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Abstract Gravel bed rivers commonly exhibit a coarse surface armor resulting from a complex history
of interactions between ﬂow and sediment supply. The evolution of the surface texture under single
storm events or under steady ﬂow conditions has been studied by a number of researchers. However, the
role of successive ﬂoods on the surface texture evolution is still poorly understood. An experimental campaign in an 18 m-long 1 m-wide ﬂume has been designed to study these issues. Eight consecutive runs,
each one consisting of a low-ﬂow period of variable duration followed by a sudden ﬂood (water pulse)
lasting 1.5 h, have been conducted. The total duration of the experiment was 46 h. The initial bed surface
was created during a 280 h-long experiment focused on the inﬂuence of episodic sediment supply on
channel adjustments. Our experiments represent a realistic armored and structured beds found in mountain gravel bed rivers. The armor surface texture persists over the duration of the experiment. The experiment exhibits downstream ﬁning of the bed-surface texture. It was found that sorting processes were
affected by the duration of low-ﬂow between ﬂood pulses. Since bed load transport is inﬂuenced by sediment sorting, the evolution of bed load transport is impacted by the frequency of the water pulses: short
interpulse durations reduce the time over which ﬁne material (transported as bed load) can be winnowed. This, in turn, contributes to declining reduction of the bed load transport over time while the sediment storage increases.

1. Introduction
Channel morphology is inﬂuenced by the spatial distribution and the local organization of particles on river
beds, which in turn result from interactions between the ﬂow and the sediment supply (rate and texture). Nonlinear effects associated with sediment transport processes induce channel responses during ﬂash ﬂood events,
which typically occur in mountain rivers and arid environments [e.g., Pitlick, 1994; Alexandrov et al., 2007], that differ from those during tranquil, steady ﬂow events [Hassan et al., 2006]. Low sediment supply regimes in mountain streams [Church and Hassan, 2002] can be disturbed by large, episodic sediment injections when channels
and hillslope are coupled. The frequency and amount of material entering the river can disturb sediment supply
regimes, leading to diverse channel adjustments [Madej, 2001] that affect both the evolution of in-channel sediment storage and bed-surface texture [Hassan et al., 2005, 2008; Madej et al., 2009; Pryor et al., 2011].
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The bed texture of gravel bed rivers is usually characterized by the presence of a coarse armor. Of interest
for sediment transport predictions and channel stability is to understand whether an armored surface vanishes or persists under ﬂood conditions. Some ﬁeld and experimental studies [Dietrich et al., 1989; Kuhnle,
1989; Lisle et al., 1993; Ryan et al., 2005; Vericat et al., 2006; Wang and Liu, 2009] suggest that surface armor
is destroyed during ﬂoods. This results in a ﬁner surface texture and a reduction of the armor ratio (the ratio
between the median size of the surface and that of the subsurface) during ﬂoods. By contrast, some studies
suggest that an armored bed surface persists during ﬂoods [Andrews and Erman, 1986; Church and Hassan,
2002; Clayton and Pitlick, 2008]. Numerical simulations [e.g., Wilcock and DeTemple, 2005; Parker et al., 2008]
have shown that an armored surface persists even during ﬂood events. The persistence or breakup of surface armor during ﬂood conditions has been explained within a unifying framework of the occurrence of
mobile armor [Parker et al., 1982; Parker and Klingeman, 1982], a coarse surface texture resulting from the
overrepresentation of coarse and inherently less mobile particles on the surface so that equal mobility is
achieved. This mobile texture gradually shifts toward the coarsest possible texture (static armor) or toward
unarmored bed as ﬂow strength (characterized by the boundary shear stress) respectively decreases or
increases [Parker, 2008].
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Although ﬂow hydrographs likely impact sediment transport, and bed surface adjustments, their effects on
river adjustments have been analyzed by only a few studies. Much of the work has been conducted on
studying the hysteretic effects of bed load transport rates and textures during hydrograhs [e.g., Lee et al.,
2004; Hassan et al., 2006; Humphries et al., 2012; Mao, 2012; Guney et al., 2013; Martin and Jerolmack, 2013;
Waters and Curran, 2015]. Of interest for this research are (i) the interactions between the bed surface composition and the bed load transport (rate and texture) and (ii) the inﬂuence of antecedent conditions of the
bed surface on sediment transport (rate and grain-size distribution) and channel adjustments during
unsteady ﬂows.
Hassan et al. [2006] observed bed load coarsening followed by a gradual ﬁning of the bed load texture during
the rising and falling limb of a hydrograph, respectively. These changes in the bed load composition were accompanied by surface texture adjustments which, in turn, were found to depend on the shape and the duration of
the rising limb of the hydrographs [Hassan et al., 2006]. Particle rearrangement and bed surface restructuring during the falling limb of hydrographs produced an increase of the reference shear stress and a consequent reduction of the sediment transport rates [Mao, 2012]. Waters and Curran [2015] reported sheltering effects produced
by gravel on sand grains which in turn reduced entrainment rates contributing to stabilize the bed.
The inﬂuence of the antecedent bed-surface texture on sediment transport rates in unsteady ﬂow events
has been studied by a number of researchers. Guney et al. [2013] found that the higher the degree of coarsening of the surface prior to a hydrograph, the lower the sediment yield during the unsteady ﬂow stage.
Reid et al. [1985] reported that long time periods of low ﬂow between ﬂoods enhanced particle interlocking
and inﬁltration of ﬁne material below the surface, increasing the strength of the bed framework and ultimately leading to a reduction of sediment transport rates. Long durations of antecedent low ﬂow contributed to consolidate and stabilize the bed, which in turn prevented particle entrainment [Waters and Curran,
2015] by allowing more time for particles to be rearranged locally into a more stable conﬁguration [Haynes
and Pender, 2007]. Further, Waters and Curran [2015] suggested that the lack of a clear trend in the hysteretic relations between the ﬂow and the sediment transport (clockwise or counterclockwise) might be partly
due to the antecedent conditions of the bed surface. Particle reorientation [Ockelford and Haynes, 2013],
clustering [Reid et al., 1985], imbrication and packing of surface grains [e.g., Reid et al., 1985; Haynes and
Pender, 2007; Ockelford and Haynes, 2013], and bed structuring [Church et al., 1998; Hassan and Church,
2000; Oldmeadow and Church, 2006] also contribute to increasing bed stability.
Except the ﬁeld study carried out by Reid et al. [1985], most of the contributions have focused on different
aspects of the fundamental response of gravel bed rivers to single hydrographs. Therefore, channel adjustments to a sequence of ﬂoods affects still remain an open question.
An experimental campaign aimed to study channel adjustments under different episodic sediment supply
regimes was conducted at Department of Geography at the University of British Columbia [von Flotow, 2013;
Elgueta, 2014]. The complex history of sediment supply during this experiment resulted in a channel with a
structured and armored bed surface and a signiﬁcant amount of sediment storage, primarily as a wedge of
sediment near the inlet and as bars farther downstream. These conditions resemble those found in mountain
streams [e.g., Reid et al., 1985; Church et al., 1998; Hassan and Church, 2000; Oldmeadow and Church, 2006].
Thus, this conﬁguration offers an opportunity to study how an armored, structured bed surface, typical of
upland gravel bed rivers, responds to a series of successive ﬂoods (water pulses). An experimental campaign
was designed with the objective of determining the inﬂuence of ﬂood magnitude and frequency on mobilizing (i) sediment accumulated in the channel and (ii) the coarse particles on the bed surface. These experiments consist of a succession of runs, each one consisting of a low-ﬂow period followed by a sudden increase
in the water discharge (pulse). The manuscript is structured as follows. First, we describe the experimental
campaign (summarizing also the conditions of the previous runs that were used as initial condition for our
experiment). Second, we describe the most important results of the experiments, focusing on the response of
the surface texture, bed load transport (rate and texture), and the bed proﬁle to a succession of water pulses.
Finally, a discussion follows on the processes associated with the surface texture evolution.

