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faces. The critical shear stress needed to entrain a grain will be affected by the

sure, and impacts the local flow profile. The aim of this pair of articles is to determine
how the properties of bedrock surfaces with and without sediment cover affect the
grain-scale geometry of sediment grains, and consequently their critical shear stress.
We report experiments using 3D-printed scaled replicas of fluvial bedrock surfaces,
with 0 to 100% additional sediment cover. For each surface, grain pivot angles were
measured using a tilt table. In this first article, we report how surface roughness and
grain pivot angle vary between surfaces and with different amounts of sediment
cover, and we explore the relationship between pivot angles and different metrics
for measuring surface roughness. We find that: (1) surface roughness is not necessar-
ily a linear combination of the individual roughness of bedrock and alluvial areas, and
the underlying bedrock topography can still influence surface roughness at 100%
sediment cover; (2) pivot angles generally, but not always, decrease with increasing
grain size relative to surface roughness; (3) changes in pivot angles with increasing
sediment cover are best explained by changes in surface roughness at spatial scales
comparable to the grain size; and (4) pivot angles are also best explained by
roughness metrics that incorporate the direction of roughness with respect to the tilt
direction, and the surface inclination. This work provides new insights into the pro-
cesses behind grain entrainment in bedrock rivers that are critical for determining

how landscapes may evolve.
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1 | INTRODUCTION Bedrock rivers are those whereby changes in channel morphology

require erosion of bedrock bed or banks, and where the bedrock may
Bedrock rivers are an integral component of the landscape system, be covered by a mobile alluvial layer (Tinkler & Wohl, 1998; Turowski
providing a mechanism by which landscapes can respond to both et al., 2008). Multiple factors influence bedrock erosion rates including
external forcing such as rainfall, and internal forcing such as landslides lithology, precipitation, bedrock geometry and sediment cover

(Brunsden & Thornes, 1979; Burbank et al., 1996; Harvey, 2001). (Hartshorn, 2002; Johnson et al., 2010; Montgomery & Gran, 2001;
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Murphy et al., 2016; Sklar & Dietrich, 2001). The tool and cover, or
saltation-abrasion, paradigm explains how sediment entrainment,
transport, and deposition both causes and inhibits bedrock erosion,
leading to changes in channel geomorphology (Gilbert, 1877; Sklar &
Dietrich, 2001, 2004). A full understanding of these interactions
therefore requires understanding of the processes by which sediment
is both entrained and transported in bedrock rivers. The differing
topography of exposed bedrock riverbeds compared to that of alluvial
beds affects grain entrainment in at least two ways. Firstly, the bed-
rock surface influences the pocket geometry in which the grain is sit-
ting and the position of the grain relative to the water velocity profile.
Secondly, the roughness of the bedrock will affect the flow hydraulics.
Neither effect is yet well understood. Furthermore, the presence of
exposed bedrock with a thin alluvial veneer has been shown to cause
sediment transport processes that are different to those in alluvial
channels (Chatanantavet & Parker, 2008; Goode & Wohl, 2010;
Hodge et al., 2011), but a good understanding of these interactions is

lacking.

Grain entrainment occurs when the force applied by the flow
exceeds the resisting forces of the grain. The magnitude of both
forces depends on the grain geometry, that is the way in which the
grain is positioned relative to other grains and/or the bedrock surface.
This geometry is often described by a pivot angle (¢) (Shields, 1936),
which is the angle through which a grain rotates in order to be
entrained from its pocket. At the point of entrainment, the force bal-

ance along the pivot plane is:

Fpcos ¢ =Fwsin ¢ (1)

where Fp is the drag force and Fy is the immersed weight of the
grain, and lift forces are not considered. Assuming that the grain can

move without obstruction, the pivot angle is (Johnston et al., 1998):

tan ¢ = <"__:—D> (2)

w

Greater pivot angles represent larger forces required to mobilize a
grain relative to its size. Pivot angles can be measured directly by plac-
ing a grain onto a surface and tilting the surface until the grain is dis-
placed; the angle of the surface from the horizontal is equal to the
pivot angle (Buffington et al., 1992; Li & Komar, 1986).

In alluvial settings, pivot angles have often been expressed as an
inverse function of the size of the pivoting grain relative to the under-
lying grains (Johnston et al., 1998; Kirchner et al., 1990; Li &
Komar, 1986; Prancevic & Lamb, 2015), although not all data show
this relationship (Hodge et al., 2020). This relationship is expected
because relatively larger grains generate rougher surfaces with deeper
pockets and therefore higher pivot angles (Buffington et al., 1992;
Johnston et al., 1998; Komar & Li, 1986). For grains on bedrock, we
expect that pivot angles are dependent on the relative roughness of
the surface compared to grain size. Bedrock surface roughness has
been quantified using the standard deviation of elevations (o,
e.g., Johnson, 2014), however we do not know if this metric fully
explains variations in pivot angles.

To gain a greater understanding of sediment entrainment in bed-
rock channels, we also need to know how surface roughness and

pivot angles change as sediment cover develops. Sediment cover can

make surfaces smoother or rougher depending on the ratio of bedrock
roughness to grain size (Inoue et al., 2014), leading to an increase or
decrease in pivot angles. However, this has not been tested. The
impact of sediment cover on overall roughness is also important for
predicting flow resistance. The overall roughness of bedrock surfaces
with partial alluvial cover has been assumed to be a weighted average
of the individual roughness of bedrock and alluvial areas (Inoue
et al, 2014; Johnson, 2014; Nelson et al, 2014; Nelson &
Seminara, 2012). This has been tested indirectly using hydraulic data
(Ferguson et al., 2017; Johnson, 2014), but the impact of changing
sediment cover on overall channel topography has not been measured
directly.

