also develop simply from the internal dynamics of bedrock channel erosion. The
influence of this smaller-scale fluvial sculpting on flow and erosion in the channel as a whole is poorly understood.

As will be shown, erosional morphologies formed in our experiments bear a strong geometric resemblance to a
variety of sculpted forms observed in many natural bedrock channels (Richardson and Carling, 2005), including
incised ephemeral streams in the Henry Mountains, Utah, USA. Our experimental flume conditions are a good analog
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to this field site because (1) the eolian Navajo Sandstone bedrock is homogeneous and unfractured but weak, similar
to the experimental substrate, (2) abrasion is clearly the dominant erosion mechanism in the Navajo Sandstone and (3)
the natural channels with comparable erosional forms tend to be small and sediment starved with extensive bedrock
exposure. In the present work, we study feedbacks between erosion rate, sediment transport and erosional morphology
using laboratory flume data. We explore, at least conceptually, what feedbacks and what level of complexity should be
incorporated into channel incision models to better recreate the morphology and dynamic behavior of channel incision.

Methods

We conducted a series of laboratory flume experiments using sediment transported in turbulent flow to abrade brittle
synthetic ‘bedrock’ at the Saint Anthony Falls Laboratory (SAFL), part of the National Center for Earth-Surface
Dynamics (NCED). Our experiments focused on sediment-starved conditions expected from theory (Sklar and Dietrich,
2004) to exhibit less rapid erosion at higher transport stages. Following Wohl and Ikeda (1997), bed slope was the
main variable that we changed; sediment flux and water flux were primarily held constant.

We used an adjustable slope, non-recirculating flume ~5 m long and 40 cm wide. The erodible substrate (‘bedrock’)
was a 15:1 by weight mixture of sand and Portland cement (type I/II), mixed in a cement mixer and allowed to cure
in the flume. Due to time constraints the concrete mixtures were only allowed to cure for approximately 5 days before
starting each experiment. Concrete strength increases rapidly at first and most strength is achieved after approximately
28 days. Based on typical logarithmic concrete curing curves (e.g. Nelson, 2003), we estimate that after 5 days the
concrete reached roughly 75 per cent of its 28 day compressive strength. Following curing each experiment was
completed within ~2 days; the strength may have increased by as much as 5-10 per cent over this time period. Our
control of concrete strength within and between runs is relatively poor and would benefit from independent measure-
ments of material properties during the experiments. A new concrete mix was made for each experiment. Although
weak, our sand and cement ‘bedrock’ failed by brittle fracturing. In contrast, the damp cohesive clay and sand
mixtures eroded by Shepherd and Schumm (1974) and Wohl and Ikeda (1997) probably failed by plastic shearing,
making them less ideal bedrock analogues. Studies of the abrasion of brittle materials (such as glass plates) by
microfracturing due to particle impacts find that to first order the rate of erosion should scale inversely with the square
of tensile strength (discussed by Sklar and Dietrich, 1998, 2004). Sklar and Dietrich (2001) showed that the scaling
between laboratory abrasion rates and tensile strength is consistent between natural lithologies and sand/cement
mixtures such as ours, justifying its use as an analog material in erosion experiments.

We conducted five separate flume experiments overall; here we primarily report data from three plane-bed experi-
ments with bed slopes of 2, 5 and 10 per cent, which were the third, second and fourth runs conducted respectively.
The first experiment was intentionally an exploratory run using different sediment sizes and fluxes; the initial bed
topography (mean slope 5%) was sculpted by hand into a nonuniform surface with several prominent bulges. The next
three experiments which we focus on all started with planar bed surfaces. Finally, the bed topography of the fifth
flume run was molded with a series of small vertical flume-spanning steps (mean slope 10%). Overall, the first and last
experiments showed the same basic feedbacks between erosion and bed topography as the initially planar-bed runs.

A sediment feeder (Tecweigh CR12) distributed fine gravel (D5, =2-50 mm; D, = 168 mm; Dy, = 3-76 mm) at the
upstream end of the flume primarily at 68 g/s (245 kg/hr). Sediment fell onto a diffuser to spread it approximately
uniformly across the flume width. Water discharge was primarily held constant at 45 L/s, and was continuously monitored
at a V-notch weir downstream of the flume. The end of the flume was elevated above the floor, and water jetted off
unobstructed. At the downstream flume end the concrete substrate was molded into a vertical step, which eroded down
gradually during the experiment. In this manner, baselevel was not fixed artificially but adjusted itself with erosion.
Water did not accelerate much as it approached the drop-off at the flume end because flow was supercritical. Because
of erosion the flume slope down the axis of the eroded inner channel increased slightly during the flume runs, although
bed roughness also increased significantly. Average water velocity was calculated at the beginning of each experiment
from flow depth, width and discharge. We have no local velocity measurements as the experiments progressed, so
spatial and temporal deviations from the mean sediment and water flow rates were only qualitatively observed.

