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Abstract

Steep, boulder bed streams often contain sediment patches, which are areas of the
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distributions (GSD). In sediment mixtures, the underlying GSD affects the critical
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Shields stress for a given grain size, which is commonly predicted using hiding func-
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GSD on relative sediment mobility between sediment patches is poorly understood.
We explore the effects of patch-scale GSD on sediment mobility using tracer parti-
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patch classes within a steep stream. Hiding functions for all tested patch classes were
similar, which indicates that the same hiding function can be used for different pat-
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with lower patch median grain size (Dsg) suggesting that patches control the relative
mobility of each size through both the underlying GSD and local shear stresses. The
effects of the underlying GSD partly depend on grain protrusion, which we measured
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larger grains regardless of patch class, but for a given grain size, protrusion was
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increased with smaller patch Dsq. For a given grain size, higher protrusion results in
greater applied fluid forces and reduced resisting forces to partly explain our lower
critical Shields stresses in finer patches. Patches therefore can importantly modulate
relative sediment mobility through bed structure and may need to be included in
reach-scale sediment transport and channel stability estimates.
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1 | INTRODUCTION Balachandar, 2012; Wiberg & Smith, 1987). The onset of particle

motion is typically represented by the dimensionless reach-averaged

The success of river restoration and instream construction (e.g., bridges
and channel bank reinforcements) projects rely on accurate estimates
of the flows that initiate sediment motion (Malakoff, 2004; Palmer
et al, 2005; Skidmore et al., 2001). However, orders of magnitude
errors often exist in predicted bedr transport rates in steep (gradient
>3%), boulder bed streams (Bathurst, 1987; D’Agostino & Lenzi, 1999;
Rickenmann, 1997). These errors partly stem from the difficulty in
accurately determining the onset of sediment motion (Beheshti &
Ataie-Ashtiani, 2008; Diplas et al., 2008; Houssais et al., 2015; Lee &

shear stress (12) needed to move a certain grain size (D;) (Beheshti &
Ataie-Ashtiani, 2008; Diplas et al., 2008; Houssais et al., 2015; Lee &
Balachandar, 2012; Shields, 1936; Wiberg & Smith, 1987):

= (1)

where ., is the critical shear stress required to move D;, g is accelera-

tion due to gravity and p, and p,, are the densities of sediment and
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water, respectively. For heterogeneous mixtures of sediment, the

critical Shields stress for a given grain size often varies with D; and the
underlying median grain size (Dsp). The relative mobility of each grain

size can be calculated with hiding functions, which have the form:

* * D‘ o
¢ = Teso <D5,0> (2)

where y and 7, are empirically fit values for the hiding function expo-

nent and the critical Shields stress for the Dsq, respectively.

T,

Hiding functions indirectly represent the fact that small grains are
often hidden from the flow within the matrix of the bed material,
whereas larger grains can extend higher in the flow. Hiding functions
also indirectly incorporate the fact that the mobility of a given grain
size depends on the grain size distribution of the underlying bed,
which can shelter or expose surface grains. Thus, small grains within a
wide mix of grain sizes can have higher critical Shields stresses than
estimated with their weight alone, whereas coarser grains can become
more mobile relative to their weight. The exponent of the hiding func-
tion could range in theory between —1 (all grain sizes move at the
same Shields stress; hiding effects counteract weight effects) and
0 (only weight effects control motion).

Hiding functions can vary widely between different streams
(e.g., Buffington & Montgomery, 1999) and this is partly because
these equations are typically developed using reach-averaged shear
stresses, reach-averaged Dso and reach-averaged D; mobility. The
onset of sediment motion instead occurs at the particle scale when
the stabilizing force that is a function of grain weight, intergranular
friction, protrusion (vertical distance a grain extends above surround-
ing bed sediment) and pivot angle (the angle through which a grain
must pivot) is exceeded by the driving forces of drag and lift
(Schmeeckle et al., 2007; Wiberg & Smith, 1987; Yager et al., 2018),
which are influenced by protrusion and local flow conditions. In
natural stream beds, the heterogeneous arrangement of sediment
creates a distribution of possible surface positions for each grain size,
which influences pivot angles, intergranular friction, and protrusion.
Different particle positions relative to the thalweg or to flow
obstructions can also influence the local flow field and drag and lift
forces. Larger pivot angles have been associated with greater resisting
forces that impede grain motion (Buffington et al., 1992; Hodge
et al,, 2013; Kirchner et al., 1990; Prancevic & Lamb, 2015). However,
recent evidence suggests that pivot angle could have a negligible
influence on sediment entrainment compared to other variables
(Hodge et al., 2020). Intergranular friction incorporates the effects of
particle interlocking, particle arrangement, bed compaction and dila-
tion, and bed porosity and increases particle resistance to motion
(e.g., Clnez et al., 2022; Hodge et al., 2013; Yager et al., 2018). While
decreasing grain burial and therefore bed resisting forces (Yager
et al., 2018), greater protrusion can increase drag forces and decrease
lift forces (Schmeeckle et al., 2007). The net result is that grains
typically become easier to move as their protrusion increases
(Buffington et al., 1992; Hodge et al., 2020; Hodge et al., 2013;
Kirchner et al., 1990; Masteller & Finnegan, 2017; Voepel et al., 2019;
Yager et al., 2018).

In particular, protrusion has been identified in many studies as a
key control on particle mobility and is therefore a strong potential

influence on the hiding function exponent. Larger grain sizes may

feature larger protrusions than smaller grains (e.g., Kirchner
et al., 1990), which is often used to indirectly explain hiding effects.
The underlying bed grain size distribution (GSD) could also influence
protrusion through the creation of different sized pockets or grain
burial, which could control the strength of hiding effects. Therefore,
variations in protrusion between rivers may partly explain the wide
range of observed hiding functions. Concurrent measurements of par-
ticle protrusion and the onset of sediment transport, which is needed
to construct hiding functions, have not occurred to test the impor-
tance of protrusion in controlling both the occurrence of hiding
effects and the strength of these effects.