The aim of this pair of articles is to determine how the properties
of bedrock surfaces with and without sediment cover affect the grain-
scale geometry of sediment grains, and consequently their critical
shear stress for grain entrainment. In this initial article, we first report
how surface properties and grain pivot angles vary between bedrock
surfaces, and with different percentages (0-100%) of alluvial cover.
The aims of this first article are to:

1. Ascertain the nature of surface roughness changes with increasing
alluvial cover on bedrock riverbeds.

2. Report grain pivot angles across a range of bedrock surfaces with
increasing alluvial cover.

3. Assess the relationships between recorded pivot angle and differ-

ing methods of surface roughness quantification.

We replicate bedrock surfaces in the laboratory by three-dimensional
(3D) printing bedrock surfaces surveyed in the field using terrestrial
laser scanning (TLS) and structure-from-motion (SfM) photogramme-
try. We then use a tilt table to isolate the impact of pocket geometry
on pivot angle for grains on bedrock and mixed bedrock-alluvial sur-
faces (Kirchner et al., 1990; Li & Komar, 1986). By measuring a single
grain at a time, we ensure that the recorded pivot angle is determined
only by the pocket geometry of the underlying bedrock morphology
or alluvial cover. This allows us to reduce aleatory uncertainties gener-
ated by hydraulic processes in the field (e.g., turbulent sweeps and
instantaneous pressure gradients in the water column; Schmeeckle
et al., 2007; Vollmer & Kleinhans, 2007). In the companion article
(Hodge & Buechel, 2022), we calculate critical shear stress by using
the pivot angles and roughness values to parameterize the grain
entrainment model of Kirchner et al. (1990), and we compare our
results to entrainment models for bedrock rivers developed by Inoue
et al. (2014) and Johnson (2014).

2 | METHODS

21 | Creation of bedrock surfaces

Bedrock morphology is a function of both eroding forces and sub-
strate strength (Johnson et al, 2010; Wohl, 1992; Wohl &
Merritt, 2001), and so bedrock channel morphology varies from
smooth bedrock over which sediment grains can move easily
(Ferguson et al., 2017; Tinkler & Wohl, 1998), to rough bedrock where
sediment grain motion is inhibited (Goode & Wohl, 2010; Wilson

et al, 2013). To represent this natural variability, we use natural
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FIGURE 1 Photographs of the River
Garry (top; 56°48'16"N 4°05'10"W,
photographs from Richard Williams) and
North Wash (bottom; 37°59'27"N
110°29'47"W) [Color figure can be
viewed at wileyonlinelibrary.com]

bedrock surfaces with < 20% sediment cover from two rivers
(Figure 1): North Wash in Utah, USA, and the River Garry in Scotland,
UK (Reid, 2016; Williams et al., 2022). North Wash is a plane-bed river
formed of sedimentary sandstone where shallow inner channel
depressions and minor pitting of the surface is observed. The River
Garry is formed of tilted, metamorphic rocks that have produced a
stepped profile. The dominant bedding planes have created transverse
ribs, which form large-scale morphologic form drag features which
disrupt the flow (Lamb et al., 2017).

The 3D elevation data for North Wash and the River Garry were
collected using SfM photogrammetry and TLS, respectively. Approxi-
mately 400 photographs of the North Wash were compiled using a
handheld single-lens reflex camera (Nikon D7000) in October 2016.
Flow conditions were very low, maximizing sub-aerial exposure of the
bed. The photographs of North Wash were taken ensuring optimal
lighting conditions, minimal atmospheric interference and focused
upon the topography to ensure maximum accuracy (Javernick
et al., 2014; Ruzi¢ et al., 2014). To improve the resolution of the final
point clouds (PCs), photographs were collected with a high overlap of
features within the imagery (cf. Rosnell & Honkavaara, 2012). Photo-
graphs were collected systematically from a grid of locations over the
bed, at a height of approximately 1.5 m and at a variety of look angles
to maximize coverage. Images out of focus or with low overlap with
other images were removed. These photographs were used to con-
struct 3D elevation data using SfM photogrammetry with Agisoft
Photoscan (version 1.4.5) (e.g., Stumpf et al., 2015). Agisoft Photoscan
uses a Scale Invariant Feature Transform algorithm to detect matching
feature points between images of an object (Lowe, 2004). This algo-
rithm allows calculation of a matrix for the image pair to produce an
image connectivity graph, allowing camera parameters including their
rotation, translation, and focal length to be found from the images
(Snavely et al., 2008).

The 3D elevation data of the River Garry was generated in 2016
using TLS (Reid, 2016; Williams et al., 2022). Scans from multiple scan
positions were registered together. We selected one area from the
River Garry data (approximately 7 m by 7 m), and three from the
North Wash data (each approximately 2 m by 2 m). Our experimental

focus is on the roughness of the surfaces relative to the size of the

selected gravels, rather than trying to reproduce a specific field
location at a certain scale, and so we did not apply a particular scale
factor when converting from the PC to the printed surface. As bed-
rock surface roughness reflects multiple different factors, natural
surfaces are likely to exhibit a large variation in roughness.
Consequently, although our laboratory experiments may not
represent the relationship between sediment size and roughness
found at the field sites, they are likely to be representative of
bedrock surfaces elsewhere.