Flow was supercritical (Table I) with Froude numbers (Fr) from ~1-4 to ~2-5 with increasing flume slope and
constant discharge. We acknowledge that this range is higher than is likely common in natural channels, even at flood
stage, although Tinkler and Parrish (1998) report field measurements of Fr around 1-7-1-9 for flow along a 40 m reach
during a moderate flood in a natural river. They conclude that near-critical, critical and supercritical flows are likely
common during floods and that subcritical flow is probably rare along the channel thalweg. Grant (1997) argues that
natural channel morphology may adjust to attain Fr ~ 1 on average, although this may commonly occur with spatial
transitions back and forth between subcritical and supercritical flow. The most appropriate natural comparison to our
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Table I. Summary of initial experimental flow and sediment transport conditions at the beginning of each experiment.We do not
have velocity measurements once erosional topography developed. A flume width of 40 cm with a rectangular cross section was
used in calculations. Flow depth was measured at the beginning of the 5 and 10 per cent slope experiments when the bed was
planar, and mean velocity was calculated from this and the discharge, continuously monitored at a weir. Flow depth was inadvert-
ently not measured at 2 per cent slope, and so a flow depth was calculated for this experiment using a range of Manning’s N values
suggested by Manning’s N values calculated from the other experimental runs. Mean shear stress and sediment transport capacity
were calculated using the depth—slope product (including hydraulic radius, width 0-4 m), sediment flux Q, = 0-068 kg/s, nondimensional
critical shear stress 7% =0-03 and the bed load sediment transport equation given by Fernandez Luque and van Beek (1976,
presented by Sklar and Dietrich, 2004)

Mean slope 2 per cent 5 per cent 10 per cent
Manning's N 0-18-0-02, estimated 0-019 0-021
Flow depth, cm 89, calculated 6-8 (6-7) 57
Mean velocity, calculated, m/s [-3-1-2 [-6 I-9
Froude number [-3-1-5 [-9 2:5
7, Pa, calculated 12 25 44
7¥, calculated 0-32 0-68 12
Trans. stage, 7¢/7*,, Il 23 39
Q. trans. cap, kg/s 0-42 I-4 3-4
Q/Q. 0-16 0-048 0-020

high Fr experiments may be over steps and steep reaches where bedrock is most exposed and abrasion (where
applicable) most clearly a rate limiting process. Shepherd and Schumm (1974) report Fr between 0-66 and 1-02 for
their erosion experiments, while Wohl and Ikeda (1997) reached Fr between 1-1 and 1-6. Erosional morphologies and
the formation of inner channels in their experiments were similar to ours, suggesting Fr sensitivity may be minor.
Future work should explore the sensitivity of our results to Fr; it is possible that standing waves, hydraulic jumps and
changes in shear stress associated with transitions about Fr ~ 1 could be significant in focusing erosion.

Surface topography of the eroding bed was quantitatively measured from photographs taken with a Nikon D100
digital camera oriented 45 degrees from a vertical line laser (Figure 1). The oblique images were corrected for
perspective distortion and the red laser lines that defined cross-stream topographic swaths were automatically
extracted using Matlab image processing techniques (Kovesi, 2000). We estimate the uncertainty on the elevation
measured at each location to be 1 mm at 95 per cent certainty (two standard deviations). We profiled a 3 m long,
30 cm wide stretch of the flume at a downstream spacing of 3 cm and cross-stream spacing of 0-25 mm. The narrow
tortuous grooves that developed caused significant data dropouts due to obstructed views of the line laser. The amount
of erosion in a given timestep is known by differencing sequential topographic maps. Complete experiments lasted 7—
9 hours of run time, with surface topography measured at intervals between 30 and 60 minutes (Table II).

