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Abstract

While the stabilizing function of large grains in step-pool streams has long been recognized, the role they play in
gravel-bed streams is less clear. Most researchers have ignored the role of large grains in gravel bed streams, and have
assumed that the median bed surface size controls the erodibility of alluvial boundaries. The experiments presented
herein challenge this convention. Two experiments were conducted that demonstrate the significant morphodynamic
implications of a slight change to the coarse tail of the bed material. The two distributions had the same range of
particle sizes, and nearly identical bulk d50 values (1.6 mm), however the d90 of experiment GSD1 was slightly finer
(3.7 mm) than that for experiment GSD2 (3.9 mm). Transport rates during GSD1 were nearly 4 times greater than
during GSD2 (even though the dimensionless shear stress was slightly lower), and the channel developed a sinuous
pattern with well developed riffles, pools and bars. During GSD2 the initial channel rectangular channel remained
virtually unchanged for the duration of the experiment. The relative stability of GSD2 seems to be associated with a
slightly larger proportion of stable (large) grains on the bed surface: at the beginning of GSD1, 3.5% of the bed was
immobile, while almost twice as much of it (6.1%) was immobile at the beginning of GSD2. The results demonstrate
that the largest grains (not the median size) exert first order control on channel stability.
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1. Introduction

Shields’ classic work on grain entrainment using a bed of uniform grain sizes is a seminal contribution that
strongly influenced the direction of future research in fluvial geomorphology. Shields (1936) concluded that the
onset of mobility of particles in a channel occurs when the dimensionless shear stress in a channel exceeds a critical
threshold (θc). While Shields (1936) found θc to be a function of the particle Reynolds number, subsequent researchers
found that relative particle exposure (e.g. Fenton and Abbott, 1977) and grain hiding (e.g. Parker et al., 1982) also
exert first-order control on the threshold of grain entrainment. Entrainment of bed material can be further modified by
the proportion of fine sediment on the bed surface (Ikeda et al., 1988; Wilcock et al., 2001; Venditti et al., 2010), as
well as by both channel gradient and relative roughness (Mueller et al., 2005; Bunte et al., 2013; Scheingross et al.,
2013; Prancevic and Lamb, 2015).

Investigations of entrainment from a bed composed of a mixture of grain sizes have demonstrated that a wide range
of particle sizes are entrained over a narrower range of flows than predicted by Shields’ original work (Andrews,
1983; Brayshaw, 1985; Ashworth and Ferguson, 1989). Similarly, full mobility of most sediment sizes in the bed
corresponds to the onset of full mobility of the D50 (Wilcock and McArdell, 1993, 1997). Such observations have led
researchers to conclude that the bed surface D50 exerts a first-order control on the entrainment of the entire mixture
(Komar, 1987; Parker, 1990; Buffington and Montgomery, 1997), even if true equal mobility of all sediment sizes is
seldom if ever observed (Church et al., 1991; Wathen et al., 1995; Lisle, 1995; Parker and Toro-Escobar, 2002).

Researchers have made the logical association between D50 mobility and channel form stability. Stable channel
geometry has been predicted assuming that the average boundary shear stress is equal to the entrainment threshold
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Figure 1: Cumulative percent finer of the GSD of the bulk material and the average surface material. Surface material GSD is truncated at 0.5 mm
as this represents the minimum detection limit possible on from the images of the bed. The equivalent prototype grain sizes are indicated by the
scale at the top of the figure.

for D50 (Li et al., 1976; Parker, 1978; Diplas and Vigilar, 1992), or by estimating the shear stress acting on channel
banks and setting that equal to the threshold for D50 (Millar and Quick, 1993; Millar, 2005). The surface D50 is
also incorporated into equations predicting the meandering/braiding threshold (Henderson, 1963; Millar, 2000, 2005;
Eaton and Giles, 2009; Eaton et al., 2010), as well as various general frameworks for understanding fluvial mechanics
(Andrews, 1984; Parker et al., 1982, 2007). Church (2006) advocates using the Shields parameter as the key variable
to distinguish between various channel morphologies, transport characteristics and stabilizing processes. Clearly,
there is a great deal of evidence that the D50 is a very useful index that captures many essential features of stream
morphodynamics.