To create meshes from the TLS and SfM PCs, a Poisson surface
reconstruction (Kazhdan & Hoppe, 2013) with an octree depth of
eight was undertaken in CloudCompare. Mesh scale was reduced so
that the key topographic features were sufficiently represented across
the printed area. Surface meshes were further edited using Autodesk
NetFabb to produce a watertight solid for 3D printing. The final
shapes were 0.27 m by 0.27 m in area, which is the maximum size that
could be printed using a ‘lulzbot taz 6’ printer. Printing used PLA plas-
tic and a 120 pm layer height. This thickness equates to 1 mm to
3 mm in the TLS and SfM data and is less than typical survey registra-
tion errors. Surfaces were sprayed with Ghiant Inkjet matt fixative to
increase surface friction to be more similar to that of an unpolished
rock surface. Four surfaces were initially produced: one rough from
the River Garry (R1), two with medium roughness (M1 and M2) and
one smooth (S1) from North Wash. Two more surfaces were pro-
duced from M2 and R1 by increasing the scale by 100% in all dimen-
sions, creating surfaces M2,, and R1,,. R1 has a strong directional
structure, and we also tested R1 rotated through 90° (referred to as
R1,01), producing a total of seven surfaces (Figure 2).

2.2 | Measuring pivot angles

Pivot angles were measured using natural grains. Natural gravels pre-
dominantly between 8 mm and 32 mm in size were first washed to
remove fine material which could alter their frictional properties.

Gravels were sieved into four ¢ clast sizes: < 8 mm, 8-11.3 mm,
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(a) Digital elevation models (DEMs) of surfaces used in the experiments and (b) DEMs surfaces with varying amounts of 11 or

32 mm sediment cover. Colour scale shows elevation and varies between surfaces to enhance visibility of the surface topography. Tilt direction
indicates the downslope direction in the pivot angle experiments [Color figure can be viewed at wileyonlinelibrary.com]

11.3-16 mm and 16-32 mm (we refer to these as 8 mm, 11 mm,

allow an understanding of the basic geometry of the gravels used

16 mm and 32 mm grains, respectively). Twenty grains were randomly
sub-sampled from each of the sieved clast sizes. There are a large
number of indices that can be used to quantify particle shape, how-

ever we measured the three axes of each gravel in this sample to

(Benn & Ballantyne, 1993).

To understand surface friction influence on clast mobility, sandpa-
pers with particle diameters of 100 pm and 269 um were attached to
the tilt table. Sampled gravels were dropped from a height of about
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Tilting/lifting mechanism Pivot board
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3D printed surfaceR,

Grid showing edges
of measurement

cells

0.3 m rulers
(for scale)
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FIGURE 3 Experimental set-up of the tilt table. The grid markings
drawn around the edge of the surface mark the locations of the

30 mm measurement cells [Color figure can be viewed at
wileyonlinelibrary.com]

50 mm onto the sandpapers and the table tilted until the grain moved
more than one grain diameter (Kirchner et al., 1990). The angle of the
tilt table from the horizontal is the pivot angle. Each gravel was
dropped and tilted five times on each sandpaper to calculate repre-
sentative pivot angle values for each grain. Repeats are necessary
because particle mobility should be treated as a probability distribu-
tion and no single value of pivot angle should be used to characterize
particle mobilization (Buffington et al., 1992; Kirchner et al., 1990;
Powell, 1998). Pivot angles were recorded to a tenth of a degree using
the accelerometer of a Sony Xperia XZ and a Samsung Galaxy S2
phone placed level on the board. To determine accelerometer accu-
racy, the phone was tilted to various angles and basic trigonometric
calculations were used (using measured opposite and adjacent
lengths) to determine that the angle measured by the accelerometer
was the observed angle. A significant agreement of R? = 0.998 (t[10]
= 0.95, p < 0.05) was found between accelerometer recorded angle
and actual angle. From the sandpaper analysis, a representative grain
from each size range was chosen by selecting grains with roughly sim-
ilar shapes and relatively low standard deviation between repeat mea-
surements of pivot angles on the sandpaper surfaces. This ensures
that later variations in pivot angles on the 3D printed surfaces reflect
surface morphology rather than variations in clast properties. The b-
axes of these grains are 12, 13.8, 16.9 and 20 mm, respectively. Some
axes are larger than the sieve diameter, due to the limitations of size
sorting with square sieve meshes. We only use one representative
grain per size class to enable us to undertake the maximum number of
repeat pivot measurements across all areas of each surface, and thus
calculate a probability distribution of each grain size’s mobility.

The 3D printed surfaces were attached to the pivot table and a
nine-by-nine grid of 30 mm squares termed measurement cells, was
drawn. These cells are equivalent to the size of the largest grains
tested, and ensure that the entire surface was sampled (Figure 3).
Pivot angles were measured in each measurement cell by dropping
the grain from a height of about 20 mm onto the cell. The table was
tilted until the grain moved more than one grain diameter and this pro-
cess was repeated three times in each measurement cell. Pivot angles

were measured for all four grain sizes on each of the seven surfaces.

EH-WILEYL=®

To understand alluvial cover influence on pivot angles, varying
amounts of 8-11.3 mm and 16-32 mm gravels (referred to as 11 mm
and 32 mm gravels) were attached to surfaces S1, R1 and R1,, with
PVA glue to produce 25, 50, 75 and 100% alluvial covere (Figure 2).
The location of sediment cover was initially determined by placing
sediment on the surfaces and shaking to observe where clasts settled.
This replicates clasts naturally being deposited in the lowest bed ele-
vations (Hodge & Hoey, 2016b; Johnson & Whipple, 2010). The
amount of cover was determined by counting the number of measure-
ment cells that were filled with sediment, and so the percentage cover
is an indication rather than an exact value. At each percentage cover,
pivot angles were measured three times in each measurement cell,
using the representative grain of the same size as the alluvial cover.
For each of the six combinations of gravel size (11 and 32 mm) and
surface (51, R1, R1,,), we present five pivot angle distributions across
0, 25, 50, 75, and 100% alluvial cover.