Figure 1. (a) Erosional morphology during the |0 per cent slope experiment, looking upstream. The trapezoidal photograph
shape of the picture is a correction for oblique distortion. The two bright lines are from red vertical sheet lasers, which are
extracted to give quantitative measurements of cross-section topography. Flume width 40 cm. (b) This small natural inner channel
incised into Navajo Sandstone in the Henry Mountains Utah has a similar morphology. Field of view ~ |-5m.
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Table Il. Water discharge and sediment flux of each sequential timestep for which topography was measured. In order to roughly
compare timesteps with different sediment fluxes, we calculated what the ‘effective’ timestep duration at 68 g/s sediment flux
would be by assuming a linear relationship between sediment flux and erosion. For example, Q, = 122 g/s for 30 minutes corres-
ponds to (122/68) x 30 = 54 minutes effective run time. In the 5 per cent slope experiment the initial two time periods at low
water discharge were not included in the effective timestep calculations, as the bed aggraded with negligible erosion. Most
timesteps are directly comparable. Note that erosion rate (cm/hr) is plotted in Figure 4, rather than erosion depth (cm) given
here. Mean erosion in each timestep was calculated over a flume width of 30 cm. Inner channel erosion was calculated over a | cm
wide swath chosen by eye in each timestep to follow the developing and migrating inner channel

Erosional Mean Inner channel
Duration interface erosion mean erosion
Timestep (min) Q.. (L/s) Q. (gls) width (cm) depth (cm) depth (cm)
2% slope
[ 40 43 68 0-10 0-12 0-26
2 50 43 68 0-20 0-16 0-46
3 50 43 68 0-31 0-16 0-46
4 50 43 68 0-42 0-14 0-49
5 40 43 68 0-46 0-08 0-32
6 40 43 68 0-53 0-10 0-44
7 60 43 68 0-64 0-15 0-67
8 60 43 68 0-74 0-12 0-56
5% slope
5 7-5 68
14 7-5 122
30 43 122
I, effective 54 43 68 0-40 0-37 128
2 30 43 68 0-64 0-21 12
3 30 43 68 0-85 0-18 125
4 30 43 68 1-02 0-16 0-93
5 30 43 68 I-15 0-12 0-65
6 30 43 68 126 0-12 0-59
7 60 43 68 1-40 0-23 0-78
8 60 43 68 154 0-19 0-88
9 60 43 68 1-80 0-16 0-88
10a 30 43 122
10b 2:5 43 14
10c 2 43 27
10d [-5 43 41
10e 2 43 54
10f 2 43 68
10g 2:5 43 81
10h [ 43 95
10, effective 64 43 68 [-98 015 0-76
10% slope
la 4 43 122
Ib 37 43 68
I, effective 44 43 68 0-16 0-24 0-45
2 45 43 68 0-39 0-25 0-91
3 43 43 68 0-64 0-23 1-07
4 45 43 68 0-89 0-24 125
5 45 43 68 1-06 0-22 0-94
6 45 43 68 125 0-16 0-96
7 45 43 68 1-43 0-14 0-98
8 45 43 68 [-61 0-13 0-90
9 45 43 68 175 0-12 0-89
10 45 43 68 196 0-12 0-98
Copyright © 2007 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms (in press)
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As Figure 1 indicates, the flume bed did not remain planar but eroded to form significant topography. We character-
ize the rough topography at a given timestep as an ‘interface width’ w, a metric used to quantify changes in average
surface roughness (Barabdsi and Stanley, 1995):

T
1 N

11 -
w(N.) = | o ) = RO
i=1

\

where ¢ is time, 7 is a spatial index, N is the total number of measurements, / is the surface height at a given location
and time and the overbar represents a spatial average. Note that w is simply the standard deviation of surface
elevations at a given timestep, making it an intuitive measure of how much elevation varies about the mean elevation.
To compare different experiments we subtracted the initial, approximately planar surface of each experiment from
sequential eroded surfaces so that w starts at zero when comparing different experiments.

Results

Figure 2(a)—(d) shows cumulative erosion depth in several sequential timesteps starting with a plane bed at 10 per
cent slope. As the bed topography evolved we observed corresponding changes in the spatial distribution of trans-
ported sediment. Sediment entered the channel, uniformly distributed across the width, ~50 cm upstream of the
upstream end of the topography map. In the initial timestep (2(a), 44 min run time) erosion was broadly distributed
across the width of the plane bed channel. Sediment was similarly distributed across the channel width and moved as
energetic bedload. By the second timestep (2(b), 90 min), a gently sinuous incised groove with semi-periodic lows
approximately 25—40 cm apart ran most of the downstream length of the flume. Bedload became focused in these
topographic lows, presumably due to gravity, flow convergence and higher flow velocities. For the remaining ~6 hours
of the flume run, erosion was primarily focused in this inner channel (2(c), 2(d)) because of the positive feedback
between the evolving topography and sediment channelization. Most sediment hugged the inner channel bed, although
local suspension occurred in stable turbulent eddies. No deposition was observed. At 10 per cent slope a single incised
inner channel formed (2(d)), whereas at 5 per cent slope (2(e)) a dominant inner channel developed but with more
secondary transport pathways and local lows. Incision progressed more slowly at 2 per cent slope (2(f)); when the run
was stopped an inner channel had developed in the downstream half of the flume, but erosion was distributed
relatively broadly over the flume width. Later timesteps at 2 per cent slope looked similar to earlier, less incised
timesteps at both 5 and 10 per cent slope.

