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1 | INTRODUCTION AND AIM

Understanding when gravel moves in river beds is essential for a range of different
applications but is still surprisingly hard to predict. Here we consider how our ability
to predict critical shear stress (z.) is being improved by recent advances in two areas:
(1) identifying the onset of bedload transport; and (2) quantifying grain-scale gravel
bed structure. This paper addresses these areas through both an in-depth review and
a comparison of new datasets of gravel structure collected using three different
methods. We focus on advances in these two areas because of the need to under-
stand how the conditions for sediment entrainment vary spatially and temporally,
and because spatial and temporal changes in grain-scale structure are likely to be a
major driver of changes in z.. We use data collected from a small gravel-bed stream
using direct field-based measurements, terrestrial laser scanning (TLS) and computed
tomography (CT) scanning, which is the first time that these methods have been
directly compared. Using each method, we measure structure-relevant metrics
including grain size distribution, grain protrusion and fine matrix content. We find
that all three methods produce consistent measures of grain size, but that there is

less agreement between measurements of grain protrusion and fine matrix content.

KEYWORDS
bedload transport, computed tomography scanning, critical shear stress, gravel bed rivers,
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geometry. The near-threshold model of channel geometry suggests
that channels adjust their width and depth such that, at bankfull, 7 is

In gravel-bed rivers, the river bed starts to be entrained when the
applied shear stress (z) is greater than the critical bed shear stress (z.)
characterising the sediment surface. Predicting when sediment will
move is essential for a wide range of management applications. For
example, sediment erosion and deposition can change channel
capacity, and hence the probability of flooding (Lane et al., 2007). The
habitat quality and stability of restored rivers depend on whether the
new channel bed is mobile under applied flows (Snyder et al., 2009).
Similarly, engineered structures in rivers may need a level of protec-
tion that is tailored to likely sediment transport rates (Habersack
et al.,, 2016). 7. can also be a fundamental control on river channel

approximately equal to 1.2 . (Phillips et al, 2022; Phillips &
Jerolmack, 2019). Consequently, predictions of bankfull channel
geometry using this model also require an accurate estimate of 7.
Other laboratory and field studies suggest that r and . adjust such
that the reach transport capacity is equal to the imposed upstream
sediment supply (Dietrich et al., 1989; Madej et al., 2009; Pfeiffer
et al., 2017), which still implies that z. indirectly influences channel
geometry and slope.

Shields (1936) showed that in a bed of uniform-sized spherical
grains, 7. is proportional to grain diameter, such that dimensionless
critical shear stress (c*.; Shields’ criterion) is constant across grain
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sizes for the hydraulically rough flow in gravel bed rivers, where
*.=1./8 (p — ps) D (D = grain size, p = density of water, p; = density
of sediment and g = acceleration due to gravity). Subsequently, a
number of formulas have been produced that predict 7*. as a function
of grain size or channel slope (e.g. Lamb et al, 2008; Perret
et al., 2023). However, studies in conditions more representative of
natural channels have shown that ¢*. is far more variable than
suggested by grain size or slope alone, with spatial and temporal varia-
tions caused by factors including grain packing, grain protrusion, flow
history, the presence of cohesive fines, grain shape, bed slope, relative
roughness and the grain size distribution (GSD) of the bed
(e.g. Barzilai et al., 2012; Buffington et al., 1992; Buffington &
Montgomery, 1997; Fenton & Abbott, 1977; Kirchner et al., 1990;
Lamb et al., 2008; Laronne & Carson, 1976; Li & Komar, 1986;
Masteller et al, 2019; Masteller & Finnegan, 2017; Ockelford &
Haynes, 2013; Perret et al, 2023; Prancevic & Lamb, 2015;
Recking, 2009; Reid et al, 1985; Schmeeckle et al., 2007;
Warburton & Demir, 2000; Wiberg & Smith, 1987).