To quantify how the alluvial cover changed the surface proper-
ties, PCs of the 3D printed bedrock surfaces with alluvial cover were
created using SfM photogrammetry (Pearson et al., 2017). Occlusion
can be a major issue in PC reconstruction of gravel deposits as it can
create inaccurate grain pocket geometries (Bertin et al., 2015). To
minimize this error, the image collection sampling ensured the maxi-
mum number of surface aspects were obtained. Images were acquired
using a Canon 100D DSLR and a Canon PowerShot S90 without using
either optical or digital zoom as this reduces the quality of generated
PCs (Bertin et al., 2015). To reduce ‘doming errors’ on produced PCs,
images were calibrated to consider camera lens type in Agisoft
Photoscan (Carbonneau & Dietrich, 2017).

PCs of the surfaces with alluvial cover were created in the same
manner as initial bedrock surface production and georeferenced using
a known spatial scale. To quantify the error of these created PCs, we
generated PCs of the flat table surface and calculated the standard
deviation and root mean square error (RMSE) of elevations
(Hugenholtz et al., 2013; James & Robson, 2014). This gave an aver-
age standard deviation of 0.58 mm and RMSE of 0.91 mm, with the
former being 0.9 to 3.1% of the range of elevations of the alluvial
surfaces.

2.3 | Surface roughness quantification

Multiple roughness indices have been used to quantify the topo-
graphic properties of alluvial and bedrock surfaces, including standard
deviation, semi-variance, range and skewness of surface elevations
(Butler et al.,, 2001; Hodge et al., 2009; Mao et al., 2011; Nikora
et al., 1998; Powell et al, 2016; Robert, 1991). Many of these
properties vary according to the scale at which they are calculated
(Bertin et al., 2017; Butler et al., 2001; Hodge & Hoey, 2016a; Nikora
et al., 1998; Robert, 1991). There is evidence that the standard devia-
tion of elevations (c,) represents the flow resistance of a surface
(Aberle & Smart, 2003; Durand et al., 2020), but we do not know
which topographic properties and scales best explain the impact of
surface topography on grain entrainment.

We calculate the properties of our surfaces from digital elevation
models (DEMs) of all surfaces gridded at a 1 mm resolution (as shown
in Figure 2). Following previous work (Hodge & Hoey, 2016a;
Johnson, 2014; Kirchner et al., 1990; Powell et al., 2016), we mainly
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use o, to describe surface roughness, which is normally calculated
from the entire dataset of surface elevations. Here, we develop the
application of ¢, by altering it to include the scale and direction of sur-
face roughness, as we expect that pivot angles might be affected by
bed roughness at certain spatial scales. We employ two different
approaches to isolate specific spatial scales within the topography
prior to calculating ¢,. The first approach is to apply a high pass filter
to the surface topography, which retains only elements of the topog-
raphy with wavelengths less than the specified cutoff length, and then
calculate o, of the new topography. The second approach is to calcu-
late 6, within a square moving window across the topography, such
that each calculation considers only a limited area of the surface. We
produce a single roughness value (5, sqwin) as the mean of s, from all
the individual windows.

These two approaches do not consider the direction of the sur-
face topography, and so we also apply a directional version of each of
them, giving four ways in which we calculate types of s,, as shown in
Table 1. For the first approach, we introduce a directionality by calcu-
lating o, along each row of the DEM in the tilt direction, and then tak-
ing the mean to produce a single roughness value (, 4i). For the
moving window approach, we use windows that have a variable
length in the tilt direction and are one row of the DEM wide in the
cross-tilt direction. Again, o, is calculated for each window, and the
overall roughness, ; 1uin is the mean of these values.

By comparing the different types of ¢, to the pivot data, we can
identify the best approach for determining bedrock influence on grain
entrainment. We first look for relationships between the average
pivot angle for the different surfaces and the roughness values calcu-
lated for each surface. We then, for each surface, compare the aver-
age pivot angle for each 30 mm measurement cell and the roughness
of the surface within those cells.

We also test two further ways of measuring surface properties.
Firstly, Zhang et al. (2015) suggest surface roughness should be
quantified using the range of elevations, rather than the standard
deviation. We recalculate the metrics in Table 1 using range (R,)
instead of standard deviation, and assess how this affects the relation-
ships between surface properties and mean pivot angles.

Secondly, when analysing relationships between the pivot angle
for each measurement cell and the surface properties of those cells,
we evaluate whether the slope direction of the cell also influences the
grain pivot angle. We quantify slope direction using an inclination
index (I). For each point in the DEM, | = 1 if the adjacent point in the
tilt direction has a higher elevation, and | = O if the adjacent point has
a lower elevation, and | = 0.5 if the elevations are identical. The incli-

nation index for the measurement cell is then the average of all of

these values (I) and would be zero for a plane sloping in the tilt
direction, and one for a plane sloping in the opposite direction. For
each measurement cell, we combine I with the version of o, that has

been calculated for that surface as:
6,1 =1(c;/ max(c;)) (3)

where ol is the combined term, and max(s,) is the maximum ¢, value
calculated across the 81 measurement cells for that surface. o,/ varies
between 0 and 1; o,/ equals 1 represents the most resistance to grain
motion; that is, the measurement cell has the highest ¢, and all points
within the cell have an up-tilt slope.