By the end of the experiments at 5 and 10 per cent slope, the tortuous inner channels had undulating walls (Wohl,
1998; Wohl et al., 1999) and tight lateral bends including dramatic undercuts. In addition to inner channels we saw
scoops, wall undulations and potholes that morphologically match those seen in many natural bedrock channels,
particularly in the Henry Mountains, Utah (Figures 1 and 3). The geometric similarity between a variety of field and
flume sculpted forms suggests that the laboratory experiments are reasonable recreations of at least some aspects of
natural channel abrasion. Figure 3(a), (b) compares flume and field inner channels. Note the local highs and lows in
bed elevation along the inner channel. Figure 3(c) shows erosion around an initial bulbous mound molded into the
flume bed of the first (exploratory) flume run. Water flowed over the top of the mound; the bed-hugging sediment
bifurcated around the mound, following the horseshoe flow vortex and preferentially eroding the bottom and sides.
Figure 3(d) shows similar geometry of a trough presumably sculpted by a horseshoe vortex around a protrusion in a
Henry Mountains channel. Arrows point to two of seven bolts that we are currently using to monitor erosion (Johnson
et al., 2005).

Potholes in both natural channels and our experiments often have spiral grooves down the sides (Alexander, 1932;
Zen and Prestegaard, 1994; Wohl, 1993; Hancock et al., 1998; Whipple et al., 2000; Springer and Wohl, 2002;
Springer et al., 2005). Figure 3(e), (f) shows two views from above of a 5—6 cm diameter flume pothole. By the
timestep shown the pothole had eroded to the flume bottom. Note the spiral grooves down the inside. In comparison,
Figure 3(g) shows a natural pothole with similar incised inlet and outlet grooves. Figure 3(h) shows a ~2 m diameter
natural pothole with spiral grooves down the inside. In our experiments, potholes were eroded by sediment that
entered as bedload but then became locally suspended by the upward-directed flow exiting the pothole. No static
sediment accumulated in potholes. Potholes formed in the 10 per cent slope experiment but not at 5 or 2 per cent
slopes. Once formed, potholes were erosionally significant: in one timestep, the approximate erosion rate at the bottom
of one pothole (diameter 5—-6 cm, eroded depth 7 cm in <45 minutes) was 50 times larger than the flume average, or
~1/5 of the measured volume eroded from the rest of the flume.
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erosion, cm erosion, cm erosion, cm
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Figure 2. Cumulative erosion depth since beginning of experiment. See text for descriptions. Flow is from bottom (0 cm) to
top (250+ cm). Note differences in color-bar scaling between plots. Data dropouts are black (no data). The middle 30 cm of the
40 cm flume width is shown. (a) 10 per cent slope, run time 44 minutes. (b) 10 per cent slope, 90 minutes total run time. (c), (d)
10 per cent slope, after 2:9 and 67 hours of total run time respectively. (¢) 5 per cent slope, 6:4 hours of run time. (f) 2 per cent
slope, 6-5 hours of run time.

Erosion rates progressed differently at 2, 5 and 10 per cent slopes. Figure 4(a) shows that interface width increases
monotonically with run time, because the topographic lows erode while the upper surface remains less incised. As relief and
roughness increased from the starting plane-bed condition, average flume-wide vertical erosion rates decreased (Figure 4(b)).
However, when erosion is averaged only over a 1 cm wide swath that follows the shifting zone of focused erosion (the
developing inner channel), a somewhat different picture emerges (Figure 4(c)): at 5 and 10 per cent initial plane-bed
slope, erosion rates in the first several timesteps increased in the zone of focused erosion as sediment was channelized
by topography into a narrower and deeper zone. As focused incision continued the inner slot narrowed, and erosion
rates decreased and then stabilized in response to locally increasing sediment flux and flow resistance.