Some phenomena cannot be explained with reference to the D50. For example, Eaton and Church (2004) identified
a threshold channel gradient above which their experimental stream table channels failed to establish and maintain
a steady state condition. The only apparent difference between experiments above and below this threshold was a
change in the mobility for the largest sizes of sediment in the bed material. Similarly, the initial setup phase of stream
table experiments is often plagued by experiments that appear to defy expectations based on Froude scaling of some
known prototype; initial trials sometimes exhibit unexpected stability during which bars and pools fail to form, despite
their presence in the field prototypes, or they develop an unstable, braided pattern where a stable, single thread pattern
is expected. These failures are seldom reported, and are quickly forgotten once the desired behaviour is produced.

This paper presents the results from two stream table experiments that exhibit significant differences in sediment
transport characteristics and channel morphology that can only have been caused by the addition of a small amount
of coarse sediment to bed material. It is also demonstrated that the observed differences in channel behaviour are
inconsistent with the notion that the relative mobility of the median grain size is a suitable index for channel stability.

2. Methods

Two experiments were conducted using the Adjustable-Boundary Experimental System (A-BES) at the Univer-
sity of British Columbia. A-BES comprises a 1.5 m wide by 12.2 m long tilting stream table with a computerized
instrument cart that uses a laser scanning system to collect 2 mm resolution digital elevation models (DEMs) of the
bed. The experiments are generic Froude-scaled models based on field measurements from steep gravel-bed streams
in Alberta, Canada. Using a length scale ratio of 1:25, they represent a prototype channel with a bankfull width of 10
m, a mean channel gradient of 0.02 m/m and a bankfull flow of approximately 2 m3/s.

Bulk grain size distributions measured in the field were used to develop the model sediment mixtures (see Figure
1); the distributions are typical of gravel bed streams, and are similar to that used by Eaton and Church (2004). In
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Figure 2: Specific discharge shown for the two experiments at 8 hrs. Flow from right to left.
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Figure 3: Detail of hillshaded DEM at 8 hrs.

order to maintain a hydraulically rough boundary, the model sediment mixture does not include sediment finer than
0.25 mm, and corresponds to a field sediment distribution truncated at 6.25 mm.

Two slightly different bed material grain size distributions were used for Experiment GSD1 and Experiment GSD2;
in all other respects, the experiments were identical. The first experiment (GSD1) was conducted using a bulk grain
size distribution for which d50 = 1.60 mm, d90 = 3.67 mm, and d95 = 4.37 mm. For the second experiment (GSD2)
additional coarse material ranging in size from 4 to 8 mm was added to GSD1, producing a distribution for which
d50 = 1.63 mm, d90 = 3.94 mm, and d95 = 5.09 mm. Both grain size distributions are consistent with the range of
distributions measured in the field.

The experiments were started in a straight, unarmoured, 30 cm wide and 1.5 cm deep channel, and were run for a
total of 8 hrs at a discharge of 0.7 L/s with no sediment feed. Flow was stopped every hour in order to scan the bed
and collect images of the bed surface. Digital Elevation Models (DEMs) of the bed were smoothed using a 7 x 7 pixel
averaging filter, and a 15 x 15 pixel averaging filter was used to fill in any missing data. Photos of the coarsest portion
of the channel were taken at five locations along the stream table, and used to estimate the bed surface texture using
a grid-by-number sampling approach (Bunte and Abt, 2001); each photo represented an area of approximately 30 cm
by 20 cm. Sediment output from the stream table was collected at 15 min intervals using a trap with a mesh of 0.25
mm. Samples were dried, weighed and combined into 30 min samples for grain size analysis.