The combined influence of multiple controlling factors means that
not only does *. vary spatially and temporally between rivers, but it
can also be highly variable within an individual reach, such as spatial
variation in z*. between morphological units (Hodge et al., 2013;
Sear, 2003). Consequently, despite the importance of z*., we still lack
consistent, reliable methods to predict it. Phillips et al. (2022) report
that, even after accounting for the impact of grain size on 7, values of
7. cannot currently be predicted any better than to a factor of 10, lead-
ing them to conclude that for predicting channel geometry, ‘the fore-
most challenge is to determine the appropriate entrainment
threshold’. Although recent work has developed methods for
predicting 7*. with reported lower uncertainties of 25% to 50%
(Feehan et al., 2023; Perret et al., 2023), these approaches have not
been widely applied. Consequently, for many applications, z*. is still
simply estimated to be a constant with a value somewhere between
0.03 and 0.06 (Buffington & Montgomery, 1997). However, this range
equates to a doubling of the flow depth at which sediment will start
to move, limiting the accuracy of any predictions derived from these
values. To estimate 7*. from changing channel conditions, Johnson
(2016) proposed that, instead of being assumed to be constant, *.
should be treated as a state function which evolves in space and time
depending on local bed characteristics and sediment transport rate.
But, we do not currently know what form such functions should take.

Here we argue that improved predictions of z. require better
understanding both of how the grain-scale structure of a sediment
bed alters 7., and of the processes that cause the gravel-bed structure
to change. We focus on sediment structure (including grain arrange-
ment and the amount of cohesive fines around grains) because it has
been widely demonstrated to affect 7. (Charru et al., 2004; Culiez
et al,, 2022; Fenton & Abbott, 1977; Galanis et al., 2022; Johnston
et al, 1998; Kirchner et al., 1990; Voepel et al., 2019; Yager,
Schmeeckle, & Badoux, 2018). Furthermore, structure can adjust rap-
idly within and between transport events, changing z. more quickly
than changes in other factors such as grain size and shape, and provid-
ing a mechanism by which channel beds can rapidly adjust to changing
flow and sediment supply conditions (e.g. Kirchner et al., 1990; Perret
et al,, 2020). If we understand how the grain-scale structure deter-
mines 7., then we can identify which properties of the bed we need to

measure to predict 7. at any given location as well as to predict

variations in 7. between different locations. Consequently, such data
will also enable the development of new predictive relationships
for ..

The aim of this paper is to demonstrate how recent advances in
field-based methods provide new opportunities to better understand
the grain-scale controls on 7., through both a review of the literature
and consideration of a new dataset. We focus primarily on field-based
studies as we want to understand 7. in these settings; we acknowl-
edge the contributions made by laboratory and other approaches but
do not provide a complete review of these methods. We focus on
advances in two areas: (1) methods to identify the onset of bedload
transport; and (2) methods to quantify grain-scale gravel bed struc-
ture. The first area is important because identifying the conditions
under which sediment starts to move shows how much z. varies
within and between rivers. Advances in the second area are required
because the difficulty of measuring sediment structures means that
we currently have very limited information on how they change spa-
tially and temporally. We illustrate the range of methods that can be
used to measure grain-scale sediment structure in the field by pre-
senting the first direct comparison between three different methods:
direct measurements of sediment properties, terrestrial laser scanning
(TLS) data and computed tomography (CT) scanning data. We use the
data from the three methods to calculate grain-scale properties,
including grain size, protrusion, and contact with cohesive fines, and
compare how the distributions of these properties vary between the
different methods. We conclude by considering how recent methodo-
logical advances could be combined to identify which aspects of sedi-
ment structure most closely control values of z., and hence which
properties of gravel beds should be measured to understand how =,
changes and to improve . predictions.

2 | METHODS TO MEASURE T¢

One common approach to quantifying z. in field settings is to identify
the flow conditions at which sediment starts to move and to assume
that the applied shear stress (z) is equal to 7. of the mobilised sedi-
ment. This approach requires concurrent measurements of sediment
entrainment and the flow. We start with a brief overview of the
methods used to measure and model flow, before discussing methods
for measuring sediment entrainment. We split the latter into two cate-
gories: continuous bedload monitoring (both direct and indirect
approaches) and methods for recording the movement of individual
grains. In each case, we focus on recent advances and point the reader

towards reviews of more established techniques.