Figure 5(a) shows the progression of erosion and variable bed topography in sequential timesteps of a 10 per cent
slope channel cross-section. Erosion is broadly distributed initially but becomes focused in an inner channel. Local
lows tend to preferentially erode faster. Figure 5(b) shows that the eroding bottom topography at 10 per cent slope
developed semi-periodic lows that migrated downstream. The amplitude of the topography grows consistently during
the experiment as focused incision forms an inner channel. Note the overall downstream migration of areas with
focused erosion. The downstream migration rates of the topographic lows are approximately 2-5—4 cm/hr, somewhat
faster than the vertical incision rates (Figure 4(b), (c)).
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Figure 3. Comparisons of erosional features formed in flume and field. All the field photographs are channels and canyons draining
the Henry Mountains of Utah that have incised into the relatively weak but unfractured Navajo Sandstone. (a) Oblique view looking
downstream at the end of the 10 per cent slope flume experiment. Compare with 2(d). Flume width 40 cm. (b) A natural inner channel
formed in the south fork of Maidenwater Creek. (c) View from above of experimental erosion around a broad protrusion molded
into the bed of the first flume run. Flume width 40 cm. (d) Similar geometry of a trough in a Henry Mountains channel, initial
condition unknown. White patches are pulverized rock from drilling bolt holes for erosion monitoring. (e), (f) Two views of a
pothole formed in the fifth flume run in which the bed was molded to have vertical steps; the pothole occurred where the bed was
initially horizontal and planar. Pothole diameter 5—6 cm; overall bed slope 10 per cent. (g) Field pothole (diameter ~ 60 cm)
partially filled with sediment clasts. (h) Natural pothole, diameter ~2 m. This pothole is from the cascade of potholes shown in
Figure 2 of Whipple (2004).
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Figure 4. Surface roughness and erosion. (a) Interface width plotted against effective run time (Table I). (b) Erosion rates for each
timestep averaged over the measured flume area (30 cm wide by 300 cm long). The asymmetric uncertainty is primarily due to the
data dropouts in the measured timestep topography, and the error bars represent minimum and maximum possible amounts of
erosion given that few dropout locations eroded to the flume bottom by the end of the run. Most erosion by potholes
unfortunately is not included because our method for measuring topography could not see the pothole bottoms. (c) Inner channel
erosion rate calculated over a | cm wide by 300 cm long swath. The location of the | cm zone was chosen by eye to follow the
path of highest erosion, and shifted between timesteps as the inner channel developed and migrated.

Interpretations

As documented above, patterns and rates of erosion depend on feedbacks between flow, topography and sediment
transport. Only when the bed was initially planar did sediment remain broadly distributed across the channel width.
Bed topography, flow convergence and gravity channelize sediment into interconnected and eroding local lows caus-
ing the local sediment flux to increase, while the local sediment transport capacity decreases due to increased flow
resistance in the developing inner channel. Local erosion rate clearly depended on the local sediment flux. We
qualitatively interpret the increase and then decrease in inner channel erosion rates (Figure 4(c)) to reflect first tools
and then cover effects (Sklar and Dietrich, 1998, 2004), with increasing and decreasing erosional efficiency as the
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Figure 5. Measurements of sequential erosional topography at 10 per cent slope. (a) Sequential timesteps for a single flume
cross-section at approximately 204 cm in Figure 2(a)—(d). (b) Interface width (Equation (1)) at each flume cross section plotted
against time. Shown here is the upstream half of the flume; downstream in this experiment (10% slope) the inner channel became
too incised to obtain accurate interface widths at every cross section due to significant overhangs and undercuts. We are unsure
of what sets the wavelength.

local ratio of sediment flux to transport capacity (Q,/Q,) increases. The saltation-abrasion model uses width-averaged
values of transport capacity and sediment flux. For a given discharge and sediment flux it predicts a single erosion
rate, in contrast to our observations (Figure 4(b), (c)). Slope and partial bed cover are two degrees of freedom for
channel response explicitly incorporated into the saltation-abrasion model. However, the saltation-abrasion model
assumes plane bed geometry, and so does not incorporate the morphological degree of freedom that leads to significant
erosion rate changes in these experiments.

An intriguing prediction of the saltation-abrasion model is that erosion rates will drop at high shear stresses
(when all else is held equal, as in our experiments) because the modest increase in vertical impact velocity with
increasing shear stress does not compensate for the decreasing number of particle impacts per area as the saltation hop
length also increases. The initial rate of focused incision is greater at 5 per cent slope than at 10 per cent slope, which
may be consistent with this hypothesis (Figure 4(b), (c)). For the average sediment transport conditions calculated at
the beginning of the experiments (Table I), the saltation-abrasion model does predict higher erosion rates at 5 per cent slope
than at 10 per cent slope, but also predicts the highest erosion rates at 2 per cent slope, in contrast to our observations.
This is true whether or not suspension effects are included in the saltation-abrasion model calculations (Sklar and
Dietrich, 2004).