Because it is difficult to measure flow depth and velocity in stream table experiments due to the shallow depths
(Y ≈ 0.005 m) and a rapidly evolving channel bed (see time lapse video in the supplementary material), the flow
conditions (water depth, velocity, shear stress) were reconstructed by applying a 2D numerical flow model (Nays2DH)
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Figure 4: A) Cumulative sediment output; B) Bedload transport rate through time

to the hourly bed surface DEMs. To minimize rounding errors associated with the magnitude of depths being simulated
and the size of the grid, the DEM size and discharge were adjusted to prototype scale (i.e. using a length scale of
25) for the flow modelling. The estimated water depths, shear stresses and velocities from Nays2DH were then back-
transformed to the model scale. When parameterizing the Nays2DH models, we specified reach-averaged Manning’s
n values determined using the flow resistance law presented by Ferguson (2007). The results of the flow model were
qualitatively validated by overlaying maps of specific discharge (Figure 2) onto downlooking images of the bed taken
during the run. The extent of the modelled wetted areas agrees well with the observed wetted area during the runs.
In any case, only the reach-average shear stress values are used in this analysis on the grounds that local variations
in bed roughness can affect the spatial distribution of shear stress but are not likely to have a significant effect on the
reach average values.

3. Results

Experiments GSD1 and GSD2 exhibited very different morphodynamics (see video in supplementary material).
GSD1 developed a sinuous channel with distinct bars, riffles and pools. GSD2 remained straight, and only developed
low-amplitude bars (Figures 2 and 3). The reach-average channel geometry at the end of the experiments varied
markedly, as well. At the end of GSD1, the average channel width (W) and depth (Y) were 0.65 m and 0.005 m,
respectively, while for GSD2, the values were 0.36 m and 0.008 m, respectively.

Both GSD1 and GSD2 experienced net degradation, since there was no sediment feed at the upstream end of the
stream table. The total volume of degradation during GSD1 (19916 g) was nearly four times the total during GSD2
(5183 g) (Figure 4A). The sediment output rate during GSD1 fluctuated over several orders of magnitude, reaching
peak output rates of 178 and 206 g/min at 1 hr and 5 hrs, respectively (Figure 4B). In contrast, the output rate during
GSD2 reached a maximum of 54 g/min at 2 hrs, and was less variable over the course of the experiment.

During GSD1, degradation resulted primarily from lateral erosion and evacuation of bank material (Figure 5). In
fact, most areas within the original templated channel experienced net aggradation, raising the local bed elevation.
During GSD2, almost no bank erosion occurred and the relatively small loss of sediment that did occur resulted from
vertical scour. During the last 2 hrs of both experiments, the channels became nearly static, and the average sediment
output rate was less than 10 g/min.

While bedload sediment texture did vary over the course of GSD1 and GSD2, the temporal trends were not
significant, based on the p-values for the regression coefficients presented in Table 1. Despite slightly different bed
material distributions, the distribution of the transported load was nearly identical for the two experiments. The range
of values for the bedload median size (L50) and the 90th percentile (L90) are shown in Figure 6A; the mean values of
L50 and L90 are not statistically different for GSD1 and GSD2 at the 95% confidence level (Table 2).

The bed surface texture coarsened over time during both experiments (Figure 7), though the trends for D50 and
D90 are not statistically significant for GSD1 (Table 1). The bed surface developed during GSD2 was slightly coarser
than that which developed during GSD1 (Figure 1) as both D50 and the D90 for GSD2 were statistically larger than

4



−0.04
−0.02
0
0.02
0.04

GSD1

GSD2

Figure 5: DEMs of difference for the two experiments. Flow from right to left. Dashed lines show initial templated channel bank locations. Values
in legend represent a difference in elevation given in meters. Solid-line boxes highlight area plotted in Figure 3.

●

GSD1 GSD2

3.
0

3.
5

4.
0

4.
5

Lo
ad

 d
90

A GSD1 bulk d90
GSD2 bulk d90

GSD1 GSD2

3.
0

3.
5

4.
0

4.
5

Su
rfa
ce

 D
90

B

Figure 6: Load and surface grain sizes for the two experiments.