21 | Measuring and modelling flow

The aim of flow measurements in this context is to estimate z. Reach-
averaged shear stress is often calculated by measuring flow stage
within one or more surveyed cross-sections, and using the average
depth from all cross-sections, water surface slope (or bed slope) and
the assumption of uniform flow. Such an approach seems to be appro-
priate when sediment transport is also being measured in a reach-
averaged way, or where the location of the mobile grains within the

reach is unknown. However, unless the channel is unusually uniform,
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7 and hence sediment transport are likely to be spatially variable, and
so the reach-average shear stress will be an underestimate of the
higher local shear stress in the areas of the bed where sediment first
starts to move (Adams & Eaton, 2022; Ferguson, 2003; Lisle
et al,, 2000; Monsalve et al., 2016; Nelson et al., 2010; Segura &
Pitlick, 2015). Conversely, the reach-averaged shear stress can be an
overestimate of the local shear stress acting on sediment when part
of the stress is borne by significant large roughness elements
(e.g. woody debris, immobile boulders and vegetation) (Buffington &
Montgomery, 1997; Lamb et al., 2008; Mueller et al., 2005; Nitsche
et al, 2011; Schneider et al., 2015; Yager et al, 2007; Yager,
Turowski, et al., 2012). A range of methods account for the effects of
these large roughness elements or for the influence of relatively
shallow flow on the onset of motion. These methods include stress
partitioning or roughness partitioning equations that divide the bed
and consequently the shear stress between roughness elements and
sediment, and 7. equations based on relative roughness effects. Even
in uniform reaches without large roughness elements, the reach-
averaged shear stress is still often a poor proxy for the fluctuating
fluid forces acting on particles that actually cause sediment motion
(Celik et al., 2013; Diplas et al., 2008; Nelson et al., 1995; Schmeeckle
et al., 2007; Yager, Venditti, et al., 2018; Yang et al., 2016).

If the aim of data collection is to identify whether 7. varies tem-
porally in a particular channel (Masteller et al, 2019; Pretzlav
et al., 2020), then overestimates or underestimates of local © may be
less important as long as the error in the estimate is consistent over
time. However, if the aim is to use the value of 7. estimated from
measurements of ¢ to make predictions in other channels, then it is
likely to be necessary to consider how channel morphology affects
the relationship between average and local values of 7. Measurements
of = could be improved by 2D flow data (i.e. measurements in multiple
locations across the channel) that estimate the spatial distribution of
7. For grains with a known location, this would provide a way of com-
paring their mobility to local 7 (Smith et al., 2023). Even for bedload
measurements that are not location specific, 2D flow data would
enable analysis of the extent to which average 7 represents local con-
ditions when grains start to move. However, measuring 7 spatially at
the moment of grain entrainment is not straightforward in the field,
relying on the deployment of flow monitoring equipment such as
Acoustic Doppler Current Profilers (ADCP). These instruments are
capable of measuring the vertical distribution of flow through the
water column but rely on being deployed across multiple transects to
build a 3D map of the spatial distribution of flow conditions, some-
thing that is time consuming and often not possible in small channels
and steeper headwater systems. Furthermore, velocity cannot be
measured in all locations simultaneously. New small Autonomous Sur-
face Vehicles (ASVs) have facilitated systematic surveys using ADCP
and related techniques (Tomsett & Leyland, 2019), although the sur-
veys are still relatively time consuming as vessel speeds should ideally
be limited to the same or less than the flow velocity being measured.
In addition, ASVs typically have maximum speeds of around 6 knots,
meaning that in very fast flowing water they simply cannot navigate
against the flow. New field-based PIV (Particle Imaging Velocimetry)
techniques might also provide an opportunity to quantify 2D flow pat-
terns (Dobson et al., 2014; Eltner et al.,, 2021; Fujita et al., 1998),
although there is still the need to convert from surface velocity pat-

terns to bed 7, and they often only work during daylight. This means

that modelling of the flow is likely the best approach to estimating
bed 7 (Monsalve et al., 2016; Segura & Pitlick, 2015), with some field
data (water surface elevations and flow velocities) used for model cali-

bration and validation.