Topographic controls on flow and sediment transport

The decline in erosion rate at high shear stress predicted by the saltation-abrasion model may not apply once signifi-
cant bed topography has developed. We interpret that the developing bed topography influenced flow, sediment
transport and erosion in several ways. First, rough bed topography changes the flow field. Evolving bed topography
and channel morphology (slope, width etc.) control the spatial and temporal distribution of local shear stress (see, e.g.,
Stark, 2006). The increased roughness from sculpted forms is likely to reduce the local shear stress in the zone of
active sediment transport and erosion, due to increased form drag (Wohl and Ikeda, 1997; Wohl, 1998; Wohl et al.,
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1999). This would reduce the sediment transport capacity of the local flow. We emphasize that we did not make any
measurements of changes in flow resulting from rough topography; we only infer this likely feedback between flow
and topography.

Second, rough topography controls the spatial distribution of sediment transport. Patterns of abrasion will not match
patterns of shear stress because flow expends energy through friction on the sidewalls but abrasion only occurs where
sediment impacts the boundary. Sediment becomes focused in local topographic lows because of lateral slope-
dependent transport due to gravity. Initially in our experiments the bed was nearly planar and so lateral transport was
weak, but early timesteps still demonstrate preferential erosion of lows, which gradually become interconnected by
erosion. Sediment is dominantly transported downstream, and so the local sediment flux depends on the upstream bed
topography and sediment transport field. The relationship between bed shear stress and erosion rate is an explicit
function of the sediment transport field, which is in turn mediated in complex ways by the evolving bed topography.
Additional feedbacks can also occur between erosion and sediment transport; Davis et al. (2005) conducted similar
flume experiments over a wider range of average Q/Q.. They found that higher relative supply produced less eroded
roughness for initially planar beds, but had the opposite effect on initially rough beds because sediment deposited in
the topographic lows and erosion only attacked higher exposed points.

Third, rough topography controls the energetics of sediment impacts. Once developed, the frequency of particle
impacts will probably scale with various aspects of the bed topography rather than with the saltation hop length as
assumed in the saltation-abrasion model. For example, tight curves along the tortuous inner channel (Figures 2(d), (e)
and 3(a)) lead to spatial accelerations of both flow and sediment, focusing abrasion on the outside walls of bends. The
quasi-periodic topographic lows shown in Figure 5 are another example of topographic control on sediment impacts.
The downstream translation of the local lows indicates preferential abrasion on upstream faces. Energetically, sedi-
ment grains will often impact the boundary at velocities far exceeding the settling velocity, especially when incipiently
suspended. Visual observations suggest that the most erosive conditions in our experiments (e.g. pothole formation)
occurred when the sediment, primarily traveling as bedload, became incipiently suspended by local turbulent flow
conditions. In the 10 per cent slope experiment potholes formed suddenly once the eroding topography created a
vertically oriented stable vortex in the flow. In contrast, at 5 per cent slope tortuous flow conditions in the inner
channel led to complex patterns of three-dimensional erosion, but never formed stable vertical vortices or potholes.
We suspect that at 10 per cent slope a threshold had been exceeded due to local topography, flow and incipient
sediment suspension, allowing the potholes to form and greatly enhancing the local erosion rate, consistent with field
observations (Whipple, 2004; Barnes et al., 2004).

The saltation-abrasion model was intentionally constructed to represent bedload impacts only, and so erosion
decreases to zero in the model as sediment grains approach the threshold of suspension. Previous studies have often
inferred that the complex geometries and sharply eroded edges of sculpted morphologies such as flutes and potholes
require tight coupling between flow vorticity and sediment transport, and therefore imply that suspended sediment
rather than bedload is responsible for the erosion (Alexander, 1932; Wohl ez al., 1999; Whipple et al., 2000). While
this interpretation is probably correct, the suspension need only reflect /ocal turbulent conditions, not width- or reach-
averaged values. If one were to calculate the mode of transport for different sediment size classes using width-
averaged parameters such as the mean shear stress, the smaller end of the bedload class would be most likely to
become incipiently suspended by local turbulence. A testable hypothesis is that impacts from sediment incipiently
suspended by stable flow vortices are the most erosive, i.e. remove the most material per impact or per unit mass of
sediment in that size class.