Table 1: Linear regression results for temporal trends in bedload and bed surface grain size distributions.
Linear Regression Equation R2 P a

Time ∼ GSD1 L50 y = −0.0119x + 1.797 0.0831 0.2976
Time ∼ GSD1 L90 y = −0.0211x + 3.688 0.0294 0.5415
Time ∼ GSD2 L50 y = −0.0054x + 1.759 0.0289 0.5294
Time ∼ GSD2 L90 y = 0.0344x + 3.347 0.1210 0.1868
Time ∼ GSD1 D50 y = 0.0389x + 1.593 0.4794 0.0570
Time ∼ GSD1 D90 y = 0.0361x + 3.531 0.2314 0.2276
Time ∼ GSD2 D50 y = 0.0492x + 1.708 0.8807 5.56e-04
Time ∼ GSD2 D90 y = 0.0808x + 3.998 0.6548 5.11e-08

a P < 0.05 indicates a statistically significant trend, shown in bold.
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Figure 7: Mean surface D50 and D90 through time for the two experiments. The solid lines represent the results of linear regressions conducted on
these mean values (Equations and R-squared values presented in Table 1). Whiskers show the standard error of the mean (n = 5).

the values for GSD1 (Figure 6B; Table 2). Excluding data from the first hour of the experiment, the armour ratio
calculated from the surface D50 and the subsurface bulk d50 varied from about 1.00 to 1.18 for GSD1, and from about
1.10 to 1.25 for GSD2 (Table 3). These armour ratios are lower than they would be in the field prototype, since the
model grain size distribution is truncated at 0.25 mm (equivalent to 6.25 mm in the prototype). If it is assumed that
approximately 25% of the bulk sediment for the prototype is finer than this limit and that there would be virtually
none of this sediment size on the bed surface, the bulk d50 would be about 0.93 mm for GSD1, giving armour ratios
ranging from 1.72 to 2.03, which is close to the typical values for this kind of gravel bed stream.

Table 2: T-test results comparing different grain size distribution metrics.
T-Test X̄1 X̄2 t a

GSD1 L50 ∼ GSD2 L50 1.75 1.74 0.284
GSD1 L90 ∼ GSD2 L90 3.60 3.49 1.067
GSD1 D50 ∼ GSD2 D50 1.77 1.93 -2.427
GSD1 D90 ∼ GSD2 D90 3.69 4.36 -6.171

a negative t values indicates X̄1 < X̄2. Statistically
significant differences are shown in bold.

The flow modelling results indicate differences in the reach average flow conditions resulting from the different bed
morphologies developed during GSD1 and GSD2. The distribution of τ is not a simple, normal distribution, because
extensive areas of the channel bed during GSD1 were covered by slow moving, shallow water, which dramatically
reduces the reach-average shear stress (Figure 8). During the first hour, both GSD1 and GSD2 saw a decrease in
reach-averaged shear stress (τ) from that associated with the initial channel (for which τ = 2.2 Pa). The magnitude
of change was greater in the GSD1 experiment and τ continued to decrease until 3 hrs, at which point it stabilized at
approximately 0.95 Pa. In the GSD2 experiment, τ dropped to 1.68 Pa during the first hour and remained at about this
value for the rest of the experiment.

In order to make a more meaningful comparison of the shear stresses in the main channel around the thalweg, the
median shear stress (τ50) was estimated for a flow field that excludes data from grid cells for which q < 0.0005 m2/s.
An estimate of the 95th percentile of the shear stress distribution in the main channels (τ95) was also used as an index
of the upper range of the shear stress distributions. The values of τ50 and τ95 are presented in Table 4. For GSD1, the
values of τ50 oscillated about a mean value of approximately 1.6 ± 0.013 Pa, while they varied about a mean of 1.9
± 0.024 Pa for GSD2. This comparison implies that the typical bed shear stresses during GSD2 were systematically
greater than those acting on the bed during GSD1, though the differences (in the main channel, at least) are not as
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Figure 8: Histograms of shear stress values for Experiments GSD1 and GSD2 based on Nays2DH modelling using the bed topography after 8 hrs.
The histogram presents the number of grid cells having shear stress values in a particular range, and the sum of all columns is proportional to the
total area covered by flowing water.

large as estimates of the mean reach-average τ would suggest. The difference in the maximum bed shear stresses for
the two experiments is not as large; the values of τ95 for GSD1 and GSD2 varied about mean values of 2.6 ± 0.011
Pa and 2.7 ± 0.041 Pa, respectively, suggesting that the peak bed shear stresses were approximately the same in both
experiments.