2. Experimental Arrangements
Flume experiments were carried out in the Department of Geography at the University of British Columbia.
Experiments were conducted in an 18 m-long, 1 m-wide and 1 m-deep tilting ﬂume.
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Table 1. Sediment Supply Conditions and Feed Rates of the Previous Experiment
Run
Feed
qb,f (g/m/s)

1

2

3

4

5

6

7

No feed
0

Constant
2.1

1 pulse
83

4 pulses
83

2 pulses
83

Constant
2.1

No feed
0

2.1. Initial Conditions: Surface Texture and Sediment Supply
We conducted our experiment as part of a major project examining the impact of episodic sediment supply
on bed evolution and channel adjustment. A brief description of these experiments is given below. More
details can be found in von Flotow [2013] and Elgueta [2014]. Seven consecutive runs, each lasting 40 h,
were conducted under constant ﬂow (65 L/s) but varying sediment supply rates for a total duration of 280 h
(Table 1 and Figure 1). The feed texture (Figure 2) was identical to that of the original mixture with a bed
slope of 0.0218 m/m. After 280 h, the bed surface was well armored with a mean particle size of 17 mm, an
armor ratio based on the ratio between the geometric mean grain size of the surface Dg,s and that of the
subsurface Dg,bulk of 2.7 (Figure 2) and well developed pebble clusters and surface structures [von Flotow,
2013]. This ﬁnal bed surface constituted the initial conﬁguration for our experiments (Figure 2). Over the
course of the experiment, a net accumulation of 494 kg of sediment was stored in the channel, part of it in
a wedge of sediment near the feed zone (between x 5 11.5 m and x 5 12.5 m in Figure 2) and the rest in
downstream bars [Elgueta, 2014]. Figure 1b shows the mean longitudinal proﬁles obtained after 40 and
280 h. The bed slope of this latter proﬁle was S0 5 0.022 m/m. The average thickness of sediment along the
ﬂume was 10 cm. This experiment, hereafter referred to as ‘‘previous experiment,’’ provided the initial surface and longitudinal proﬁle for the experiments presented herein.
2.2. Water Pulses Experiment
The ﬂume slope was set constant at 0.022 m/m for all runs. Due to laboratory constraints, the working
length of the ﬂume was set to 13 m. A poorly sorted sediment with a density of 2650 kg/m3, identical to the
sediment mixture texture, was used as feed material (Figure 2). Sediment was introduced by hand into the
ﬂume 13 m upstream of the channel outlet at a constant sediment rate of 2.1 g/m/s.
The material that composed the bed extended approximately 0.5 m upstream of the feeding station.
Upstream of this point, the bed was covered with ﬁxed particles having the same texture as the rest of the
bed. In each run, water discharge consisted of a constant low-ﬂow period of variable duration (DtLF), followed by a constant high-ﬂow period that lasted 1.5 h (Figure 3). Low-ﬂow and high-ﬂow (pulse) discharges
were 65 and 91 L/s, respectively (Table 2). Eight consecutive runs were conducted; the surface texture and
the bed conﬁguration at the end of each run constituted the initial conditions for the subsequent run. The
low-ﬂow period DtLF ranged from 10 h (runs 1 and 2) to 1 h (runs 5–8). The total duration of all runs was
46 h (Figure 3 and Table 2). Table 2 summarizes the most important variables for each run, distinguishing
between low ﬂow and pulses.
The geometric mean diameter and the geometric standard deviation of the mixture were Dg 5 5.65 mm
and rg 5 3.05, respectively (Figure 2). Grain size ranged from 0.5 to 64 mm, with a sand content of about

Figure 1. (a) Water discharge and sediment supply regime throughout the previous experiment. (b) Mean longitudinal proﬁles at t 5 40 h
and t 5 280 h. Flow is from right to left. qw: water discharge per unit width; qb,f: feed rate per unit width; and gb: mean bed elevation.
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20% (Figure 2). Each grain size was
painted in a different color at 1/2 2 w
intervals (w5lnðDÞ=ln2, i.e., w52/,
being / the sedimentological grain
scale).
The width and slope of the ﬂume and
the feed/bulk texture used represent a
generic 1 : 3 model (Froude similarity)
of a rifﬂe-pool sequence in East Creek,
British Columbia [von Flotow, 2013;
Elgueta, 2014]. Water discharges at
low-ﬂow and during high-ﬂow pulses
were equivalent to the bankfull discharge and a discharge 40% higher
than bank full in East Creek, respectively. Therefore, ‘‘low ﬂow’’ and ‘‘high
ﬂow’’ are just notation and are used
Figure 2. Textures of the bulk/feed (open squares) and the initial bed surface
hereafter in the paper to denote the
(ﬁlled circles) used in these experiments. Percent ﬁner curves (black lines, left
vertical axis) and percentages of the surface frequencies (grey lines, right axis)
lowest and the highest of the two
are presented.
ﬂow rates considered. The temporal
sequence of high-ﬂow pulses was chosen to study the inﬂuence of the duration of low ﬂows on channel adjustments and it does not reﬂect speciﬁc hydrological records at East Creek. Therefore, although the experiment is based on physical
characteristics of East Creek, it represents a general conﬁguration of a typical mountain gravel bed river subjected to a series of successive ﬂoods.
Before starting each run, the ﬂume was slowly saturated with ﬂow well below that needed to initiate
motion. Water discharge was then gradually increased to the desired value. Once the desired value was
achieved, sediment was fed into the channel.
The bed and water surface proﬁles were periodically measured during the runs with vertical rulers attached
to the glass of the ﬂume at about 0.5 m intervals between x 5 1 m to x 5 13 m, being the ﬂume outlet at
x 5 0 m (Figure 3). No water depth constraint was imposed at the downstream end of the ﬂume.
Mean shear stresses acting on the bed surface were obtained by means of the depth slope product. Mean
water surface slopes and the hydraulic radius between longitudinal coordinates x5 5 m and x 5 11 m were
used. Sidewall effects were removed using the procedure proposed by Vanoni [1975].
A sediment trap was placed at the downstream end of the ﬂume; it was equipped with a load cell so that
the cumulative mass of sediment leaving the ﬂume was registered continuously at 0.1 s intervals. Bed load
transport rate was calculated using ﬁnite differences by ﬁltering the cumulative mass at 120 s intervals. Spurious negative values of computed transport were discarded. Relative errors between the ﬁltered results
and the raw mass measurements for the entire experiment range between 3.6% and 3.7% (i.e., 4% for