Some of the variability in hiding functions is also likely because
of spatial variations in GSD and flow hydraulics within a given river,
which are particularly pronounced in steep mountain streams
(Monsalve et al., 2016; Yager et al, 2012a). Grains are often
organized into patches, where the borders of each patch can be
visually defined by a distinct change in GSD, indicating a delineation
between patches (Buffington & Montgomery, 1999; Dietrich
et al., 2005; Monsalve et al., 2016; Yager et al., 2012a). Some studies
have shown that the relative mobility of a given grain size changes
with patch GSD; small grains may preferentially move from fine pat-
ches compared to coarse patches (Lisle, 1995; Vericat et al., 2008).
This change in the mobility of a given grain size could be driven by
patch GSD effects on grain protrusion as well as the flow conditions
that are dictated by each patch. For example, small grains on fine
patches could have high protrusions, whereas on coarse patches,
small grains may have low protrusions and be more difficult to move.
However, in other studies, a given grain size moved at the same flow
magnitude for all underlying patch GSD (Dietrich et al., 2005; Yager
et al., 2012b), suggesting that local protrusion and flow hydraulics do
not affect sediment motion. For example, coarser patches could
systematically be subjected to higher near-bed stresses than fine
patches thereby possibly increasing local grain mobility (Monsalve
et al., 2016). Therefore, the control of local GSD on protrusion and
the influence of both local GSD and shear stresses on hiding
functions is currently not known.

Finally, these uncertainties about local GSD effects on protru-
sion and hiding functions cannot be addressed without accurate
measurements or predictions of protrusion. No generally applicable
predictive relation exists to calculate protrusion and no universal
definition of protrusion exists. Protrusion (or similar terms, projec-
tion and exposure) has been defined as the grain height relative to
the elevation of the immediate upstream grain (Wiberg &
Smith, 1987) or the difference between the maximum height of a
particle of interest and the height of surrounding grains a distance
Dg, around the grain (Hodge et al., 2013; Kirchner et al., 1990). The
relative elevations of grains farther upstream of the neighbouring
particle may still cause sheltering for the particle of interest but
the distance over which protrusion needs to be calculated is not
currently known.

To address these key uncertainties about protrusion, we focus on
determining: (i) the influence of upstream measurement distance on
protrusion, (ii) the influence of patch GSD on protrusion of a given
grain size and (iii) a general equation to estimate protrusion using the
underlying patch GSD. We measured grain protrusions at multiple
spatial scales on different patch classes in a steep, step-pool channel

to answer these questions. To understand how the relative mobility of
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a given grain size varies with patch GSD, we measured tracer grain
motion (painted, numbered and tagged rocks placed on the stream
bed) from the same patch classes as those used for the protrusion
measurements. We then developed hiding functions for each patch
class and all patch classes combined using tracer particle motions and
patch-scale shear stresses, which were estimated with a quasi-3D
model (Monsalve et al., 2016). Finally, we compared these hiding func-
tions between patch classes to determine the: (i) variation of hiding
functions between patch classes, (ii) role of shear stress uncertainty in
controlling hiding functions, (iii) influence of patch GSD on the critical
shear stress for a given grain size and (iv) the potential role of protru-
sion in controlling these hiding functions.

2 | METHODS AND MATERIALS

21 | Study site

We conducted field work (June to August of 2011) in the Erlenbach
(Brunni, Switzerland), which is managed by the Swiss Federal Institute
for Forest, Snow and Landscape Research (WSL) and is characterized
by frequent sediment-transport events. This field site has been
described in depth with a detailed site map in previous studies
(e.g., Beer et al.,, 2015; Burtin et al., 2016; Masteller et al., 2018;
Nitsche et al., 2011; Rickenmann, 1997; Rickenmann et al., 2012;
Rickenmann & McArdell, 2007; Schneider et al., 2015; Turowski
et al, 2009; Wyss et al., 2016; Yager et al., 2012, 2012a, 2012b),
and we only focus on the relevant details for this study. The runoff
regime in the Erlenbach catchment is nivo-pluvial with peak
discharges caused by intense flash floods during the summer (Molnar
et al., 2010; Schneider et al., 2015). The WSL measures discharge
every 10 minutes at the downstream boundary of our reach (Beer
et al., 2015; Rickenmann & McArdell, 2007) and sediment transport
has been recorded during storm events with discharges between 0.1
and 12 m®/s (Rickenmann et al., 2012; Turowski et al., 2009). Our
study reach is 50 m long, 4.7 m wide, steep (10% reach-averaged bed
slope), has a bankfull discharge of 1.7 m%/s (Nitsche et al., 2012) and
is characterized by boulder steps that remain emergent at lower flow
events, become fully submerged at higher discharges, and rearranged
at discharges between 7 and 10 m®/s (Turowski et al., 2013) that
occur infrequently (=25 years).

2.2 | Defining patches

To characterize the spatial variability of grain size distributions
within our reach we created a sediment patch map following the
methods outlined by Yager et al. (2012a) and Monsalve et al. (2016).
In the field each patch was visually delimited by identifying a clear
change in surface texture and characterized by the dominant surface
grain size class (e.g., sand (<2 mm), gravel (2-63 mm), cobble (64-
256 mm) and boulder (>256 mm)) according to the classification
method of Buffington & Montgomery (1999). If at least 5% of the
patch surface was occupied by one or more size classes, a subdomi-
nant grain size class amended the name (e.g., gC classification:
dominant cobble, subdominant gravel). During data processing we
amended the patch classification (7% of all patches) if the pebble

count indicated a different grain size classification than what we had
estimated visually (e.g., cG became a gC). We identified a total of six
patch classes distributed into 62 individual patches. The final patch
map and GSD for each patch class can be found in Monsalve et al.
(2016) and a detailed patch map can also be found in the supporting
information.

2.3 | Grain size distributions

To characterize the GSD for each patch class we conducted pebble
counts on multiple patches within each patch class until a representa-
tive sample was collected (Wolman, 1954). The total number of grains
measured on each patch class were: 121 grains on two patches (G),
121 grains on three patches (cG) and 123 grains on three patches
(gC). We used a grid to sample grains with the spacing being greater
than the largest grain size on the patch to avoid resampling large
grains. Grain sizes were measured in half-phi intervals using a
gravelometer. Further details on the pebble counts can be found in
Monsalve et al. (2016).