Using the value of τ50 estimated for the main channel and the value of D50 (which is based on photos of approxi-
mately the same part of the channel), the Shields number (θ50) was estimated as follows:

θ50 =
τ50

g(ρs − ρ)D50
(1)

For GSD1, θ50 varies from 0.052 to 0.065 with a mean value of 0.056. For GSD2, θ50 varies from 0.059 to 0.066 with
a mean of 0.063. Not only are the shear stresses higher for GSD2, the θ50 is slightly higher, too. However, despite the
higher θ50 values during GSD2, the channel was much less active and the sediment transport rates were much lower,
relative to GSD1.

4. Discussion

These experiments demonstrate that the median surface grain size does not control channel stability. Traditional
approaches for predicting the threshold for channel change compare the reach-averaged dimensionless shear stress
(θ50) to the entrainment threshold for the D50 (e.g., Li et al., 1976; Parker, 1978; Diplas and Vigilar, 1992; Millar and
Quick, 1993). The current consensus on stream channel dynamics predicts that channel change should occur when
θ50 exceeds some critical value, with the magnitude of the changes proportional to the degree to which the threshold is
exceeded. This idea appears to be fundamentally incorrect, since the experiment with the higher θ50 remained stable
while the one with the lower value widened, developed a sinuous, riffle pool morphology and transported four times
as much bed material. The results from this study suggest that the largest grains in the bed material control channel
stability.

While some researchers have noted the importance of coarse material in bar stabilization (Leopold and Wolman,
1957; Lewin, 1976; Lisle et al., 1991), others have ignored the issue, conducting experiments that use very narrowly
graded sediments to explore bar dynamics (Jaeggi, 1984; Ikeda, 1984; Termini, 2009), which eliminates the potential
effects described herein. Furthermore, the traditional use of fixed-wall flumes (e.g. Lewin, 1976; Ikeda, 1984; Lisle
et al., 1991; Lanzoni, 2000; Termini, 2009) to study sediment transport and bedform dynamics make it impossible
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Table 3: Sediment properties table
Output Rate Load (mm) Surface (mm)

Hour (g/min) L50 L90 L95 D50 D90 D95

GSD1

1 26.3 1.75 3.65 4.24 1.51 3.44 3.82
2 75.4 1.76 3.89 4.66 1.81 3.83 4.92
3 1.8 1.50 2.75 3.43 1.60 3.51 3.94
4 43.0 1.77 3.51 4.06 1.80 3.68 4.11
5 138.2 1.78 3.77 4.47 1.89 3.69 4.14
6 32.5 1.78 3.67 4.18 1.84 3.74 4.44
7 8.5 1.69 3.54 4.00 1.88 4.03 4.76
8 6.2 1.66 3.36 3.88 1.81 3.63 4.31

GSD2

1 7.2 1.80 3.55 3.98 1.74 4.03 4.89
2 27.2 1.82 3.57 4.05 1.84 4.35 5.49
3 19.7 1.64 3.07 3.67 1.90 4.04 4.91
4 5.0 1.64 3.25 3.81 1.88 4.28 5.14
5 10.1 1.74 3.51 4.00 1.84 4.42 5.20
6 11.2 1.74 3.60 4.13 1.78 4.48 5.64
7 4.2 1.72 3.71 4.48 2.03 4.73 5.78
8 1.9 1.80 3.70 4.32 1.98 4.01 5.40

Table 4: Hydraulic properties table
Hour W Y τ50 τ95 A f

(m) (m) (Pa) (Pa) (m2)

GSD1

0 0.30 0.0110 2.12 2.92 3.78
1 0.44 0.0070 1.60 2.63 3.77
2 0.61 0.0056 1.55 2.53 3.86
3 0.66 0.0053 1.53 2.53 3.76
4 0.64 0.0054 1.56 2.61 3.73
5 0.62 0.0055 1.65 2.73 3.55
6 0.65 0.0054 1.59 2.61 3.64
7 0.67 0.0053 1.59 2.58 3.72
8 0.68 0.0052 1.58 2.53 3.71