Figure 3. Temporal distribution of (i) the water discharge during the complete series of consecutive runs (continuous line, left vertical axis)
and (ii) sediment feed rate (dashed horizontal line, right axis). Vertical grey patches depict the water pulses of 1.5 h (the same patches are
used in subsequent ﬁgures to identify water pulses). Markers illustrate the time at which different measurements were done: (i) open
squares, bed and water surface elevation proﬁles, (ii) black-ﬁlled squares, bed load from the sediment trap, and (iii) black-ﬁlled triangles,
bed scans and bed-surface texture.
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Table 2. Summary of the Most Important Experimental Variables for Each Run (Distinguishing Between Low-Flow and High-Flow
Periods)a
Run

qw (m2/s)

Dt (h)

S0 (m/m)

H (m)

sb (Pa)

Dg,s (mm)

qb (g/m/s)

Dg,b (mm)

1

0.065
0.091
0.065
0.091
0.065
0.091
0.065
0.091
0.065
0.091
0.065
0.091
0.065
0.091
0.065
0.091

10
1.5
10
1.5
5
1.5
5
1.5
1
1.5
1
1.5
1
1.5
1
1.5

0.0240
0.0219
0.0224
0.0217
0.0222
0.0217
0.0219
0.0215
0.0217
0.0216
0.0217
0.0216
0.0218
0.0216
0.0217
0.0214

0.071
0.093
0.080
0.096
0.079
0.090
0.079
0.089
0.075
0.092
0.076
0.091
0.078
0.094
0.081
0.090

15.8
19.6
14.0
16.8
13.0
15.3
13.2
15.7
11.8
15.6
12.6
15.9
12.8
15.6
13.4
15.1

15.1
14.7
14.9
15.5
15.2
15.7
14.9
15.6
15.7
15.9
15.9
15.6
15.6
16.6
15.8
16.0

0.26
6.79
0.71
5.71
0.60
4.15
0.50
2.73
0.89
3.66
1.09
1.34
0.64
1.51
0.80
1.23

5.8
5.3
4.3
4.7
3.5
5.0
3.4
5.1
3.1
5.1
4.6
4.5
4.2
5.0
4.7
4.9

2
3
4
5
6
7
8

a
qw: water discharge per unit width; Dt: duration of each run; S0: mean bed slope; H: mean water depth; sb: mean boundary shear
stress action on the bed surface; Dg,s: mean geometric mean size of the bed surface; qb: mean sediment transport rate at the outlet;
Dg,b: mean geometric mean size of the bed load transport; feed rate per unit width qb,f was kept constant throughout the experiment
to 2.1 g/m/s.

practical purposes) for time windows varying from 1 to 300 s, suggesting that potential errors introduced
by data ﬁltering were minor. The maximum relative differences in mass between ﬁltered results and raw
measurements were registered during the ﬁrst 10 h at low ﬂow when the cumulative mass of sediment was
<6 kg (the maximum mass deviation for the whole experiment ranges between 4.3 and 4.7 kg, obtained at
t  45 h when the total cumulative mass of sediment was around 198 kg). Periodically, the water pump was
turned off, the sediment feed was interrupted, the ﬂume was drained, and the sediment trap was emptied
and replaced to obtain the grain-size distribution of the collected bed load. Thus, the texture of the material
trapped at a given time is a lumped representation of the bed load transport rate of the period of time during which the trap was ﬁlled.
To determine the particle size distribution of the bed surface along the working length of the ﬂume, a photographic method was used at various time intervals (Figure 3). A camera was mounted on top of the ﬂume
and 15 images (0.7 m apart) of the bed were taken. Each surface image covered approximately 1 m of the
bed, with an overlap around 0.2 m on adjacent photographs. Each image was sampled by using an adaptation of the Wolman method based on color coded sediment at 1/2 w intervals [Zimmermann et al., 2010].
One hundred four particles per image were sampled, providing a noninvasive characterization of the bed
texture along the entire ﬂume. Due to the shadows cast by large clasts, particles 2 mm were excluded;
these particles represented, on average, 8% of each image. Bed surface elevation was also obtained by
means of laser scans at a resolution of 2 3 2 mm [Zimmermann et al., 2010]. Therefore, a digital elevation
model (DEM) of the bed was obtained at each measuring time. As detailed below, DEMs were used to
determine the longitudinal proﬁle of the ﬂume. A 5 cm-wide buffer was set on each side of the ﬂume to
avoid measurement errors near the walls. Mean bed elevations were obtained after averaging the twodimensional scan in the transverse direction. Detrended bed surfaces have been obtained from bed scans.
The bed surface of the channel, which had a three-dimensional structure, i.e., it presented zones of upward
or downward bed elevation along the longitudinal and/or transverse directions, was divided into 1 m-long
and 0.3 m-wide regions. Mean local bed slopes in the Cartesian directions were obtained for each region.
Therefore, a mean bed surface was obtained for each region. Detrended bed surface of the channel was
then obtained after subtracting the mean bed surfaces from the original bed scans. Mean detrended longitudinal proﬁles were computed after averaging detrended surfaces in the transverse direction.