24 | Tracer grains

We monitored tracer grain movements after 9 transport events in
2011 (Table 1), of which a subset of these storm events was used to
predict local shear stresses by Monsalve et al. (2016). Rocks for tracer
grains were collected immediately upstream of our study reach to
avoid disturbing our site and were sorted into half phi size classes
(11 to 128 mm) using a gravelometer. Grains 32 mm and larger were
implanted with a radio-frequency identification (RFID) tag, which was
placed into a cavity made with a drill press and fixed in place using
epoxy (Lamarre et al., 2005; Schneider et al., 2014). Then, each grain
size class was painted a unique colour and each individual grain was
uniquely identified by a written number on the grain surface. Grains
smaller than 32 mm were also painted based on their half phi size
class, and then identified uniquely with a written number on the grain
surface. The primary three axes and weights were measured for all
tracers.

To optimally characterize the most common patch classes of the
potentially mobile portion of the bed (Monsalve et al., 2016; Yager
et al, 2012a), we populated cobble-Gravel (cG), gravel-Cobble (gC),
and Gravel (G) patches (28%, 17%, and 14% of total bed area respec-
tively) with tracer particles. We matched the installed tracer size dis-
tribution to that of each underlying patch such that the original patch
class GSD was not altered. We placed a relatively small amount of
tracer grains, approximately 20 tracers/m? of bed surface to avoid
overpopulating a certain patch (Table 1). With the dual purpose of
placing tracer grains in natural positions and avoiding changing the
patch GSD, we removed in-situ grains in random locations and rep-
laced them with tracers in the same approximate position and orienta-
tion. Hereinafter, we refer to these patches with matching tracer and
patch GSD as fully populated patches. Tracers were installed in fully
populated patches at the beginning of the summer season and mobi-
lized tracers out of these patches were periodically replaced with new
particles between storm events to ensure a sufficient sample size for

all events.
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TABLE 1 Mobile Dg4 used in hiding functions and the number of
grains (n) used to calculate the mobile Dg4 during each peak discharge
(Qp) for each patch class (G, cG and gC). The maximum grain size
(Dmax) present for each patch class and the number of installed grains
(n) is indicated. To contextualize the flows that we measured, the
magnitude of the bankfull discharge is 1.7 m%/s.

Mobile
grains Installed grains
Patch Dg4 Drnax

Date class Q (m3/s)  (mm) n (mm) n
4-Aug G 0.173 16 1 128 45
8-Jul G 0.273 23 1 128 89
10-Aug G 0.522 22 4 128 47
17-Jul G 0.600 21 2 128 47
24-Jul G 0.611 NA 0 128 41
20-Jul G 0.690 27 4 128 44
13-Jul G 0.838 11 1 128 46
7-Aug G 0.888 78 4 128 44
10-Jul G 0.890 45 15 128 54
30-Jun G 2.103 50 18 128 40
4-Aug cG 0.173 16 7 256 44
8-Jul cG 0.273 87 5 256 88
10-Aug G 0.522 64 13 256 33
17-Jul cG 0.600 110 4 256 38
24-Jul cG 0.611 45 1 256 31
20-Jul cG 0.690 16 20 256 49
13-Jul cG 0.838 74 11 256 68
7-Aug cG 0.888 90 27 256 35
10-Jul cG 0.890 90 17 256 48
30-Jun  cG 2.103 74 11 256 21
4-Aug gC 0.173 16 10 364 46
8-Jul gC 0.273 64 15 364 129
10-Aug  gC 0.522 38 23 364 50
17-Jul gC 0.600 90 6 364 53
24-Jul gC 0.611 104 5 364 36
20-Jul gC 0.690 64 29 364 52
13-Jul gC 0.838 90 20 364 56
7-Aug gC 0.888 90 24 364 47
10-Jul gC 0.890 90 36 364 76
30-Jun  gC 2.103 64 43 364 59

Fully populated patches were not always submerged during lower
flow events that could transport sediment. We therefore also placed
large tracer sizes (90 and 128 mm) in cG, gC and C (5% of total bed
area) patches that were always submerged to ensure that we
observed entrainment of large grains. These patches were not popu-
lated with a full distribution of grain sizes and are hereafter defined as
submerged patches. When tracers moved out of the fully populated
patches, they often deposited on continually submerged patches.
Tracers also were fluvially re-located to other patch classes on which
we had not installed any tracers: Boulder, boulder-Cobble, and
boulder-gravel-Cobble (26%, 8% and 2% of total bed, respectively).

The placed tracers were likely less stable than in-situ grains,

which would cause tracer grains to move at lower peak discharges

than naturally deposited grains (Schneider et al., 2014). However, the
first mobilization of tracer grains has been previously used in
published studies (e.g., Olinde & Johnson, 2015). We included the
first tracer motions to (1) treat all tracers consistently between the
patch classes (gC, cG, G) of interest and (2) avoid having a low
sample size of mobile grains and storm events. In general, our tracer
recovery rate for all grain size classes after all storm events ranged
from 35%-92% and averaged 76%, which is in the range of typical
recovery rates (e.g., Lamarre et al., 2005; Olinde & Johnson, 2015).
The lowest recovery rate was due to a large storm event that
either buried or transported tracers out of the study reach into
a sediment retention basin that is immediately downstream of
the reach.

The methods we used to record tracer locations were (1) a total
station survey, (2) the horizontal distances of the tracers from three
local surveyed and spray-painted fixed points and (3) photographs
taken parallel to the bed (plan view) using a camera fixed to a
level-mounted pole, to visualize both tracer grains and surveyed fixed
points. Although the total station was the most accurate method and
was used as much as possible (three surveys measuring 287 grain
locations season-wide), we often relied on methods 2 and 3 because
they were readily available immediately after storm events and faster
to document all tracer positions before the next immediately
incoming storm event. Storm events lasted a few hours to multiple
days and some events occurred in quick succession (see Table 1).
The discharge between all events declined below that needed to
mobilize tracer particles and allowed us to visually see the bed and
the particles. Coordinates for tracers using method 2 were identified
by defining a circle centred on each surveyed fixed point with the
radius set by the measured distance to the tracer. Then, we found
the area of overlap for the three circles and the tracer coordinates
were at the centroid of this overlapping area. Tracer coordinates
were found using method 3 by overlapping the photographs with a
grid of coordinates where two or more surveyed fixed points were
located. This process scaled and oriented the photographs within the
fixed-point coordinate system, such that the coordinates of each
tracer could be identified.