GSD2

0 0.30 0.0113 2.23 3.10 3.87
1 0.35 0.0088 1.86 2.51 3.74
2 0.36 0.0088 1.89 2.74 3.69
3 0.36 0.0087 1.87 2.66 3.69
4 0.36 0.0088 1.89 2.72 3.69
5 0.36 0.0089 1.92 2.77 3.67
6 0.36 0.0088 1.90 2.79 3.66
7 0.36 0.0091 1.96 2.89 3.71
8 0.36 0.0088 1.89 2.83 3.67

Note: the values τ50 and τ95 were calculated for a flow field including only
grid cells with q > 0.0005 m2/s to facilitate comparison of the stresses acting

in the main channel near the thalweg for both experiments. The total bed
area (A f ) for which q > 0.0005 m2/s is similar for GSD1 and GSD2
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to study channel stability, since channel width and slope are fixed quantities, rather than adjustable properties of the
system, as they are in the field. It is only in stream table experiments (or in the field) that the full suite of processes
controlling channel stability can be studied, which perhaps explains why the scientific community has failed to make
a distinction between sediment mobility (comprising the entrainment and transport of grains) and sediment stability
(involving the interactions between large bed particles, the near-bed flow structure, and other bed particles).

For the two experiments studied herein, most of the channel adjustments took place during the first hour. By the
second hour, bed shear stress, wetted width, and depth reached reasonably stable values. While θ50 is different for the
two experiments, the Shields number calculated using the D95 is approximately the same for both GSD1 and GSD2,
having an average of 0.022 (excluding data from the first hour), which is consistent with the entrainment threshold
of 0.02 for large grains, reported by Andrews (1983). This suggests that, after the initial period of bank erosion, bed
deformation, bar deposition and/or surface coarsening during the first hour, both experiments reached a stable state
defined by the threshold of motion for the largest grains on the bed, despite consistently different θ50 values.

Although the stable channels developed by the end the experiments are both consistent with a threshold channel
associated with the largest grains, the processes producing the threshold state were quite different. Despite the lower
θ50 values during GSD1, erosion of channel banks during that experiment triggered a feedback mechanism between
channel form and local transport capacity that led to the development of a sinuous channel with a riffle-pool morphol-
ogy, ultimately resulting in a wider, shallower channel. This lateral instability also supplied the system with sediment
via extensive bank erosion, such that much of the initial channel was subject to local net aggradation (GSD1 in Figure
5). In contrast, during GSD2, the initial channel degraded and coarsened, and did not receive any significant sediment
inputs due to lateral channel migration. In this circumstance, only low amplitude, poorly developed bars formed (Fig-
ure 5). In light of this, the explanation for such different response trajectories must relate to the initial mobility of the
largest grains, and through that, the capacity of the channel to erode its banks.

At the beginning of both experiments, τ50 was approximately 2.2 Pa (see Table 4). Assuming that the bed surface
initially had the same median size as the bulk sediment distribution, the values of τ50 were 0.082 and 0.085 for GSD1
and GSD2, respectively. According to these calculations and considering the relatively unstructured and unarmored
state of the channel bed at the beginning of the experiments, the bed surface D50 should have been fully mobile
and both channels should have been laterally active. Previous work summarized by Lisle et al. (1991) suggests that
alternate bars should form for these conditions, as well. Nevertheless, the experiment with the slightly higher τ50
value (GSD2) remained laterally stable and did not develop a well defined set of alternate bars, whereas that with the
lower value deformed its boundaries and developed a sinuous planform with prominent bars, pools and riffles. The
processes governing channel stability can clearly not be associated with mobility of the D50 at a fundamental level,
even if mobility of the D50 is a useful index. The D50 does not control channel stability.

If the D50 is not controlling channel stability, then what is controlling it? An analysis of relative mobility using
the ratio of the bedload sediment size (Li) to the bed surface sediment size (Di) indicates that the largest grains in the
bed material were systematically underrepresented in the load for GSD2 (but not GSD1), suggesting that they were
only partially mobile (Figure 9). Assuming that full mobility corresponds to Li/Di ratios of between 0.85 and 1.15,
the bed surface D50, D90 and D95 were all fully mobile for the duration of GSD1. However, for GSD2, the bed surface
D50 was fully mobile, but the larger size classes (i.e. D90 and D95) were not.