3. Results
The evolution of the surface grain-size distribution throughout the experiment is presented ﬁrst, followed
by bed load transport rates and compositions, and ﬁnally the evolution of the bed proﬁle and the development of bed forms.
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3.1. Surface Texture: Armor Ratios
and Longitudinal Sorting
Due to the previous experiment [von
Flotow, 2013; Elgueta, 2014], the bed
surface was signiﬁcantly coarser than
the bulk material, with an armor ratio
of 2.7 (at t 5 0 h, Figure 2). During the
ﬁrst run, we observed slight changes in
the bed-surface texture (Figure 4a).
After the ﬁrst water pulse, the surface
texture ﬁned slightly: Dg,s decreased
about 4% decrease (Figure 4a). Overall
however, the bed surface coarsened
slightly after each water pulse, especially for runs 2–4 (DtLF 5 10–5 h)
(Figure 4a); armor ratios of the geometric mean size were 4%, 9%, and 7%
coarser than the texture at low ﬂow for
each run. Except for run 7, in which 6%
coarsening in the geometric mean size
was recorded, much less coarsening is
noticed for the last four runs
(DtLF 5 1 h). For example, only 1% ﬁning was observed in run 6 and less
than 2% coarsening for runs 5 and 8.
Longitudinal sorting was evaluated
using the mean slope, hereafter denoted
as sorting slope, SS of the geometric
mean size Dg,s and the D84 along the
study reach (Figure 4b), which were
obtained by linear regression. SS therefore represents the longitudinal variation
of a grain size is along the ﬂume. SS > 0
indicates downstream ﬁning (grain size
coarsens in the upstream direction); conversely, SS < 0 represents downstream
coarsening of the bed-surface texture.
Finally, SS 5 0 denotes a bed surface
whose grain size does not change
longitudinally. Analogous interpolation
schemes were used to analyze the sediFigure 4. (a) Temporal evolution of the mean geometric grain size and the 84
ment sorting in channels [Seal et al.,
percentile of the bed surface, Dg,s and the D84,s, respectively. Vertical bars span
6r around the mean value of D. Horizontal continuous and dashed lines depict
1997] and dunes and Gilbert-type deltas
the values of the Dg and the D84 of the bulk material. (b) Temporal evolution of
[Kleinhans, 2005; Ferrer-Boix et al., 2014].
the dimensionless sorting slope SS associated with Dg,s. Vertical lines indicate the
Downstream ﬁning (positive SS) was
mean absolute errors of between the grain size obtained with the interpolated
sorting slopes and the grain sizes along the ﬂume averaged by the working
observed throughout the runs (Figure
length. In both parts: geometric mean grain size (open squares) and 84 percentile
4b). In general (21 out of 24 measure(black diamonds).
ments), sorting slopes associated with
variations in D84,s were greater than those associated with the variations of Dg,s. The averaged SS associated
with Dg,s during the ﬁrst low-ﬂow period was 0.3 mm/m. This implies that the mean difference in Dg,s between
the uppermost and the lowermost sections of the study reach represented 10% of the averaged Dg,s within the
reach (Figure 4a). The ﬁrst pulse increased the sorting slope (greater downstream ﬁning) of Dg,s so that the difference between the upstream and downstream surface samples with respect to the mean Dg,s of the reach
was 30%. High ﬂows of runs 2–4 (DtLF 5 10–5 h) decreased sorting slopes associated with Dg,s: the mean
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sorting slopes for these three runs
at low ﬂow and during pulses were
0.6 and 0.4 mm/m, respectively. An
opposite trend was observed for
the last four pulses (DtLF 5 1 h),
when SS indicates ﬁning of the surface material in the downstream
direction: mean SS at low ﬂow and
during pulses for these latter four
runs was 0.2 and 0.5 mm/m,
respectively.
3.2. Sediment Transport: Rates
and Textures
Higher sediment transport rates
were observed during high-ﬂow
pulses than during low-ﬂow periods (Figure 5a). However, averaged bed load rates during pulses
declined in time (from 6.74 g/m/s
for the ﬁrst pulse to 1.22 g/m/s for
the last, Table 2). This gradual
declining trend was not followed
during run 5, in which a high pulse
in the bed load transport, likely
due to a passage of a bed form or
alternate bar, was noticed. During
the ﬁnal three pulses, timeaveraged bed load transport per
run was approximately constant
(mean value of 1.34 g/m/s). The
sediment transport rate during the
ﬁrst 10 h at low ﬂow remained
well below the feed rate (Figure 5a
and Table 2). A nearly threefold
increase in the averaged sediment
transport rate was observed at low
ﬂow in run 2 compared to run 1
(Figure 5a and Table 2). A gradual
decline in the bed load transport
was evident during the run 2 lowﬂow period. Some variations were
observed in the averaged sediFigure 5. (a) Bed load transport rate per unit width of channel throughout the experiment transport rate among runs
ment. The dashed horizontal line represents the sediment feed rate. (b) Time-averaged
dimensionless sediment transport rate qb as a function of the Shields number sb associ2–8 under low-ﬂow conditions:
ated with the mean geometric grain size of the bed surface. The black curve labelled MPM
rates ranged from 0.50 to 1.09 g/
in Figure 5b illustrates the sediment transport capacity according to Meyer-Peter and
m/s with a weighted average of
M€
uller as corrected by Wong and Parker [2006]. Open and ﬁlled markers refer to low-ﬂow
periods and water pulses, respectively. Adjunct numbers in Figure 5b denote the measure0.67 g/m/s (Table 2). The standard
ments of each run.
deviation of the mean sediment
transport rate of each low-ﬂow
period was 0.2 g/m/s, being the coefﬁcient of variation (COV), deﬁned as the ratio between the arithmetic
mean over the standard deviation, 0.27.
The dimensionless sediment transport rate associated with the geometric mean size of the bed load (Dg,b)
size is given by
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b
q
qb 5 pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
RgDg;b Dg;b

(1)

 b is the averaged volumetric sediment transport rate per unit width during the time that the sediwhere q
ment trap ﬁlled and the grain-size distribution of the bed load obtained (Figure 3), R is the submerged speciﬁc gravity, and g is the gravitational acceleration. The dimensionless sediment shear stress (sb Þ associated
with the geometric mean size of the bed Dg,s. sb is deﬁned as
sb 5

sb
qRgDg;s

(2)