Using these known tracer coordinates (methods 1-3) before
and after each event we determined that a tracer moved in a storm
event when its calculated transport distance was greater than the
largest error associated with all three methods. The largest error
was estimated by comparing the locations of a set of tracer grains
calculated using method 2 (17 grains) and method 3 (4 grains) to
those also measured with the total station. The errors associated
with methods 2 and 3 were separately calculated by finding for
each tracer location the distance between the estimated and total
station coordinates. For each method, using the distribution of error
distances from all tested tracers we calculated the root-mean-square
error (RMSE, method 2 =0.1604 m and 3 = 0.1598 m). Based on
Yager et al. (2012a), two times the RMSE resulted in a 95%
confidence interval for tracer grain locations, which would equal
0.32 m. Given that method 3 only had 4 comparison tracers, we
used a more conservative threshold of 0.5 m to define the minimum
distance needed for tracer movement. Thus, when a tracer grain
had moved more than 0.5 m, the peak discharge that occurred prior
to finding the grain was assumed to be the discharge responsible

for motion.
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As is common practice in tracer particle studies, tracer move-
ments were assumed to be associated with the peak discharge of the
event that preceded their displacement because tracer movements
could not be surveyed during high flow events. Oftentimes, the
smallest grains (less than 22.6 cm) were permanently lost in the flow
event that occurred immediately after their placement. In this circum-
stance, we assumed that the tracer grain moved during the peak
discharge that occurred between the dates when it was placed and
subsequently lost. If a tracer grain larger than 32 mm in diameter was
permanently lost, it was assumed to have moved if the repeat photo-
graphs provided evidence that the grain was not buried in its original
location (e.g., buried and then uncovered in the same location), and
the event just prior to losing the grain was considered to have caused

its motion.

2.5 | Protrusion measurements

We measured protrusions (P) for each half phi grain size class (includ-
ing tracers and in-place grains) present in G, cG and gC patches. We
used a custom built portable device that unobtrusively measured
elevations from a set horizontal datum for the grain of interest and for
upstream locations at a spacing of 1 cm. This device used thin plastic
strips (1 cm wide x 30 cm tall) that were clamped together between
two horizontal blocks fixed to a level. Positioned adjacent to one
another, each strip independently and vertically shifted to measure a
48-cm-long transect of elevations. Test transects taken at horizontal
angles of 45° from the upstream direction and transects taken in a
direction immediately upstream from the grain of interest were
similar. Thus, we collected upstream protrusion transects only, which
were parallel to the overall channel direction. For each half phi grain
size class and patch class combination, we collected transects for
multiple grains to include a range of grain placements (Table 2). We
collected a variable number of protrusion transects with patch
coarseness, with a larger sample size for coarser patches to capture
the greater variability of elevations present than on finer patches. For
each transect, we calculated (a) an immediate upstream grain protru-
sion by using the difference in elevation between each grain of inter-
est and the immediate upstream bed elevation, which is 1 cm away
from the particle or closer and (b) an extended upstream grain protru-

sion that used the difference between the grain of interest elevation

TABLE 2 Number of protrusion transects collected for each grain
size class and patch class combination.

Patch class
Surface grain size (mm) G cG gC
11 9 11 19
16 4 17 21
226 5 16 28
32 4 15 27
45 4 18 37
64 11 18 44
90 11 19 50
128 4 19 31

I WILEYL—

and the median of the elevations measured up to 48 cm upstream.
We calculated the median protrusion using each method for each
grain size class and patch class combination. Thus, hereafter, the
median protrusion generally refers to the median for each grain size
class and patch class combination rather than the protrusion calcu-
lated for a given transect, and specifically median immediate protru-
sion and median extended protrusion are denoted as P; and P,,
respectively. However, we also tested the influence of incrementally
adding more upstream elevation measurements in the calculation of a
median protrusion for each transect. For all methods, negative protru-
sions represent grains of interest that were below the elevation of the
surrounding upstream bed, and positive protrusions were grains that

were higher in elevation than the surrounding bed.

26 |
events

Modelling shear stresses during peak flow

We used local shear stresses for each patch class, rather than
assuming a reach-averaged shear stress that is often used in hiding
functions, because local shear stress distributions vary with patch
class (Monsalve et al., 2016). We used the quasi-3D hydrodynamic
model, FaSTMECH (Flow and Sediment Transport and Morphological
Evolution of Channels, McDonald et al., 2005) to obtain the spatial
distribution of shear stresses in the entire river reach. The model,
developed by the US Geological Survey (USGS) and distributed by
the International River Interface Cooperative (iRIC, www.i-ric.org),
solves the vertically-averaged conservation of mass and Reynolds-
averaged momentum equations in an orthogonal curvilinear coordi-
nate system (Nelson & Smith, 1989). The depth-averaged solutions
assume steady and hydrostatic flow. Turbulence effects are simpli-
fied assuming homogeneous and isotropic characteristics and
modeled using a zero-equation model for the lateral eddy viscosity
(Barton et al, 2005; Miller & Cluer, 1998; Nelson et al., 2003).
Approximated vertical velocity profiles are based on the two-
dimensional (2D) solutions and the turbulence closure model
(Rattray & Mitsuda, 1974). FaSTMECH has been widely used in field
studies (e.g., Clayton & Pitlick, 2007; Conner & Tonina, 2014;
Maturana et al., 2014; Monsalve et al., 2016, 2020; Mueller &
Pitlick, 2014; Nelson et al., 2010; Segura & Pitlick, 2015) and spe-
cific details of the model are given by Nelson and McDonald (1996).