2.2 | Continuous bedload monitoring techniques
One approach to measuring z. is to use continuous or frequent moni-
toring of bedload transport and to identify the times at which sedi-
ment starts to be entrained. Continuous or frequent measurements of
bedload can be measured directly (e.g. using bedload samplers or
bedload traps) or indirectly through measuring the sounds and vibra-
tions produced by moving particles. In both cases, there can be uncer-
tainty in defining the point at which sediment starts to move,
reflecting the stochastic nature of bedload under low excess z and
measurement precision.

Direct measurements of bedload transport rates using bedload
samplers (e.g. Emmett, 1980) or bedload traps (e.g. Reid et al., 1980)
have been extensively used to determine z.. In this method, bedload
fluxes are measured for a range of flow conditions and a reference
dimensionless shear stress is calculated as the value of * that causes
a small but measurable dimensionless transport rate, which is called
the reference transport rate (e.g. Perret et al., 2023). Approaches vary
in the literature in terms of the method for nondimensionalizing the
bedload transport rate and the assumed value of the reference trans-
port rate. In addition to these methodological uncertainties, other
potential uncertainties are driven by potential errors in bedload sam-
pling, scatter in the bedload transport data, and curve fitting between
dimensionless shear stress and dimensionless bedload transport rates.
Such calculations can either occur for the entire GSD or for individual
grain sizes, which enables calculation of a reference dimensionless
shear stress for each grain size and a hiding function. The use of
bedload samples and the reference shear stress approach have been
discussed previously (Ancey, 2020; Buffington & Montgomery, 1997;
Parker, 1990; Recking, 2010; Wilcock & Crowe, 2003) and are not fur-
ther reviewed here.

Indirect techniques monitor sediment transport by recording the
sounds and vibrations produced by moving bedload. Most long-term
records use indirect monitoring approaches rather than direct ones
(Habersack et al., 2017). Hydrophones and seismic monitoring record
the energy released into the environment by bedload (Burtin
et al., 2008; Geay et al., 2020; Gimbert et al., 2018; Hsu et al., 2011;
Roth et al., 2014), whereas geophones, impact plates and pipes record
the energy released when the grains interact with a specific monitor-
ing device (Beylich & Laute, 2014; Hilldale et al., 2015; Rickenmann
et al.,, 2012). Such approaches have potential to provide information
on bedload transport rates and grain sizes, but our focus here is on
when bedload transport starts and stops. Seismic and hydrophone
techniques can record bedload motion across a larger area than direct
samplers and impact plates, and so are more likely to identify the
onset of transport.

Multi-year bedload transport data from both direct and indirect
methods has been used to identify how 7. varies over time. Reid et al.
(1985) first used continuous bedload trap data to show that 7. was
higher following long periods of low flows which consolidated the

bed, and lower when sequential floods loosened the bed. Using
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impact plate data, Turowski et al. (2011) found that, in three pro-