where q is the water density. Higher values of the dimensionless shear stress sb were observed at pulses
compared to those obtained at low ﬂow (Figure 5b). The transport capacity formulae of Meyer-Peter and
M€
uller (MPM), corrected by Wong and Parker [2006] and that by Wilcock and Crowe [2003] (W-C) are plotted
for comparison—in this latter case, the texture of the initial surface texture has been used. The highest
dimensionless shear stress (sb 5 0.083) was associated with the end of the ﬁrst pulse. Lower shear stresses
were associated with the rest of the pulses (other black markers in Figure 5b), with no signiﬁcant changes
over time (sb ranges from 0.057 to 0.066 during runs 2–8). The same range of shear stresses were recorded
at low ﬂow during run 1, when dimensionless sediment transport rates were more than 1 order of magnitude lower than those registered during pulses on runs 2–8 (Figure 5b). Shear stresses during low-ﬂow periods for runs 2–8 were lower than those for run 1. Except for the ﬁrst low-ﬂow period, in which Meyer-Peter
and M€
uller sediment transport capacity signiﬁcantly overpredicts the measured bed load transport rates (by
2 or even 3 orders of magnitude), the rest of the measurements at low ﬂow can be considered acceptable
(contained in a range smaller than 1 order of magnitude). Less accurate predictions of the bed load transport are obtained at pulses.
Bed load textures, expressed as the 16th and 84th percentiles and Dg,b of the bed load, during the ﬁrst 5 h
of run 1 were highly variable (Figure 6). The Dg,b at the end of the ﬁrst low-ﬂow period was slightly coarser
than that of the feed. However, the coarsest fraction of the distribution (characterized by the D84,b) was ﬁner
than the feed.
If Dg,b is taken as a proxy for the bed load texture, temporal analysis of the bed load texture during lowﬂow periods shows a gradual ﬁning of the average bed load texture during each run: average Dg,b/Dg,f
equaled 0.90, 0.76, and 0.62 for runs 1, 2, and 3, respectively. Dg,b/Dg,f remained fairly constant, oscillating
around 0.62 during run 4 until run 5 when a slight decline to a value of 0.55 was noticed. Bed load texture
at t 5 39.5 (run 6) coarsened sharply (Dg,b/Dg,f 5 0.82) and remained approximately constant for runs 7 and
8. D16,b and D84,b mimic the Dg,b trend. These low-ﬂow results imply that the coarsest sediment supplied
was stored within the channel and did not leave the ﬂume (Figure 6).
Bed load texture during high-ﬂow pulses was coarser than that at low ﬂow. However, these differences
were only statistically signiﬁcant for runs 4 and 5 (Kolmogorov-Smirnov goodness-of-ﬁt tests between
lumped low-ﬂow and high-ﬂow pulse textures are different at a signiﬁcance level of 0.05). Bed load texture
remained ﬁner than the feeding material during high-ﬂow pulses, hence coarse fractions of sediment still
accumulated in the ﬂume even at high ﬂow. Bed load at the ﬁrst pulse exhibited the coarsest recorded texture (Dg,b/Dg,f 5 0.95). However, bed load texture remained approximately constant at a lower value for the
rest of the pulses (its average ratio Dg,b/Dg,f 5 0.86, standard deviation 0.034). Except for the ﬁrst pulse, for
which no signiﬁcant differences in the bed load texture were observed (Figure 6a), bed load texture varied
during pulses. Grain-size distributions of bed load transport progressively ﬁned throughout water pulses.
Bed load textures obtained 0.5 h after beginning of each pulse, i.e., the ﬁrst of the textures sampled during
pulses (Figure 6), were between 8% and 30% coarser than samples obtained at the end of a pulse (if Dg,b is
used to evaluate the degree of coarsening). Kolmogorov-Smirnov goodness-of-ﬁt tests show however, that
differences are not statistically signiﬁcant for any of the pulses at a signiﬁcance level of 0.05.
Fractional transport rates [Wilcock and McArdell, 1993] as applied by Hassan et al. [2006] and Ferrer-Boix and
Hassan [2014] pbi/fi, i.e., the ratio between the bed load (pbi) and the surface (fi) frequencies, for runs 1 and
8 were obtained. Because grain sizes ﬁner than 2 mm could not be identiﬁed from image analysis they have
been discarded. Thus, pbi and fi have been renormalized considering only those fractions coarser than
2 mm. No signiﬁcant differences in fractional transport throughout the experiment were noticed (Figure 7).
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Figure 6. Ratio of the D16,b (crosses), Dg,b (squares), and D84,b (black diamonds) of the bed load relative to those grain sizes Dx,f of the feed.
Black horizontal line indicates Dx,b 5 Dx,f. Relative time (abscissa axis) with respect to the starting time of the respective low-ﬂow periods
has been made dimensionless by dividing it by the duration of the low-ﬂow period. Times and durations of the water pulses are depicted
with grey patches. Note that the width of the water pulses varies among (a–h) according to the ratio between the duration of the water
pulses (ﬁxed and equal to 1.5 h) and the variable duration at low ﬂow for the same run.
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Figure 7. Fractional transport rates pbi/fi for runs 1 (open circles) and 8 (black circles) at the end of the respective (a) low-ﬂow periods and
(b) pulses. Dashed horizontal line in each part highlight full mobility (pbi/fi 5 1).

3.3. Bed Profile and Bed Forms
Minor bed elevation changes (Dgb) were observed in the mean bed proﬁle of the ﬂume along the channel
(Figure 8a). The bed at low ﬂow in run 1 alternated between periods of aggradation and degradation. However, cycles of bed aggradation and degradation observed during recurrent low-ﬂow and high-ﬂow pulses
(Figure 8a) gradually waned with time (Figure 8b). Bed elevation changed little throughout the entire 10 h
period: the net change in bed elevation was 20.27 mm. It was during the ﬁrst pulse when the most important changes in the bed elevation occurred: 6.6 mm of degradation on average, which represented 40% of

Figure 8. Temporal evolution of (a) the mean bed change (aggradation/degradation) and (b) the bed slope for each run. Different marker
types refer to different runs. Open and black markers correspond to data at low ﬂow and water pulses, respectively.
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Figure 9. Mean detrended longitudinal proﬁles for each run. The initial and the ﬁnal longitudinal proﬁles at low ﬂow for each run are presented in thin light and dark grey lines, respectively. Thick black curves in each part depict longitudinal proﬁles at the end of water pulses for each run. These proﬁles are presented as the starting proﬁles for the next run (b–h). Grey
patches in the bottom left of each part indicate the pulse period and vertical lines represent the selected times for which the longitudinal proﬁles are selected. Trains of bed forms for
each run are identiﬁed by grey patches superimposed to the detrended longitudinal proﬁles. Flow is from right to left.

the average geometric mean diameter of the bed surface throughout the experiment. During this ﬁrst 10 h
of low ﬂow, the mean bed slope S0 initially increased and then decreased (Figure 8), with a mean value for
the period of 0.024 m/m. In all subsequent low-ﬂow periods, the bed aggraded (Figure 8). General bed degradation occurred during high-ﬂow pulses because the same sediment feed rate and texture were supplied
for both low and high ﬂows. By the same token, except for the ﬁrst 10 h at low ﬂow, the channel aggraded
during subsequent low-ﬂow runs (Figure 8a). Worth noting is that aggradation was observed for the pulse
of run 5 (Figure 8a). However, we think that this aggradation reﬂects a local aggradation in the bed proﬁle:
note that overall trend of the bed proﬁle (characterized by S0, Figure 8b) was still dominated by degradation, i.e., by a decrease in S0 during the pulse in run 5. Little degradation was also noticed during pulses for
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Figure 10. Temporal evolution of (a) the mean bed elevation -g b and (b) the standard deviation rg of the mean detrended bed surfaces.
Different marker types refer to different runs. Open and ﬁlled markers correspond to data at low ﬂow and water pulses, respectively.