We simulated the entire range of flows (0.20 to 2.1 m®/s, incre-
ments of 0.05 m*/s) that occurred while we tracked our tracer grains.
We measured depths at five cross-sections throughout a range of
flow events to calibrate the model. The model uses two parameters to
calibrate a given flow discharge, the lateral eddy viscosity and the bed
surface roughness. We set the lateral eddy viscosity to 0.005 m?/s for
all our simulated discharges and varied the bed surface roughness
using a drag coefficient (C,) to obtain a good agreement between
observed and predicted flow depths. We analysed two different
approaches for C, in our simulations, a spatially variable or constant
drag coefficient. A spatially constant C, implies that the flow is rela-
tively insensitive to local changes in roughness and responds slowly to
variations in sediment size. A spatially variable Cy4 reflects sensitivity
to local variations in grain size. For example, coarser patches will have
a higher C, resulting in slower velocities while finer patches will have

a lower C, resulting in higher velocities.
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We computed the local shear stress (z,) directly in FASSTMECH at

every node of our mesh (10 x 10 cm cell size). Estimates are based on

the 2D velocity solutions according to
70 = pCq(uZ +v2) (3)

where the subscript n indicates a given node, and u, and v, are
the vertically averaged streamwise and cross-stream velocities,
respectively. We analysed the sensitivity of our local shear stress
estimates to the approach used to specify C,. As previously shown
by Monsalve et al. (2016) for the same reach of the Erlenbach the
use of constant drag coefficient results in similar predictions of
the patch averaged shear stresses compared to those determined
using a spatially variable drag coefficient despite the apparent
difference in the underlying assumptions. This occurs because
there is a trade-off between the local drag coefficient and
velocity values. Low or high C, results in high or low local velocity,
respectively, thus maintaining the value of 7, in Equation (3). Our
findings are consistent with those of Katz et al. (2018), Lisle et al.
(2000), Nelson et al. (2010), and Segura & Pitlick (2015) supporting
our choice of using a constant drag coefficient for all our
simulated discharges. Using a spatially constant drag coefficient that
inversely varied with discharge (C, range of 0.12-0.26) provided the
best model calibration results. Additional details on flow measure-
ments, use of C4, and model calibration can be found in Monsalve
et al. (2016).

2.7 | Hiding functions

We developed a hiding function for each patch class (G, cG and gC)
and for all three of these patch classes combined. Hiding functions
require a critical Shields stress that is associated with the motion of
a half phi interval grain size class (D;). For each patch class and
tracer moving flow event, we used FaSTMECH to obtain a spatial
distribution of shear stresses for the peak discharge and then used
the median shear stress for each patch class as the critical shear
stress. Normally, this critical shear stress is associated with the
maximum tracer size that moved in a certain flow event. Given
uncertainties in the maximum mobile tracer size, we instead used
the Dg4 of the mobile tracer grain size distribution (Table 1) for each
patch class and transport event following Yager et al. (2012a). Errors
in the mobile Dg4 may exist for some flow events and patch classes
because of a small number of observed mobile tracer grains. Tracers
moved from patches with a full grain size distribution of installed
tracers, as well as from patches that had as few as a single tracer,
which had been deposited during the previous storm event. We
therefore produced two sets of hiding functions for each patch class
using (i) the Dg4 of mobile tracers and median shear stresses on only
fully populated patches that had mobile tracers in a given event and
(i) the Dg4 of mobile tracers and median shear stresses associated
with any patches from which mobile tracers moved (includes fully
populated and fully submerged patches, hereafter referred to as all
mobile patches) in a given event. To calculate relative grain size, we
used the Dsq for each patch class hiding function, and the average
Dso of all G, cG and gC patches (42 mm) for the combined patch

class hiding function.

3 | RESULTS

3.1 | Protrusion variation with transect distance
We explored how including progressively longer transect lengths
(2-cm increments, for a total length of 2 to 48 cm) affected the
median protrusion of multiple transects for each D; and patch class
combination (Figure 1). For grains larger than the Dsg of each patch
class, the median protrusion estimates were generally constant
regardless of the transect length; protrusions measured at locations
nearest to the grain roughly equalled the median computed for the
entire transect. In contrast, for grain sizes smaller than the patch Dsq,
as the transect length increased the median protrusion decreased in
cG and gC patches and increased in G patches.

Protrusion-averaging transect length (immediate upstream (P;)
vs. extended upstream (P.)) affected the median protrusion
measured for each D; and patch class combination (Figure 2). Three
major differences between these two methods of defining
protrusion occurred. First, for a given grain size, greater median
protrusion differences between different patch classes generally
occurred when using P, compared to P;. Second, for the smallest
grains in ¢G and gC patches, P; was near zero, whereas the P, was
negative. Third, P; was the same for small grains (~ < 30 mm) on all
patches whereas P, for small grains decreased with patch Dsg.
Similarities between P; and P, were that (i) tracers protruded more
as the grain size of interest increased, (ii) coarse grains had lower
median protrusion with patch coarsening (Dso are G: 20 mm, cG:
50 mm; gC: 57 mm) and (iii) for G patches, the median protrusion

was positive for all grain sizes.

3.2 |
class

Protrusion variation with grain size and patch

Regardless of protrusion definition, protrusion was higher with
increasing grain size and was often smaller on coarse patches than
finer patches (Figure 2) implying that both grain size and patch GSD
affect protrusion. Given these effects, we calculated dimensionless
grain sizes and protrusion to determine if a single relation between
these variables and protrusion could be developed. The dimensionless
grain size was D; (from Figure 2) divided by the Dsq of each patch
class. Dimensionless protrusion was the measured protrusion for each
grain divided by either its (1) grain size (i.e., b-axis) (Figure 3a,c) or
(2) measured c-axis, which we assumed is the vertical grain axis when
a grain sits on the bed (Figure 3b,d). The c-axis may better estimate
protrusion and more accurately predict the onset of motion than the
b-axis (Voepel et al., 2019). We then calculated the median dimen-
sionless protrusion for a given patch class and dimensionless grain size
bin using both P, and P;.