Perhaps the difference between the morphodynamics of GSD1 and GSD2 can be associated with the areal concen-
tration of stable grains on the bed surface. According to Wilcock and McArdell (1997), grains in a given size class
become partially mobile once shear stress of the bed exceeds the critical Shields number and become fully mobile at
twice the critical Shields number. However, not all partially mobile grains contribute to channel stability (i.e., some of
those grains will have moved during the experiment). Work by Wilcock and McArdell (1997) suggests that, for a size
class at the threshold between stability and partial mobility (i.e., τ = τci, where τci is the critical shear stress to entrain
that size class), 90% of the grains on the bed within that class will remain immobile; in contrast, for a size class at
the threshold between partial mobility and full mobility (i.e., τ = 2τci), only 10% of the grains on the bed will remain
immobile. Assuming that the proportion of immobile grains on the bed decreases linearly as τ increases from τ = τc

to τ = 2τc, it is estimated that 3.5±1% of the initial bed surface was immobile during GSD1 and 6.1±1% of the initial
bed was immobile during GSD2 (the estimated error is based on uncertainty for the bed surface texture values). By the
end of the experiments (when both channels had achieved a stable configuration), it is estimated that the proportion
of the bed that was stable had increased for both experiments, reaching statistically similar values (12± 1% for GSD1
and 13 ± 1% for GSD2).
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Figure 9: The ratio of the texture of the transported material to the bed surface is shown for the median (solid circles), the 90th percentile (open
circles) and the 95th percentile (plus signs) of each distribution for GSD1 (red) and GSD2 (blue).

These results suggest that: (1) for channel planform to be stable (in the presence of bed material transport),
approximately 5% of the bed must be immobile; and (2) for a channel to reach a static state (i.e. having both a stable
channel pattern and experiencing transport rates close to zero) approximately 10% of the bed must be immobile.
While it may seem that an immobility threshold of 5% is small, this value is comparable to the results reported by Gao
et al. (2016), who found that aeolian dunes do not form when the initial proportion of coarse (i.e. immobile) grains
within the bed is greater than 4-5%. While more work remains to be done to explore the mechanisms by which these
coarse grains stabilize a surface, there is strong evidence to suggest that small changes to the coarse tail of a deposit
can play a significant role in altering the morphodynamics of a sedimentary surface.

The realization that small changes to the coarse end of the bed material grain size distribution can significantly
alter the channel dynamics has potentially important implications for stream restoration. In some circumstances it
is desirable to increase the level of channel stability without imposing hard engineering solutions, such as in urban
streams where peak flows have been increased and the channel has been de-stabilized. In other circumstances, stream
managers are attempting to restore natural channel dynamics in regulated streams where dams have significantly
reduced the available peak flows, resulting in channels that are no longer capable of eroding their banks, building
bars or scouring pools. The results of this work suggest that channel stability can be significantly modified by adding
or removing a small fraction of the bed material from the coarse tail of the distribution. It is therefore possible that
restoration approaches that either augment or reduce the proportion of coarse sediment in the bed material could be
used to restore streams in the situations described above.

5. Conclusions

The results of two identical experiments conducted with nearly identical bed material distributions demonstrate an
incomplete understanding of the factors controlling channel stability. The experiments suggest that channel stability
is most likely controlled by the largest grains on the bed surface, which remain immobile even during flood events;
stability does not seem to be controlled by the median surface grain size, which is fully mobile during floods. It
was found that adding a relatively small volume of coarse sediment to the bed material (which produced only a 15%
increase of the d95 of the bulk material) resulted in a 48% decrease in channel width and a 75% decrease in average
sediment transport rate. The addition of coarse material also produced a transition from a lateral style of channel
adjustment, in which bank erosion allows for the development of a sinuous channel and pool-riffle morphology, to a
primarily vertical style of adjustment involving essentially no bank erosion. Given the design of the models used in
these experiments, results from this study are strictly applicable to relatively small, sediment supply limited threshold
channels. However, observations from numerous related experiments using the same grain size distributions seem
to confirm that large grain sizes control channel stability over a wide range of discharge values and sediment supply
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rates. Forthcoming work based on these additional experiments will further explore the processes by which large grain
act to stabilize channel morphology.
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