Transport-limited bed morphology

In our experiments, the channel apparently evolved towards a transport-limited bed morphology. We qualitatively
tested this hypothesis in the 5 per cent slope experiment: a small increase in sediment feed rate led to rapid static
alluviation of the inner channel, while a small decrease in sediment feed rate led to renewed inner channel incision
of an even narrower slot. The entire channel could transport more sediment, so the entire channel is not at its tran-
sport capacity, but in our experiments the fraction of channel actually transporting sediment (i.e. the inner channel)
approached transport-limited conditions rather quickly. Shepherd and Schumm (1974) and Wohl and Ikeda (1997)
observed sediment deposition in their experimentally eroded inner channels, suggesting that erosion in their experi-
ments also led to transport-limited conditions. Erosional bedforms and undulating canyon wall morphologies dissipate
flow energy (Wohl and lkeda, 1997; Wohl, 1998; Wohl et al., 1999) and are probably key components in reaching
transport-limited conditions. In spite of suggestions of transport-limited conditions in our experiments, erosion rate
never went to zero in the inner channel (Figure 4(c)) as predicted by the saltation-abrasion model for Q /O, ~ 1. This
may indicate that the formulation of the cover effect is incomplete in the saltation-abrasion model. In our experiments,
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abrasion may have continued intermittently under a coherent carpet of moving sediment, or intermittent suspension
and locally focused erosion in the tortuous inner channel may account for erosion rate not dropping to zero and
varying with flume slope.

Our experiments suggest that sediment cover effects may become dominant at even lower ratios of width-averaged
sediment flux to sediment transport capacity (Q/Q.) than the saltation-abrasion model predicts. Sklar and Dietrich
(2004, 2006) suggest that most incising channels may be in the cover-dominated side of parameter space. Based on the
feedbacks we find, it is plausible that the first-order behavior of a wide range of incising bedrock channels is even
closer than they infer to the cover end-member of the saltation-abrasion model where channels behave as transport
limited, even in cases where erosional morphologies are dramatic and channels appear sediment starved.

Inner channel formation and channel width controls

Inner channel formation can naturally result from the positive feedbacks we describe between sediment transport,
erosion and topography that focus local incision. Along an Australian bedrock channel with variable erosional
morphologies, Wohl (1993) documented that inner channel locations correlated with higher channel gradients, consist-
ent with the feedback we propose. In general, inner channels may often indicate low sediment load relative to the
width-averaged transport capacity of the flow — i.e. sediment-starved conditions. Further study may allow flow and
sediment transport conditions to be constrained from specific erosional forms (Allen, 1971; Zen and Prestegaard,
1994; Richardson and Carling, 2005).

Inner channel development also gives insight into width controls of bedrock channels — if incision had continued
indefinitely, all of the sediment and flow would eventually have been contained in the narrow slot. Inner channel width
in our experiments seemed to increase with increasing Q,/Q., although focused undercutting and bed topography in the
inner channel makes it hard to definitively pick out width relations from these data. A testable hypothesis is that
bedrock channel width is a dominant component of the morphological adjustment towards transport-limited conditions
(QJ0O. ~ 1). As such, width should decrease with increasing slope if sediment flux remains the same (e.g. if it is
limited by the supply from a lower slope reach upstream) but shear stress and transport capacity increase, qualitatively
consistent with the slope—width scaling of Finnegan et al. (2005).

Our experiments show that the evolving erosional morphology of the channel boundary can significantly affect
erosion rates. Acknowledging that channel adjustment involves more than just vertical incision and slope changes,
Stark and Stark (2001) lumped the dynamic factors that collectively define channel morphology into a variable called
channelization, which abstractly ‘represents the ease with which sediment can flux through a channel reach’. In their
model, a local channel reach is equilibrated when its slope and channelization value combine to just transport the local
sediment flux. Our results are consistent with this approach. However, the channelization parameter does not define
any functional relationships between the relevant components of channel morphology. Understanding the sediment
flux and channel slope relations that lead to inner channel formation are a step in this direction.