3 | RESULTS

3.1 | Surface roughness of surfaces with and
without sediment cover

Using the most common metric to characterize surface roughness, o,
R1,, is the roughest surface, and, despite our initial impressions of the
surfaces, M2 is the smoothest (6, = 2.8 and 8.4 mm respectively,
Figure 4). Inoue et al. (2014) define surfaces as being ‘clast-rough’ or
‘clast-smooth’ where the ratio of bedrock roughness to grain size is

S
M
M
M
R
R1,,

Rl

11 mm cover

32 mm cover

Only bedrock areas
= = - Only alluvial areas
Entire surface

QOoeeeeoo0

0 20 40 60 80 100

% cover
FIGURE 4 Standard deviation of surface elevations (s,) for each
of the surfaces, under increasing amounts of sediment cover. Larger
and smaller circles show fine and coarse (11 and 32 mm) cover
respectively. Black solid lines show values for entire surface. Paler
lines show roughness values for either only the sediment cover
(dashed line) or the remaining exposed areas (solid line). Surfaces
without any sediment cover experiments are shown to the left of %
cover equals 0 [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Methods used to calculate different types of standard deviation of elevations (¢2)

Initial processing of the digital elevation model 6, Calculation Directional?  Symbol
1  High pass filter o, calculated using all DEM elevations No o,
2  High pass filter o, calculated for each row of the DEM in the tilt Yes G2 dir
direction, and all values of ¢, are then averaged
3 Use a square moving window and calculate &, within Calculate mean of all values of 6, sqwin No G, sqwin
each window (o, sqwin)
4 Use a rectangular moving window with width = 1 mm in Calculate mean of all values of 6, 1win Yes G, 1win

cross-tilt direction and calculate ¢, within each
window (6, 1win)
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respectively greater or less than one, and bedrock roughness is back-
calculated from hydraulic data. Following Johnson (2014) by using o,
to quantify roughness indicates that all surfaces are ‘clast-smooth’ for
all experimental grain sizes. In contrast, Zhang et al. (2015) define
roughness using the range of elevations, in which case all surfaces are
‘clast-rough’ for the smaller two grain size classes, and only S1 and
M2 are ‘clast-smooth’ for the larger two size classes.

Clast-rough and clast-smooth surfaces are expected to get
respectively smoother and rougher with adding sediment cover (Inoue
et al., 2014), with a larger change occurring when there is a larger dif-
ference between grain size and roughness. We would expect the larg-
est change in 6, when covering the smoothest surface (S1) with the
largest (32 mm) grains. However, our results do not show this, with a
cover of 32 mm grains causing similar increases in o, on both the
smoothest (S1) and roughest (R1,,) surfaces (i.e., clast-smooth behav-
iour), and not changing overall o, of the intermediate surface, R1
(Figure 4). Adding a cover of 11 mm grains does not change overall o,
of any of the three surfaces. In four out of six cases (11 mm sediment
on S1, and 32 mm sediment on S1, R1 and R1,»), o, for the entire sur-
face is higher than o, for just the alluvial or just the bedrock areas
(Figure 4). This reflects a bimodal distribution in the surface eleva-
tions, with alluvial areas at one elevation range and bedrock areas at
another, such that the overall s, is greater than that within each of
the two ranges. Our data also show that the topography of the under-
lying surface still influences ¢, at 100% sediment cover; surfaces with
100% cover of the same grain size do not have the same o, (Figure 4).

The finding that adding sediment cover only increases total sur-
face roughness in two out of six cases is surprising given that all sur-
faces were identified as clast-smooth. One possible explanation is
that whether sediment cover alters overall ¢, also depends on the

S1, 11 mm

R1, 11 mm
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horizontal scales at which cover alters the bed topography. We test
how sediment cover changes surface topography at different spatial
scales by bandpass filtering the surfaces at a range of wavelengths
and then calculating o, (termed o, gp, Figure 5). A bandpass filter
retains only topographic features with wavelengths within the speci-
fied range. Adding sediment cover increases o, gp of all surfaces at
the smallest 5-15, 15-25 and 25-35 mm wavelengths (Figure 5). For
surfaces S1 and R1,,, adding 25% or more 32 mm sediment cover
(Figure 5d.,f) also increases o, gp at wavelengths greater than 35 mm,
and so overall s, increases (as seen in Figure 4). For the other four
cases (Figure 5a-c,e), adding 25% or more sediment cover either does
not change, or reduces, o, gp at wavelengths greater than 35 mm.
These changes counteract the increase in o, gp at wavelengths less
than 35 mm, and so overall 5, does not change (Figure 4). For exam-
ple, with 11 mm cover on R1,, (Figure 5c), sediment cover increases
o, gp at wavelengths of 5 to 35 mm, but sediment infilling of bed hol-

lows smooths the surface at wavelengths of 35 to 95 mm.

3.2 | Pivot angles on surfaces with and without
sediment cover

From previous work we expect pivot angles to be higher for rougher
surfaces, and/or smaller grains (Buffington et al., 1992; Johnston
et al., 1998; Komar & Li, 1986). For surfaces with no sediment cover,
pivot angles broadly follow this expected pattern, with smallest angles
measured on the smoothest surface, S1, and highest angles measured
on the rougher surfaces R1 and R1,, (Figure 6). However, the direc-
tion of the surface structure is important. Surface R1,.; (where grains
pivot parallel, instead of perpendicular, to the main bed structure) has

R1,,, 11 mm

0 50 100 150 200 0 50
bandpass filter, mm

$1, 32 mm (e)

bandpass filter, mm

R1, 32 mm

100 150 200 0 50 100 150 200
bandpass filter, mm

0 50 100 150 200 0 50
bandpass filter, mm

bandpass filter, mm

100 150 200 0 50 100 150 200
bandpass filter, mm

FIGURE 5 Standard deviation of elevations (s, gp) of surfaces with different percentage cover after bandpass filtering at different
wavelengths. All bandpass filters used a 10 mm range between lower and upper bands, and the x axis value is the lower band. Note that adding
32 mm sediment cover changes o, of the unfiltered surface for S1 and R1,,, but not in the other four combinations of surface and grain size

[Color figure can be viewed at wileyonlinelibrary.com]
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lower pivot angles than surface R1, and similar angles to surfaces with
medium roughness (Figure 6). Pivot angles vary inversely with grain
size for surfaces R1, R1,, and to a lesser extent for S1 and R1,,;. M2
shows little variation with grain size, and M1 and M2,, show increas-
ing pivot angles for some size fractions. Analysis of variance (ANOVA)
shows that, for every surface, there is a significant difference
(p < 0.01) between the mean pivot angles of the different grain sizes.