runs 6–8. The overall change in bed elevation during high-ﬂow pulses gradually declined with time (Figure
8a), most of this reduction occurred between pulses of runs 1 and 2. This trend in bed elevation is supported by the decreasing difference in bed slope before and after pulses (Figure 8b). Over time, pulses of
high ﬂow had declining effect on channel degradation (Figure 8b): while an 8% decline in the mean channel slope was reported after the ﬁrst pulse, this drop gradually decreased to 5%, 3%, and 2% after the second, third, and the forth pulses, respectively. Few changes were observed during the last four pulses, when
the maximum relative reduction of the mean bed slope was 1%. Bed aggradation rates during low-ﬂow
periods (measured in terms of the temporal rate of change of the mean bed slope within the entire lowﬂow duration) remained approximately constant (Figure 8b). The declining temporal trend of S0 before and
after high-ﬂow pulses therefore reﬂected the decreasing duration of low-ﬂow periods.
Unlike the minor differences in mean bed elevation during runs (Figure 8a), large local variations of bed elevation
are evident between consecutive measurements, especially before and after high-ﬂow pulses (Figure 9). The
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maximum differences between consecutive mean detrended longitudinal proﬁles before and after each highﬂow pulse rose from 615 mm for run 1 to 618 mm for run 2 (both with a low-ﬂow period DtLF 5 10 h). These differences in the bed proﬁle declined steadily in later runs: 617 and 614 mm for runs 3 and 4, respectively
(DtLF 5 5 h) and from 612 to 69 mm from runs 5 to 8 (DtLF 5 1 h) (Figure 9). Local variations in bed elevation
between consecutive mean detrended longitudinal proﬁles during low-ﬂow periods were of lower magnitude
than during high-ﬂow pulses. Local bed variations gradually increased during run 1 (from 66 to 611 mm at
t 5 1.3 h and t 5 10 h, respectively). Bed changes ranged from 69 to 613 mm during run 2 and dropped for latter runs, from 69 to 64 mm. As during high-ﬂow pulses, maximum local differences in detrended bed elevations
over the 1 h duration in the last four runs declined from 8 mm (run 5) to 4 mm (run 8).
Detrended longitudinal proﬁles present patterned irregularities in the bed elevation that were generally
identiﬁed as bed forms (Figure 9). Bed forms in the ﬁrst longitudinal proﬁle were clearly observed in two
zones: between ﬂume coordinates x 5 5.5 and 6.8 m and between x 5 7.5 and x 5 9.0 m (Figures 3 and
9a). This initial conﬁguration evolves in time according to certain patterns. Sediment deposited on the
stoss sides of bed forms increasing the elevation of the troughs during low-ﬂow periods thus smoothing
the bed. Simultaneously, the lee sides of bed forms eroded. Both processes resulted in an upstream
migration of the bed forms (Figure 9). High-ﬂow pulses disrupted the longitudinal structure of bed forms
by enlarging both their wavelengths and amplitudes. For the ﬁrst three low-ﬂow runs (DtLF 5 10 h and
5h), g b , the mean bed elevation of the detrended bed surface, gradually increased (Figure 10a). Because
the upstream migration of bed forms took place without signiﬁcantly altering the bed elevations of their
crests (Figure 9), an increase of g b is attributed entirely to the deposition of material in troughs between
bed forms. The combined effect of (i) relatively constant elevations of the bed form crests (Figure 9) and
(ii) the increase of the elevations within troughs (Figures 9 and 10a) throughout low-ﬂow runs resulted in
a gradual decline of the bed forms amplitude, reﬂected by a decrease in the standard deviation of the
detrended surfaces rg (Figure 10b). High-ﬂow pulses increased the amplitude of the bed forms (Figure 9)
which is reﬂected in the increase in rg (Figure 10b). While bed forms were clearly noticed for the last four
runs (DtLF 5 1 h), a more complex and less evident temporal evolution of their magnitude and wavelength were observed (Figure 10b): rg slightly decreased during the last four low-ﬂow periods while a
small declined was noticed after the pulse in run 5 and nearly no change in rg was reported after the
high-ﬂow pulse in run 6.

4. Discussion
4.1. Armor Persistence: The Role of Bed Structures
The initial bed upon which these experiments were conducted was conditioned by 280 h of constant ﬂow
and varied episodic sediment supply, which resulted in a coarse and structured bed surface (e.g., pebble
clusters and cells), development of a sediment wedge, and development of alternate bars downstream of
the wedge [von Flotow, 2013; Elgueta, 2014]. These initial conditions signiﬁcantly inﬂuenced the response of
the channel to both low-ﬂow and ﬂood pluses. This initial conﬁguration is comparable to that of natural rivers where ﬂow interacts with the bed and ﬂood history dictates bed conﬁguration [e.g., Oldmeadow and
Church, 2006; Ockelford and Haynes, 2013]. In this sense, our experimental results represent realistic conditions for natural rivers.
Before discussing the persistence or breakup of the initial surface texture throughout the experiment, we
aim to characterize its grain-size distribution. The question at hand is whether the surface texture resulting
from the previous 280 h-long experiment coarsened to its maximum degree (i.e., static armor). The theoretical grain-size distribution of the static armor, denoted as fa,i, associated with the mixture frequency distribution (fbulk,i) used in this study (Figure 2) has been estimated following the procedure suggested by Parker
and Sutherland [1990]:
fbulk;i Dgi a
fa;i 5 P
fbulk;i Dgi a

(3)