The median dimensionless protrusion increased with dimen-
sionless grain size regardless of how dimensionless protrusion was
calculated (i.e., using P, vs. P, b- vs. c-axis). The highest R? of
all possible dimensionless protrusion and D;/Dsq relations occurred
for P, when normalized with the c-axis. For all patch classes,
the relations between dimensionless median protrusion and
dimensionless grain size also generally collapsed on a single

logarithmic line.
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3.3 | The influence of GSD on hiding functions

We now explore if the underlying patch GSD affects hiding functions
and the influence of uncertainties in the variables used to construct
hiding functions. Regardless of the method used (fully populated

vs. all mobile patches), r*_ values (coefficient of hiding function) were

Cso
similar between cG and gC patches but were much higher for G pat-

ches and had an intermediate value when all patches were combined
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(Figure 4a,b). We found that 7, did not systematically vary with
patch sorting (6 = /Dga/D1s,), where o was 2.03, 2.90, and 2.01 for
the G, c¢G and gC patches, respectively.

The higher T¢g ON the G patches compared to the gC and cG
patches (Figure 4a,b) was an unexpected result given that previous
studies have documented that finer patches are either more
mobile than, or are equally mobile as, coarse patches (e.g., Dietrich
et al., 2005; Hodge et al., 2013; Lisle, 1995; Scheingross et al., 2013;
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FIGURE 2 Measured median protrusion for each grain size (D;) in
each patch class (gravel (G), cobble-gravel (cG) and gravel-cobble (gC)).
For each grain, protrusions were measured (a) immediately upstream
(P;), and (b) extended (P,) upstream of the grain. A cartoon in each
respective figure demonstrates the definitions of P; and P, where the
grain of interest is shown in black.

number of tracers moved in all events relative to the number of
tracers that were installed (Table 1), which implies that high 7¢,, can-
not be explained through this mechanism. An alternate explanation
for high Teso in G patches is the uncertainty in the mobile Dg,4 in most
events given the relatively low number of mobile tracers in this patch
class (Table 1). We analysed potential errors in mobile D; by using the
largest grain size present on G patches as the mobile D; in the hiding
function. The largest possible mobile D; would decrease <, , which
will determine if our mobile D; possibly had errors that would put 775,
within the range of those for the other patch classes. We obtained a
minimum possible value of Teeo =0.09, but no hiding function could be
determined because D;/Dsg was constant in this calculation for all
flows. Only when the mobile D; was increased to the maximum grain
size present on G patches, could we observe 7;_ in the range of that
for cG and gC patches. However, again, we did not observe motion
for such large grains in low flows, and this cannot be the explanation

for high Tey for G patches.
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FIGURE 3 Protrusion (P) normalized with grain size (D;) and grain c-axes for extended (a and b) and immediate upstream (c and d) protrusion
scales for all patch classes. Each patch class is shown with a different coloured symbol.
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FIGURE 4 Hiding functions for each 100
patch class and for all patch classes (a)
combined (different symbols). Hiding
functions included mobile tracers and
shear stresses (a) only on fully populated
patches and (b) for all patches with mobile
tracers.
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A third explanation for the high rzsoin G patches is that the 2D
model could have calculated incorrectly high velocities and shear
stresses on many of the G patches. The gravel patches with mobile
tracers were often immediately downstream of boulders where the
modeled 2D estimates of flow will likely have large errors because of
plunging flow over boulders and flow recirculation downstream of the
boulders (Monsalve et al., 2016). To explore if the modeled shear
stresses in G patches could be incorrect, we compared the median
shear stresses for each patch class using (1) all patches with mobile
tracers, which was used for hiding functions in Figure 4b, (2) all fully
populated patches with mobile tracers, which was used for hiding
functions in Figure 4a and (3) all submerged patches regardless of
whether they had installed or mobile tracers (Figure 5), which was not
previously used in hiding functions. For a given flow discharge, the
median shear stresses for all mobile and fully populated G patches
(Figure 5a,b, respectively) were much higher than those for all sub-
merged G patches (Figure 5c). This implies that the G patches with
mobile tracers may have not been representative of all submerged G
patches and could have artificially high shear stresses because the 2D
model may not have accounted for highly 3D flow in these specific
locations. For each of the cG and gC patch classes, these three differ-
ent median shear stress estimates were largely in the same range of

values for a given discharge (Figure 5), implying that the cG and gC

Di/D50

patches with mobile tracers were representative of all submerged pat-
ches of these types.

We used the median shear stresses for all submerged G patches
in the G patch hiding function calculation to test whether incorrect
shear stresses on mobile G patches could explain the high ¥ of G

Cso
patches. Now, the G patch 77, was similar to that for the ¢G and gC
patches (Figure 5d), which implies that the G patches could have
similar hiding functions as the other patches if shear stresses on the G
patches with mobile tracers were approximated using shear stresses

from all G patches.

4 | DISCUSSION

4.1 | Protrusion variation with transect distance

We investigated if the upstream measurement distance would influ-
ence grain protrusion because different upstream sheltering lengths
are often concurrently present and control the flow field at the parti-
cle scale. Various protrusion measurement scales have been explored
such as immediate upstream topography (smallest distance scale)
(Wiberg & Smith, 1987) and a distance of Dg4 (based on the surround-

ing GSD) upstream and downstream of a grain (intermediate distance
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FIGURE 5 Median shear stresses for each peak discharge and each patch class on (a) only fully populated patches, (b) all patches with mobile
tracers and (c) all submerged patches. Hiding functions (d) using shear stress on all submerged G, cG and gC patches.

scale) (Hodge et al., 2013; Kirchner et al., 1990). When considering
the forces that are applied to a grain, upstream bed elevations beyond
those immediately upstream of the grain (i.e., P.) may be important.
However, P, can be potentially problematic as indicated by high mea-
sured protrusion values for the grain of interest (P./D; and P./c-axis
>2, Figure 3a,b). These high dimensionless protrusion values were the
result of patch concavity, and falsely suggested that a grain protruded
above the mean bed elevation by over 2 times the length of its b- or
c-axis, which would not naturally occur.

Despite these potential issues with P,, our protrusion estimates
were mostly independent of transect length for grains larger than the
patch median (D; > Dsg), which implies elevations immediately
upstream of a grain may appropriately represent the upstream bed
topography. The most relevant protrusion measurement for grains
much smaller than the patch median size (D; < Dsp) is unknown
because the median measured protrusion decreased with the incre-
mental inclusion of more upstream measurements (Figure 1). Future
work could investigate the relevant protrusion scale for these particles
as well as the potential importance of larger protrusion scales. Larger
protrusion scales could influence overall patch sheltering such as
patch shape effects (flat, convex or concave), and for steep streams,
the general elevation of an entire patch with respect to the nearest

upstream boulder.