For the uncovered surfaces, pivot angles are generally higher on
surfaces with higher o,. If adding sediment cover increases/decreases
o, then pivot angles would also be expected to increase/decrease.
This relationship is seen for four out of the six surface and sediment
size combinations. For both 11 and 32 mm sediment on R1, o, is fairly
constant for all amounts of sediment cover (Figure 4), and pivot angles
also do not change (Figure éb). For 32 mm cover on S1 and Ri,,, o,
increases with sediment cover (Figure 4) and pivot angles also
increase (Figure 6b). The exception is 11 mm grains on S1 and R1,,,
where o, does not vary with cover (Figure 4), but pivot angles increase
(Figure 6b). This increase in pivot angles with sediment cover might
be because adding sediment cover increases o, at smaller scales
(e.g., o, gp at wavelengths of 15 to 35 m in Figure 5), despite overall
o, not changing.

For surfaces S1 and R1,,, adding sediment cover not only
increases the mean and median pivot angles, but also increases the
range of pivot angles (Figure 6b). This is because sediment cover
increases the variation in pocket geometries across the surface. At

100% sediment cover, it might be expected that the pivot angles

would just depend on the relative sizes of the cover and the pivoting
grains. But, for both 11 and 32 mm cover, pivot angles are higher at
100% cover for R1,, than for the other two surfaces (Figure 6b),
showing that the underlying bedrock topography continues to exert
an influence.

3.3 | Pivotangles and alternative measures of
surface roughness

The standard approach to predicting pivot angles is to relate average
pivot angles to grain size divided by surface roughness, where surface
roughness is characterized using the size of the underlying grains or
o,. Plotted like this, our data are in line with previous studies
(Figure 7). However, closer inspection shows cases where there are
very different pivot angles for similar values of grain diameter/
roughness (D/s,), specifically the pairs of S1 and M2, R1 and R1,4,
and S1 with and without sediment cover. However, R? of the relation-
ship between mean pivot angle and D/roughness depends on which
of the four methods (Table 1) is used to calculate roughness, and the
window or filter size used in that calculation (Figure 8).

The strongest relationship between mean pivot angle and D/o, is
produced when the surface roughness is characterized using &, 1win
(when standard deviation is calculated for every location using a rect-
angular moving window, and the mean of those values is then calcu-

lated; Figure 8a). The highest R? value occurs at the smallest window
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(a) The values of R? for the relationship between mean pivot angle and D/o,, where s, is calculated using the four different

approaches outlined in Table 1. (b) The values of R? as before but using range instead of standard deviation to quantify surface roughness.
(c) Best fit relationship between pivot angle and D/s;, 4ir where the surfaces are initially filtered using a high-pass filter of 25 mm. (d) Best fit
relationship between pivot angle and D/5;, 1,in Using a filter length of 3 mm [Color figure can be viewed at wileyonlinelibrary.com]

size of 3 mm length x 1 mm width. For both the rectangular and
square windows, R? decreases with increasing window size
(Figure 8a). Using &, 1win is a better predictor of pivot angle than o,
because, unlike o,, it produces different roughness values for each
member of the pairs identified earlier (51 and M2, R1 and R1,,;, and
S1 with and without sediment cover; Figure 8d). However, values of
5, 1win are smaller than o, values, therefore any relationship will not
be comparable to other studies (as in Figure 7). We also repeated this
analysis using windows that were different widths but found that
one-row-wide windows gave the highest R? correlation with pivot
angles. Starting with a square window, decreasing the width relative

to the length (i.e., a rectangle with the long axis parallel to the tilt

direction) increased R2 But, increasing the width (i.e., a rectangle with
the long axis perpendicular to the tilt direction) decreased the R?
value. When we apply a high pass filter before calculating the stan-
dard deviation, R? is highest at a filter cutoff of 25mm (Figure 8a),
which is comparable to the size of the test grains. The value of R? is
also higher when the standard deviation is calculated in the tilt
direction.

Following Zhang et al. (2015), we also repeated our analysis using
the range of elevations instead of the standard deviation. Using the
range for the entire surface (Figure 8b) gives a similar result to that
shown in Figure 8(a); the similarity is because there is generally a high

correlation between the range and the standard deviation. The
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highest R? values are still produced using R, 1win- The lowest are pro-
duced by R,, which is the range metric that is most different to the
equivalent metric using the standard deviation, which may reflect the
fact that the range is very sensitive to any individual erroneous points
in the DEM. Generally, this analysis suggests that the spatial scale that
the roughness property is calculated over, and whether it is direc-
tional, is more important than whether it is the range or standard
deviation.

34 |
cells

Pivot angles at the scale of the measurement

So far, we have analysed mean pivot angles, which we find depend on
small-scale surface roughness along the tilt direction. Next, we looked
at relationships between surface roughness and pivot angle at the
scale of each of the 81 measurement cells. For each surface, we calcu-
lated the roughness of every measurement cell and calculated a power
law relationship between D divided by these roughness values and
the mean pivot angle measured in each cell (e.g., Figure 9b-d). We
quantify roughness using o, (with no DEM processing) and &, 1win,

selecting the latter because it gave the highest R? in Figure 8(a).