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
where Dgi is the geometric mean diameter for each grain size (obtained as Dgi 5 Di Di11 where Di and Di11
are the lower and the upper grain-size bounds or by the arithmetic mean of the bounds of each grain-size
class in w-scale). a in equation (3) is an exponent initially determined equal to 1.35. A better performance of
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equation (3) was obtained by Parker and Sutherland [1990] after a was adjusted to 1.12. Using a 5 1.12
yielded a theoretical particle size distribution of the bed surface statistically similar (K-S at the 0.05 level) to
that of the initial conditions of our experiments. Because we observed no statistical difference in bedsurface texture throughout the experiment (Figure 4a), this implies the bed surface had coarsened to its
maximum degree for the ﬂows used.
Bed structures were identiﬁed on the initial surface following the same procedure outlined by Church et al.
[1998] and Hassan and Church [2000]. These structures were identiﬁed by eye as cells, clusters, and transverse and longitudinal structures [von Flotow, 2013; Repetti, 2014]. The development of a static armor is
characterized both by an accumulation of coarse particles on the surface and by the way in which these
particles organize themselves into structures that reduce the mobility of surface grains [Parker, 2008] and
enhance bed stability [Church et al., 1998].
The inﬂuence of the bed structures and bed forms on bed stability and their response to water pulses are
analyzed using measured dimensionless bed load transport rates and associated dimensionless shields
shear stresses (Figure 5b). We use the modiﬁed sediment transport capacity derived by Meyer-Peter and
M€
uller [Wong and Parker, 2006]. This equation, as many other sediment transport capacity formulae, estimates the bulk sediment transport rate for a given mean boundary shear stress. However, MPM equation
does not include the presence of mixtures, bed structures, or bed forms. Therefore, a certain degree of
uncertainty is associated with its use for a sediment transport rate prediction. However, since the texture
of the feed was maintained constant, the ﬂow conditions and the bed-surface texture did not change signiﬁcantly throughout the experiment (Figures 4a and 5b), it seems reasonable to assume that the degree
of uncertainty in the sediment transport predictions is approximately constant throughout the experiments. Therefore, the estimates of the sediment transport rate provided by MPM equation can be used
to infer the relative inﬂuence of the bed structures during the experiment. Similar approaches have been
used by Dietrich et al. [1989], Church et al. [1998], and Hassan and Church [2000]. It was found that sorting
processes were affected by the duration of low ﬂow between ﬂood pulses. Since bed load transport is
inﬂuenced by sediment sorting, the evolution of bed load transport is impacted by the frequency of the
water pulses: short interpulse durations reduce the time over which ﬁne material (transported as bed
load) can be winnowed. This, in turn, contributes to declining reduction of the bed load transport over
time while the sediment storage increases. To this end, we hypothesize that any negative departure in
measured qb from the theoretical sediment transport capacity (if the measured value is less than that predicted) is attributed to the presence of bed structures and bed forms, to supply-limited conditions, or to
both. Because cumulative volumes of sediment leaving the ﬂume were well below feed volumes (Table 2
and Figure 5), supply limitation is discarded as a potential cause for reduced sediment transport. Therefore, the presence of bed structures and bed forms is the most plausible cause limiting sediment transport rates.
Comparison of sb calculated for observed dimensionless bed load transport qb (Figures 5b) with the measured values provides an estimate of the percentage of shear stress absorbed by bed structures and bed
forms. Our calculations suggest that, on average, bed structures and bed forms reduced about 20% of shear
stress during the ﬁrst low-ﬂow period (14% for the longitudinal proﬁle obtained after 1 h at low ﬂow). Forty
percent reduction in shear stress is obtained if the Wilcock and Crowe [2003] equation (W-C) is used. During
this period, the presence of bed forms was limited to two spots covering less than half of the ﬂume length
(Figure 9a). Thus, this reduction was likely caused by the presence of bed structures (with a minor implication of the bed forms in this reduction). Low sediment transport rates registered throughout the ﬁrst lowﬂow period strengthen this idea. The proportion of shear stress reduced by bed structures and bed forms
rises to about 33% during the ﬁrst high-ﬂow pulse (20% if the W-C is used). By that time, bed forms were
widespread across the channel bed (Figure 9a). Therefore, we cannot discern whether bed forms or bed
structures were the principle cause of this high proportion of the shear stress consumed during the ﬁrst
high-ﬂow pulse. The average percentage of shear stress absorbed by structures/bed forms declines to 10%
when using the MPM equation—and to 20% if W-C is used—during the second low-ﬂow period. Bed forms
were more prevalent in run 2 than in run 1 at low ﬂow (Figures 9a and 9b). Therefore, bed forms, rather
than bed structures likely played a larger role in reducing shear stress. These results imply that, regardless
of sediment transport equation used—MPM or W-C—the part of the shear stress absorbed by bed structures and bed forms was reduced by half after the ﬁrst pulse. In fact, these magnitudes can be interpreted
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as a minimum reduction of the shear stress by bed structures.
On one hand, in order to meet the increase the sediment
transport at low ﬂow during run 2 compared to that in run 1,
sri
the effective shear stress (the total boundary shear stress
minus the fraction taken by bed forms and/or bed structures)
Run 1
Runs 2–8
Di (mm)
should be higher in run 2 than in run 1. However, and as
53.8
0.013
0.012
38.1
0.019
0.016
stated above, bed forms were more present in run 2 than in
26.9
0.028
0.023
run 1 at low ﬂow (Figures 9a and 9b). Therefore, if bed forms
19
0.040
0.032
are considered, the fraction of the shear stress absorbed by
13.4
0.055
0.046
9.51
0.077
0.066
bed structures should be higher than that obtained above.
6.73
0.11
0.092
Finally, if bed structures did not play any role in reducing the
4.76
0.15
0.13
total boundary shear stress and all the reduction was caused
3.36
0.22
0.18
2.38
0.29
0.26
by the presence of bed forms, the combined effect of (i)
higher presence of bed forms in run 2 than in run 1 at low
ﬂow and (ii) the higher sediment transport rate in run 2 than
in run 1 could not be explained based on excess of boundary shear stress with respect the critical condition.
For all this, we think that bed forms played a secondary role in reducing shear stress. The magnitude of
shear stress reduction we computed is in agreement with the results obtained by Hassan and Church
[2000], who report that the percentage of shear stress reduced by bed structures ranges from 15% and 50%
of the total boundary shear stress.
Table 3. Results of the Dimensionless Reference
Shear Stress for Each Grain Size for Runs 1 and 2–8
at Low Flow

The ﬁrst pulse of high ﬂow likely dislodged coarse particles (which in a structured bed only move sporadically) [Hassan and Church, 2000], opened structures, and led to reduced bed stability [Church et al., 1998].
Such loosening of structures resulted in an increase of bed load transport, which in turn reduces the differences between measurements and predicted bed load transport (Figure 5b). The drop in the percentage of
shear stress reduced by the presence of bed structures/bed forms between runs 1 and 2 at low ﬂow (from
about 20% to 10% or from 40% to 20% if MPM and W-C are used, respectively) partly accounts for the
nearly threefold increase in average sediment transport rate (Table 2). However, even when bed structures
were loosened, armor texture was still present (Figure 4a). As pointed out by Parker et al. [1982], such preservation is possible because on an armored surface, even though there is continuous exchange of particles
between the surface and the bed load, sediment transport takes place over small areas of the bed.
The bed surface structures loosening and its effects on the sediment transport rates before and after the
ﬁrst high-ﬂow pulse have been analyzed by means of the evolution of the dimensionless reference shear
stress sri associated with the ith grain size. This dimensionless shear stress is usually associated with a low
but quantiﬁable sediment transport
rate Wi [e.g., Parker and Klingeman, 1982; Parker, 1990; Wilcock and