Experimental idealizations and natural channel complexity

Our idealized experiments intentionally neglect many complexities, including other erosion processes (e.g. hydraulic
plucking), higher sediment fluxes, a broad distribution of sediment sizes and a wide distribution of flow magnitudes.
These factors may explain a broader range of observable channel morphologies in actively incising landscapes, but
may also limit the strength of expression of our proposed feedbacks in natural channels. Our hope with this work is to
document and understand basic feedbacks between erosional topography and sediment transport under conditions
where the feedbacks are expressed most prominently (single constant discharge, sediment flux and sediment size).
These same feedbacks between channel morphology and erosion should still exist in all channels even if they are
sometimes overwhelmed by additional complexities and local conditions. For example, bedrock will rarely if ever be
able to erode quickly enough to reach a transport-limited morphology during floods, although patterns of erosion will
at least tend in that direction. Quick and complementary bed adjustments can also occur by sediment entrainment and
deposition. Natural channel morphology will always represent an amalgamation of discharge and sediment transport
magnitudes and durations.

The importance of variable flood discharge will be closely connected to the size distribution of sediment available
for transport into and through the channels. The largest floods are likely responsible for transporting the coarsest
sediment that becomes immobile at lower flows (e.g. Howard, 1998), armoring the bed. Coarse sediment is often the
dominant bed roughness element, rather than in sifu bedrock. In large, actively incising channels such as the Indus
River (Hancock et al., 1998; Whipple et al., 2000) boulders often erode in place, presumably until they are small
enough to be transported in a flood. Field observations of bedrock channels and canyons in many places (e.g., Wohl,
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1992; Howard, 1998; Massong and Montgomery, 2000; Barnes et al., 2004; Johnson et al., 2005) show that inner
channels and entire ‘bedrock’ channels are often choked with coarse sediment, especially boulders. Sklar and Dietrich
(2002) conducted flume experiments with coarser sediment in channels close to transport capacity, to explore transi-
tions between bedrock exposure and sediment cover. In their experiments, an inner groove began to incise where
sediment transport was focused, but sediment then deposited in these subtle topographic lows, showing that deposition
is also sensitive to local topography. A wide distribution of flood magnitudes and sediment sizes may spread erosion
more broadly across the entire channel width rather than focusing into a narrow inner channel as in our sediment-
starved case.

Future experimentation should further explore details of the feedbacks we suggest here, focusing on quantifying
changes in local sediment flux and flow rate as the topography develops. In addition, relations between developing bed
roughness, erosion rate and slope should be explored further. We are hesitant to push the comparisons between
experiments too far in this preliminary data set because of uncertainties including concrete strength between runs,
topographic data dropouts in the inner channel and exact flow conditions. Specific predictions of the saltation-abrasion
model, such as decreases in erosion rate explicitly tied to changes in saltation hop lengths, should be explored. Future
experimental work should also systematically explore parameter space with ranges of flow discharges, relative sedi-
ment supply (Q/Q,), sediment sizes and Froude numbers. We hope to address some of these questions in ongoing
flume experiments. The saltation-abrasion model explicitly incorporates changes in bed cover in a physically reason-
able way; more accurate models of incision will require a better understanding and parameterization of additional
internal dynamics (i.e. width, roughness, slope, erosion) of fluvial channels.

Conclusions

When the transport capacity of flow in a channel is greater than the sediment load, the nonuniform distribution of
sediment impacts leads to nonuniform abrasion. In our experiments, both the mean and distribution of erosion rates
change as the bed topography evolves, even with constant water and sediment discharges. Bed topography is thus
a degree of freedom for bedrock channel response that mediates (1) the flow structure and local turbulent intensity,
(2) the spatial distribution of sediment impacts on the bed and (3) the rate and spatial distribution of fluvial erosion.
We find evidence to support both tools and cover effects of abrasion by transported sediment, confirming the central
hypothesis of Sklar and Dietrich (1998, 2004), but in response to /ocal sediment flux and shear stress, not width- or
reach-averaged values.

Bed topography is the dominant control on sediment impact location and intensity once significant erosional relief
develops. The relation between shear stress and erosion rate is non-unique, and may vary significantly between
different sculpted erosional morphologies. Potholes in particular are extremely efficient erosive agents when they
develop. Inner channels may indicate reach-averaged sediment starved conditions (low Q/Q.) that lead to a spatial
focusing of sediment transport and erosion. While natural variability (e.g. a wide distribution of flood discharges and
sediment sizes) may obscure the expression of the proposed feedbacks in field settings, we suggest that bedrock
channel roughness, often expressed as dramatic sculpted morphologies, tends to increase in amplitude until enough
turbulent energy is dissipated by form drag that the flow just transports the sediment load. Our experiments suggest
that transport-limited conditions may sometimes occur even in sediment-starved channels with negligible bed cover
and dramatic, active erosional morphologies.
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