4.2 | Uncertainties in developed hiding functions
We registered grain displacements for all patch classes in which we
installed tracer grains, and some tracers were found in other sub-

merged patches or in new locations within the installation patch,

which provided grain motions from natural placement. Of all
387 tracer motions, 40% (155 motions) were from fluvially placed
locations. Although our 77~ from our final hiding functions are
high (0.11-0.14, Figure 5d) compared to the typical range of values
in lower gradient channels, (e.g., 0.03-0.086; Buffington &
Montgomery, 1997), they are similar to values (~0.06 to 0.29) in other
steep, natural streams (Buffington & Montgomery, 1997; Lamb
et al, 2008; Mao et al, 2008; Mueller et al., 2005; Schneider
et al, 2015; Yager et al, 2012a). This implies that including first
grain motions did not result in low critical Shields stresses. In
previous studies on steep channels, hiding function exponents (y),
which used a stress on the mobile fraction were —0.85 (Schneider
et al, 2015), —0.16 (Yager et al, 2012a), —-0.79 to -0.57
(Mao et al., 2008) and using a total shear stress were —0.62
(Yager et al., 2012a). Our y values are within the range of values
reported for lower gradient channels and are at the lower end of
values for steep rivers.

Although both 77, and y were reasonable in our study, we did not
expect that any of our Te values would be in the range reported for
steep streams. High Tzso
bed slopes (Buffington & Montgomery, 1997; Bunte et al., 2013;
Ferguson, 2012; Lamb et al., 2008; Prancevic & Lamb, 2015;
Prancevic et al., 2014; Shvidchenko et al., 2001; Recking et al., 2009),

because of the effects of large immobile boulders on the reach-

are usually related to steep reach-averaged

averaged shear stress (Monsalve et al., 2016; Yager et al., 2012a), or
arise from the effects of hydraulics specific to these channels
(e.g., Lamb et al., 2008). For example, smaller 7, that are within the
typical range for lower gradient channels have also been reported
for steep streams (Yager et al., 2012a). These lower Tee values

were estimated using an effective shear stress that only accounts
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for the stress borne by mobile sediment and excludes the stress
borne by immobile boulders (Nitsche et al., 2011; Schneider et al.,
2015; Yager et al., 2012a).

Our 7 have magnitudes similar to those that employ the total
shear stress and were high compared to those that remove stresses
borne by immobile boulders. This is surprising because we had indi-
rectly accounted for the effects of large roughness elements in the
bed topography used in the 2D model. Furthermore, our hiding
function was developed on the same stream as studied by
Schneider et al. (2015), who estimated 72‘50:0.19 based on the total
boundary shear stress, and Yager et al. (2012a), who used similar
tracer grain methods and obtained 7, =0.07. The differences in 7,
between our and these two studies must therefore be due to the
method of calculating shear stresses used in the hiding functions
(i.e., stress partitioning vs. 2D model). Our high 7,,, May suggest that
the 2D model may not always accurately depict the highly turbulent
flow in 3D that occurs in the Erlenbach, and therefore may
overestimate median shear stresses on some of the patches, as
demonstrated for the G patches (see Figure 4). These results may
alternatively suggest that stress-partitioning calculations may possibly
over-estimate the stress borne by boulders, thereby producing rela-
tively low 77, .

Regardless of the source of shear stress errors, our results indi-
cate that Teeo strongly depends on the accuracy of the shear stresses
employed in hiding functions. The reach-averaged shear stress is typi-
cally used to develop hiding functions and this may partly explain at
least some of the wide variation in ¢, observed in the literature. The
reach-averaged shear stress almost never occurs at the scale of an
individual tracer particle motion or local bedload transport measure-
ment, which are used to obtain the mobile grain sizes in hiding func-
tions. Our results imply that obtaining accurate and representative
shear stresses is important for developing and applying hiding func-
tions. In lower gradient channels, 2D flow models may provide these
accurate shear stresses better than the commonly used reach-
averaged shear stresses. This is because lower gradient channels often
have less flow complexity and therefore lower expected 2D model
errors than will occur in the Erlenbach.

4.3 | Effects of GSD on patch-scale protrusion and
hiding function equations

We investigated whether the underlying grain size distribution of each
patch impacts the degree of size-selective entrainment (y) and overall
sediment mobility (T:so)' Differences in all hiding function exponents
were likely within methodological errors. For example, for any given
patch class (gC, cG and G), the y differences between our two group-
ing methods (all mobile patches vs. only populated patches) of 0.017-
0.155 were about the same magnitudes as the y differences of
0.154-0.229 between patch classes for a given method (Figure 4).
Even when the hiding function for the G patch was corrected for
improperly high shear stresses (Figure 5), y still did not systematically
vary with patch GSD. The Tee for all final hiding functions (Figure 5)
were similar between all patch classes and also did not vary with
patch GSD. This implies that the effects of patch GSD on relative
particle mobility are likely fully captured by using the normalized grain

size (D;/Dso) in hiding functions.

Similar hiding functions for all patch classes imply that different
hiding functions may not be needed for individual patches and a single
hiding function can be used to represent particle motion throughout
the bed. This is important given the increasing use of bedload trans-
port equations in 2D flow models to predict spatial variations in trans-
port and local deposition and erosion. Our results imply that the
hiding functions in bedload equations do not necessarily need to be
adjusted to account for local patch GSD, which makes such 2D
bedload modelling trackable. However, the variables that are used in
hiding functions will likely need to be patch-specific because the
onset of motion of a given grain size will depend on the underlying
patch Dsqo. Therefore, patch-scale effects can control grain motion and
patch Dsg may need to be considered in reach-scale calculations of
sediment transport. Finally, the bed grain size distributions for ¢G and
gC patches were similar (see Monsalve et al., 2016, Figure 2) and
these similarities could be partly responsible for the collapse of patch-
scale hiding functions into one relation. Further work is needed to
determine if these results would apply to a wide range of patch grain
size distributions. In addition, our results are specifically for patches in
the same channel and do not necessarily imply that two different
reach-scale GSD should have the same hiding function.