3=2


Crowe, 2003], where Wi 5qbi = Fi si
being qbi , Fi and si the Einstein number—equation (1)—the surface
fraction frequency and the Shield dimensionless shear stress—equation (2)—associated with the grain size
Di , respectively. Mean values of the reference shear stress for grain sizes coarser than 2 mm have been
obtained by ﬁtting lines to our experimental results of Wi versus si and imposing Wi 5 0.002. Similar methodology had been previously applied by Mao [2012], Guney et al. [2013], and Waters and Curran [2015]
among others. A 15% reduction of the mean dimensionless reference shear stress for during runs 2–8 at
low ﬂow compared to that during run 1 for the same ﬂow rate was observed (Table 3). Differences in particle entrainment between rising and falling limbs of stepped hydrographs have been associated with
changes in particle rearrangement [Mao, 2012] or to complex bed surface with presence of gravel and sand
patches [Waters and Curran, 2015]. In our experiment, the reduction in the reference shear stress was likely
produced by the loosening of bed structures present on the channel [Elgueta, 2014; von Flotow, 2013]. This
reduction in reference shear stress contributed to the threefold increase of bed load transport at low ﬂow
after the ﬁrst water high-ﬂow pulse.
4.2. Surface Sorting and Bed Load Transport Rates: Influence of Sediment Storage
Another question that arises concerns is what are the reasons for the gradual decline in bed load transport
rate during high-ﬂow pulses under likely transport-limited conditions (mainly because of the storage of
sediment during the previous experiment that ensured high sediment availability) (Figure 5b and Table 2).
Dimensionless sediment transport rates appear disconnected from measured Shields numbers (Figure 5a
and Table 2). The greatest values of qb registered during the ﬁrst and second high-ﬂow pulses occurred
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with 20% drop in sb was noticed between them, and a subsequent gradual in transport rate coincided with
a relatively constant value of sb (0.062). Thus, another physical explanation must account for the gradual
decline in sediment transport rates with time.
One explanation for this decline in bed load transport is found in the way that sediment sorted along the
ﬂume. A sharp increase in the sorting slope (measured in terms of the armor ratio of the geometric mean
size) was observed after the ﬁrst high-ﬂow pulse (Figure 4b). Thus, downstream ﬁning increased after this
pulse. Because averaged geometric mean size remained stable throughout the run (Figure 4a), an increase
in the sorting slope implies that more ﬁne material was deposited in the lower reach of the ﬂume. This
material, intrinsically more mobile, along with the loosening of surface structures, contributed to the
increase of sediment transport at low ﬂow in run 2 (Table 2). During this low-ﬂow period, bed load transport
and its texture were well below and ﬁner than the sediment feed rate (Figures 5a and 6b). This implies that
sediment-supplied fractions coarser than the median grain size accumulated on the surface at low ﬂow. The
introduced material most likely concentrated in a wedge of material near the upstream end of the ﬂume
[Wilcock, 2001; von Flotow, 2013; Elgueta, 2014; Ferrer-Boix and Hassan, 2014]. It contributed to the gradual
increase in sorting slope (downstream ﬁning) throughout the second period of low ﬂow (Figure 4b), which
again implied a higher presence of ﬁne particles in the distal reach of the ﬂume. Thus, a high proportion of
ﬁne material was available for transport during the second high-ﬂow pulse (Table 2). In contrast to the ﬁrst
high-ﬂow pulse, the second pulse reduced the sorting slope (Figure 4b), that is, sediment became less ﬁne
longitudinally. This change in sorting slope can be interpreted as a partial removal of the upstream wedge
of material, because some coarse particles moved downstream. The same sequence of the sediment transport rate, and sediment sorting on the bed surface described for run 2 is repeated for runs 3 and 4, where
the duration of the low-ﬂow periods (5 h) allowed some increase in downstream ﬁning (Figure 4b). The
duration of subsequent low-ﬂow periods (DtLF 5 1 h) was not long enough to longitudinally sort sediment.
This lack of longitudinal sorting limited the availability of ﬁne sediment in the lower reaches of the ﬂume
which can be transported by high-ﬂow pulses. This reduction in ﬁne sediment availability, which arises from
the short duration of the low-ﬂow periods,) was the most important cause of the gradual decline of bed
load transport (Figure 5a and Table 2). These results imply that in natural mountain streams, sediment storage and bed-surface texture can remain stable under low to moderate ﬂood events. Under these events,
the time elapsed between ﬂoods might contribute, however, to reduce the sediment storage: the longer
the time between ﬂoods, the most likely the reduction in sediment storage.
Guney et al. [2013] claimed that good predictions of bed load transport under unsteady ﬂows must take
armor ratio into consideration. Waters and Curran [2015] highlighted the effects of the antecedent ﬂow conditions and the complexity of the surface conﬁguration in sediment transport patterns. These effects were
embedded in the reference shear stress. Our research demonstrates, however, that sediment sorting along
the bed is also an important factor for bed load transport predictions and for channel adjustments. Similar
conclusions were derived from two studies on river equilibrium and on bank erosion [Pitlick et al., 2008,
2013, respectively]. As in our experiments, they concluded that subtle changes in boundary shear stresses
or bed grain-size distribution along the channel can have large effects on sediment transport. Further, they
found that these changes might not directly correlate in adjustments of bed proﬁle.
Although not studied in these experiments, the magnitude of the ﬂoods might contribute to reduce of inchannel sediment storage. Low and high-ﬂow rates in our experiments were similar to bank full and 1.4
times bankfull discharge of a small mountain stream, respectively. We believe that the sediment stored in
similar rivers might be disturbed under stronger ﬂood events.

5. Conclusions
We examined changes of gravel bed channels to a series of experimentally manipulated hydrograhs. Hydrographs consisted of low-ﬂow periods of variable duration followed by a high-ﬂow pulse (ﬂood) of 1.5 h
duration. Our experiments were preceded by a 280 h-long experiment that produced an armored and structured surface texture and signiﬁcant sediment storage along the channel. This conﬁguration, which can be
found in mountain gravel bed rivers, constituted the initial condition for our runs.
Persistently waning cycles of bed aggradation and degradation were observed during recurrent low-ﬂow
and high-ﬂow pulses. An invariant armored surface texture persisted throughout the experiment. However,
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particles that formed textural structures at the beginning of the experiments were partially dislodged,
reducing particle imbrication, and permitting an increase in bed load transport. Disruptions of textural structures was particularly notable after the ﬁrst high-ﬂow pulse when the proportion of boundary shear stress
reduced by the bed structures dropped from 20% during the ﬁrst low-ﬂow period to 10% during the second
low-ﬂow period. Further, a 15% reduction of the reference dimensionless shear stress after the ﬁrst highﬂow pulse contributed to increase sediment transport rate during run 2 at low ﬂow.
Throughout the experiment, the bed-surface texture ﬁned in the downstream direction. We found that the
degree of downstream ﬁning was affected by the duration of low-ﬂow periods between high-ﬂow pulses:
the longer the low-ﬂow period, the greater the downstream ﬁning. By contrast, the degree of downstream
ﬁning was less following high ﬂow and the degree to which it lessened was related to the duration of the
preceding low ﬂow. Changes in sorting processes related to the duration of low ﬂow caused a gradual
decline of the rate of bed load transport during high-ﬂow pulses, which was the most important channel
adjustment registered throughout the experiment.
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