(a) Pivot grain

For G, 1win We varied the window length between 3 and 31 mm.
Figure 9(a) shows which combinations of surface and roughness
metrics produce a power law relationship with an exponent that is
significantly different to zero (i.e., 95% confidence interval does not
contain zero), and the corresponding R? values. Using o,, for the
surfaces without sediment cover there are only four out of
28 combinations of surface and grain size where there is a significant
relationship between D/s, and pivot angle at the scale of individual
measurement cells (Figure 9a, and examples in Figure 9b,c). For
surfaces with sediment cover, seven combinations of surfaces and
grain size give a significant relationship, primarily for surface S1
(Figure 9a,d). Furthermore, although we would have expected
negative relationships between pivot angle and D/, we actually see
positive relationships in three out of 11 cases, such as in Figure 9(b).
Using &, 1win, there is still a large proportion of scenarios where
there is no relationship between D/roughness and mean cell pivot
angle (Figure 9a). Relationships with the highest R? occur at smaller fil-
ter sizes for surfaces R1,.,; and S1 with 25% and 50% 11 mm alluvial
cover (Figure 9a). Many relationships for surfaces S1, M1, M2 and
M2,, are positive, contrary to expectations. We then combined
G, 1win With an inclination index (I) that identifies whether each cell

slopes upstream or downstream. Using the combined index (5, 1win/)

(b)
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FIGURE 9 (a) The values of R? for the power law relationship between grain size divided by cell roughness properties and the mean pivot
angle measured for each cell. Cell roughness for each cell is measured using 6, 5;_1win, aNd 6;_1win! (G, 1win cOmbined with inclination index I).
Colour shows the R? value, and grey areas indicate that the exponent on the power law fit was not significantly different to zero (95% confidence
interval includes zero). White dots indicate that the significant relationship is positive, all others are negative. (b-d) The data and power law fits
referred to in the coloured boxes in (a), in which roughness is calculated using o, [Color figure can be viewed at wileyonlinelibrary.com]
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increases the number of significant relationships that are identified,
with significant relationships for most surfaces with sediment cover.
Furthermore, only one significant relationship is negative. However,
some uncovered surfaces (M2, M2,, and R1,,) still do not show
significant relationships for most grain sizes (Figure 9a). Across all sets
of analysis, there is no consistent pattern in the window size that
produces the highest R%. We also repeated this analysis using G2 _dir
instead of &, 1win, and found a very similar set of patterns to those

seen in Figure 9(a).

4 | DISCUSSION

4.1 | Interactions between surface roughness and
sediment cover

Being able to predict how sediment cover development changes chan-
nel roughness is necessary for predicting both hydraulics and sedi-
ment transport in bedrock rivers. The simplest approach is to assume
first that the total roughness is a weighted average of the individual
roughness of bedrock areas and alluvial patches, and second that the
roughness of each can be quantified by a roughness length scale
(Inoue et al., 2014; Johnson, 2014; Nelson et al., 2014; Nelson &
Seminara, 2012). Under these assumptions, in a clast-smooth scenario
where D/c, or D/R, is greater than one, then developing sediment
cover increases overall roughness. However, our results contradict
both of these assumptions. Firstly, total 5, was often greater than that
of either the alluvial or bedrock patches (Figure 4), and so would not
be predicted by a weighted average. Secondly, the underlying bedrock
topography still affected o, even at 100% cover (Figure 4), and so o,
of alluvial areas was not solely determined by the grain size. Sediment
cover may need to be multiple grains deep before the underlying
bedrock topography is not important. The combined effect of these
was that overall roughness did not increase in the way expected of
clast-smooth scenarios.

We conclude that, under conditions of low sediment cover
thickness or supply limited regimes, the impact of sediment cover on
overall topographic roughness cannot be fully determined from ¢, and
grain size alone. There is a need for new ways to predict the evolving
topography and roughness of bedrock-alluvial channels. Current
attempts are limited by a lack of data, as there are very few datasets
of detailed channel topography under different sediment cover
extents. Improved understanding would be a step forward in
predicting the flow resistance of these systems, as current predictions
of flow resistance (e.g., Ferguson et al., 2019; Fernandez et al., 2021;
Inoue et al., 2014; Johnson, 2014; Li et al., 2020) typically use the
same assumptions as outlined earlier. For example, Ferguson et al.
(2019) found that they could use weighted averages of roughness
lengths of bedrock bed, walls and sediment cover to match the
hydraulic roughness back calculated from flow data. However, it is
unclear whether this approach would work in other situations,
because of a lack of mechanistic understanding of (a) how changes in
sediment cover change channel topography, and (b) whether the
impact of that topography on the flow can be described using a single
roughness length. Another finding from our data is that the impact of
sediment cover on roughness can vary depending on the scale of anal-

ysis. For instance, adding sediment cover increased roughness at
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wavelengths of less than 35 mm (Figure 5). But, at longer wave-
lengths, adding sediment cover increased roughness for some combi-
nations of cover grain size and surface (Figure 5d), and decreased
roughness for other combinations (Figure 5c). Understanding how
sediment cover affects flow and sediment transport also requires
understanding of the relevant scale at which roughness should be
quantified, which may be different for predicting flow hydraulics

compared to sediment transport.

4.2 | Interactions between surface roughness and
pivot angles

Our results suggest that the scale of roughness that correlates most
with pivot angles is one that is similar to, or smaller than, the size of
the grains. Our analysis comparing mean pivot angles to roughness
values calculated across the entire DEM showed that the highest R?
values occurred either at the smallest window sizes (5, sqwin and
G, 1win; Figure 8a,d), or from high pass filtering at a length scale com-
parable to the grain size (o, and &, 4i; Figure 8a,c). We found that
incorporating the directionality of the bed also improves R2. The dif-
ference in pivot angles between surfaces R1 and R1,; indicates that
changes in the local flow direction, and hence the direction that the
grain moves across the bed, could be another source of variability
in grain mobility. Directionality and bed inclination are aspects of
the bed topography that have not previously been considered with
respect to grain entrainment, and including them may be necessary
to improve understanding of grain mobility. These findings explain
why the standard approach of predicting pivot angles as a function
of D/c, (e.g., Johnston et al., 1998) does not fully collapse our data
(Figure 7).