Similar to the hiding function equations, we investigated whether
the relations between dimensionless protrusion and dimensionless
grain size varied with patch GSD. The median dimensionless protru-
sion (Figure 3) largely collapsed onto a single relation with D;/Dsq for
all patch classes. This suggests that protrusion is dominantly con-
trolled by the size of a grain relative to that of the underlying bed.
Although patch specific effects (e.g., standard deviation of grain size
distribution, grain sorting or patch topography) may contribute to
scatter around the single logarithmic line, these effects do not seem
to dominantly control protrusion in our data. Median protrusion may
be estimated using the equation shown in Figure 3b combined with
the measured Dso for each patch class. To estimate c axes, a grain

shape would need to be assumed or the c-axis to be measured.

44 | Links between patches, protrusion, and
relative particle mobility

Previous studies have demonstrated that the underlying reach-scale
GSD may affect protrusion, but it is unclear if GSD at the patch scale
affects protrusion. Conflicting results also exist as to whether the
patch GSD influences the relative mobility of a grain of a particular
size. Given that protrusion is a major control of the applied and
resisting forces on individual grains, we would expect that if patch
GSD affects protrusion, patch GSD should also influence relative par-
ticle mobility. We confirmed that patch GSD affects both protrusion
and relative particle mobility through patch control on the relative
grain size (D;/Dso) of a given particle. Grains that had the same D;/Dsp,
but that were located on different patches, generally had the same
dimensionless median protrusion. Similarly, the same critical Shields
stress occurred on different patch classes for the same D;/Dsq
(Figure 5). In addition, our protrusion measurements demonstrated
that regardless of the patch class, coarser grains emerge more from
the bed surface than finer grains. This implies that hiding effects
should be present on the bed, which is supported by our hiding func-

tion exponents between —0.65 and —0.92. Given that protrusion and
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7., are similarly modulated on patches through D;/Dso, we conclude
that protrusion is a dominant grain-scale variable controlling z;,, which
has also been suggested by previous studies (Hodge et al., 2020;
Yager et al., 2018). Other variables not being considered in this study
may also affect hiding functions. Pivot angle could be primarily
impacted by patch GSD through D;/Dsq as shown by Buffington et al.
(1991) and Kirchner et al. (1990), but recent studies suggest that the
effects of pivot angle on the critical Shields stress may be minimal
(Hodge et al., 2020). Surface grains with greater intergranular friction
(Buxton et al., 2015; Cufez et al.,, 2022; Hodge et al., 2013; Yager
et al., 2018) would likely have higher associated e and this could vary
between patch classes because of different amounts of fine sediment,
different degrees of imbrication, or different porosities.

The single relations of dimensionless protrusion and ;. with D/
Dso for all patch classes importantly also show how the underlying
patch GSD affects the mobility of a given grain size. A given D; will
have different 77, between patch classes because of the different Dso
used in D;/Dsq and the hiding function. Specifically, a given grain size
will generally have a lower dimensional critical shear stress, and will
be less mobile, on a coarser patch than a finer patch. This is likely
mechanistically driven because a given D; has a lower dimensional
protrusion (Figure 2) on a coarser patch than a finer patch. These
results support previous literature (Lisle et al., 1995; Vericat
et al., 2008; Scheingross et al., 2013) that demonstrates particles are
more readily mobile on finer than coarse patches.

Finally, our hiding function exponents further demonstrate that
grain weight effects are important on patches because size-selective
entrainment occurs on each patch class, despite patches having
narrower GSDs than the entire bed. Although finer particles were
more mobile than coarse grains on each patch, hiding effects made
finer particles relatively less mobile than expected by their weight
alone. Our hiding functions only include grain sizes that were less
than, or similar to, the median grain size of the patch. Similar to our
study, most studies report hiding functions with relative grain sizes
concentrated in the finer grain fractions (Di/Dso < 2) (e.g., Mao
et al., 2008; Parker, 1990, 2008; Parker et al., 1982; Yager
et al.,, 2012a). When coarser grains (D;/Dsq > 3) are a large compo-
nent of hiding functions, hiding function exponents can be closer to
—0.33 (Wilcock & Crowe, 2003). This suggests that weight effects
may become more important than hiding effects (e.g., protrusion) for
the coarser fractions on the bed. Although we did not measure
motion of these coarser grains, our measured dimensionless protru-
sion increased with relative grain size for smaller grain sizes but
remained almost constant for D;/Dsq larger than about 2 (Figure 3).
This may provide a physical explanation for why coarser grain
weight effects can dominate over hiding effects; once particles
become very large, their relative protrusion no longer increases to
offset their greater weights. Further research into hiding functions
on patches that includes motion of these coarser grain sizes
would help determine the relative importance of hiding and grain

weight effects.

5 | CONCLUSION

We investigated the influence of patch-scale GSD on particle protru-

sion and grain mobility. Our results imply that grain size distributions

in patches affect the relative mobility of a given grain size but not the
degree of size-selective transport of different grain sizes. Hiding func-
tions for different patch classes roughly collapsed onto a single line,
suggesting that the relative underlying grain size (Dso) determines the
mobility of a grain, but that all grain sizes experience size selective
transport. Different hiding functions may not be needed to describe
particle motion on different patch classes. For all patch classes, a
single relation also existed between relative grain size (D;/Dso) and
median dimensionless protrusion, which can mechanistically explain
why we obtained a similar hiding function for all patch types. How-
ever, for a given grain size, protrusion was higher and critical dimen-
sional shear stresses were lower on finer patches. This demonstrates
that sediment on finer patches may move at lower flows than the
same grain sizes on coarse patches. For grains coarser than the
median grain size, the distance over which protrusion was measured
did not significantly impact our results but for finer grains, the scale of
protrusion measurements can cause large differences in the median
protrusion for a given grain size. To understand the grain scale mecha-
nisms involved in the onset of sediment motion, further research is
needed that focuses on near-bed flow velocities that interact with

grains with a range of protrusion scales.
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