In contrast to the analysis on mean pivot angles, trying to find
relationships between the topographic properties of individual mea-
surement cells and the pivot angles within those cells is only partially
successful. Different surfaces, and different combinations of sediment
cover and grain size, do not produce consistent relationships
(Figure 9). In some cases, pivot angles unexpectedly decrease as mea-
surement cell roughness increases (Figure 9b). Furthermore, there is
no single window size that produces the highest R? (Figure 9a). How-
ever, this analysis does again show that including the directionality
and overall slope of the bed improves R?. The lack of conclusive
relationships could be because, for each combination of cell and
measurement grain, there is a large combination of potential grain
locations and orientations, which would produce a range of pivot
angles. We only measured three pivot angles from each measure-
ment cell and so may not have fully captured the potential variabil-
ity. More repeat measurements from each cell may start to produce
clearer trends between cell topographic properties and pivot angles.
From a practical perspective though, the finding that the strongest
relationships were between average pivot angles and average bed
properties (Figure 8a) is helpful because it means that differences
between bedrock surfaces can be predicted without having to be
concerned with the details of how grain pocket geometry vary
across each surface. However, we do note that a bedrock river
channel is likely to feature roughness elements at scales larger than
our experimental surfaces, and so a reach-scale value of ¢, should

not be used uncritically.
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Predictions of pivot angles are needed for predictions of critical
shear stress using models such as those of Kirchner et al. (1990), Lamb
et al. (2008) and Yager et al. (2018). Yet, evaluating our results is diffi-
cult because we are not aware of any other datasets measuring pivot
angles in bedrock channels. Compared to data from alluvial channels,
our pivot angles are of a comparable magnitude to angles measured
using a similar methodology where the pivoting grains were placed
and tilted on a fixed alluvial surface (e.g., Kirchner et al., 1990). Pivot
angles back calculated from the force required to dislodge a sediment
grain from an alluvial bed tend to be higher (e.g., Hodge et al., 2013;
Prancevic & Lamb, 2015), as the force often also incorporates the
effect of displacing overlying and adjacent grains (Yager et al., 2018),
or dislodging cohesive sediment around the grain (Barzilai et al., 2012;
Hodge et al., 2013). In the context of alluvial patches on bedrock, our
approach, which isolates the effect of pocket geometry on pivot angle,
therefore best represents the properties of a grain that is deposited
onto an existing sediment patch, rather than the properties of grains
that are already within that patch and where their entrainment may

require dislodging adjacent grains.

4.3 | Implications of our experimental design

When evaluating the implications of these experiments for rivers, it
is necessary to consider the ways in which they are not fully repre-
sentative of natural channels; specifically, the location and depth of
sediment cover, the lack of water working, and the uniform grain
size distribution. The locations of sediment cover were determined
by assuming that cover will initiate in the areas of the bed with
the lowest elevations. Flume experiments have shown that this is a
reasonable first approximation, but that sediment deposition is
also determined by local flow conditions (Finnegan et al., 2007;
Hodge & Hoey, 2016b; Johnson & Whipple, 2007). Our experi-
ments only extended to a sediment layer a single grain diameter
thick, and the results show that the underlying bedrock still
exerts an influence at 100% cover. However, because we did not
extend the experiments to thicker depths, further experiments are
required to identify the sediment depth at which this influence
will cease.

Our sediment cover was not water worked, meaning it lacks
the grain imbrication commonly seen in alluvial deposits
(Wohl, 1992). In river channels, the extent of grain imbrication can
vary spatially and temporally, and our experiments may better
represent ‘slackwater sediments’, sediment in pools (Hodge
et al., 2013), or rapidly deposited sediment in ephemeral channels
(Hassan, 2005). Flume experiments (Cooper & Tait, 2009; Kirchner
et al, 1990) have shown that water-working causes the deepest
pores in the bed surface to be filled in, decreasing pivot angles of
grains placed onto the bed. However, this may be less likely to
occur had we water worked these beds, as the sediment has a uni-
form grain size. This uniform grain size is another point of differ-
ence to a natural riverbed. Alluvial flume experiments have shown
that a wider grain size distribution (GSD) can produce a smoother
bed (Ockelford & Haynes, 2013) as the smaller grains can fit into
small pore spaces between larger grains. Consequently, we might
expect that had we used a mixed GSD, the alluvial roughness and

pivot angles could all have been smaller, potentially reducing the

differences between the bedrock and alluvial surfaces. A further
complication of a mixed GSD is that the GSD can vary between dif-
ferent areas of the sediment cover (Papangelakis et al., 2021). Con-
sequently, the size of grains at any location on the bed, and hence
pivot angle, becomes even harder to predict (Prancevic &
Lamb, 2015).

5 | CONCLUSION

There is still much uncertainty as to how bedrock topography and
sediment cover affect sediment dynamics. In this first of two articles,
we have measured how grain pivot angles and surface roughness vary
between bedrock surfaces and with varying sediment cover. We find
that overall roughness is not a weighted average of individual bedrock
and alluvial roughness. On average, pivot angles decrease with
increasing grain size relative to the surface roughness; however, sur-
faces with the same value of D/s, can have different average pivot
angles. These findings do not agree with some common assumptions
about how sediment cover affects roughness and pivot angles. There
is a need for new methods for predicting roughness and grain
mobility, and our results suggest they should focus on surface rough-
ness at grain- and sub-grain-scales, whilst incorporating surface
roughness direction and local bed inclination. Our work has also
shown 3D printing is an effective way of replicating bedrock surfaces
in laboratory experiments and suggests future work could use flume
experiments with 3D printed natural bedrock topography to measure
how roughness and critical shear stress change as sediment cover

develops.
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