glacial streams, the discharge at which sediment started to move was
correlated with the discharge at which sediment stopped moving in
the previous flood event, indicating the impact of flow history on z..
Rickenmann (2018) attributed these changes to rearrangements in
bed structure. Turowski et al. (2011) found that the pattern was less
clear in the Erlenbach, Switzerland, a channel in which sediment trans-
port is dominated by summer rain-driven events. Further work by
Masteller et al. (2019) in the Erlenbach suggested that larger anteced-
ent flow magnitudes increases subsequent values of ., but only up to
a certain antecedent flow threshold. Above this threshold, z. was
either independent of the antecedent flow magnitude or possibly
decreased with greater flows. These temporal variations in z. are
interpreted as reflecting changes in bed structure, but concurrent
measurements of bed structure were not collected. At the same loca-
tion, Rickenmann (2020) found that z. varied inversely with a disequi-
librium ratio (observed bedload divided by transport capacity), and
hypothesised that this reflected the impact of sediment supply on
sediment structure. Increased sediment supply results in a thicker
active layer and looser packing, hence reduced z. and increased
bedload transport; during periods with reduced sediment supply, the
bed is stabilised, increasing 7. and reducing bedload transport. Other
long-term geophone records have not been directly analysed to iden-
tify temporal variations in z., although Aigner et al. (2017) show differ-
ences in transport rates before and after a bedload pulse, and Downs
and Soar (2021) identified the importance of flow history and sedi-
ment supply factors on transport rates. Installing these instruments
requires a large amount of in-channel infrastructure, prohibiting easy
application of these techniques to a wider range of rivers.

Seismic signals recorded adjacent to a river have also been shown
to correlate with bedload transport. Early evidence for this correlation
was hysteresis between the seismic signal at certain frequencies and
measured discharge, enabling identification of the discharge at which
sediment started to move (Govi et al., 1993; Hsu et al., 2011). There
has been a recent rapid growth of data and theory in this area
(Anthony et al., 2018; Bakker et al., 2020; Barriére et al., 2015; Chao
et al, 2015; Cook et al, 2018; Gimbert et al, 2014; Lagarde
et al., 2021; Misset et al., 2020; Polvi, 2021; Roth et al., 2014;
Schmandt et al., 2013, 2017; Tsai et al., 2012), which has demon-
strated that seismic data can provide robust predictions of relative
sediment flux, enabling the onset of sediment transport to be identi-
fied. However, measuring bedload transport rates is harder because
of the multiple factors that contribute to the seismic noise that is pro-
duced and the need to differentiate between the noise of the bedload,
the turbulent flow and other environmental signals (Cook &
Dietze, 2022). Seismic approaches provide new opportunities for con-
tinuous monitoring, with the lack of in-channel infrastructure meaning
that seismometers can be easily installed in a variety of locations,
including those where in-stream infrastructure may be destroyed by
extreme events. However, as far as we know, this technique has not

yet been used to analyse variations in z..

2.3 | Monitoring individual grains

An alternative approach to measuring 7. is to track the transport of

individual tracer grains through space and time, from which their

time of entrainment can be related to hydraulic parameters. The
methods used to do this range from simple tagging of grains to
enable them to be manually relocated following a flow event,
through to continuous monitoring of the accelerations experienced
by the grain.

The simplest method of tagging grains with spray paint, magnets,
or passive or active RFID tags, and mapping their locations before and
after sediment transport events have been widely applied
(e.g. Bradley & Tucker, 2013; Ferguson et al., 1996, 2002, 2017;
Ferguson & Hoey, 2002; Goode & Wohl, 2010; Haschenburger, 2013;
Hodge et al., 2011; Lenzi et al., 2006; Liébault et al., 2024; MacVicar &
Roy, 2011; Mao et al, 2008; Oldmeadow & Church, 2006;
Scheingross et al., 2013; Yager, Dietrich, et al., 2012). If tracer parti-
cles move during an event, then estimation of z. requires assumptions
about the flow within the hydrograph that was responsible for trans-
port of a given particle size. The maximum (commonly called the com-
petence approach) and 84th percentile of the mobile tracer
distribution have been assumed to represent the grain size that would
just begin transport at peak z within a hydrograph (Lenzi et al., 2006;
Mao et al., 2008; Scheingross et al, 2013; Yager, Dietrich,
et al., 2012). An alternative approach is to only use the tracer particle
sizes that move a short distance (e.g. less than one diameter or less
than 1 m) from installation (Lenzi et al, 2006; Mao et al., 2008;
Scheingross et al., 2013). By combining tracer transport data from
multiple floods, 7. for a range of bed grain sizes and hiding functions
can be estimated (Lenzi et al, 2006; Mao et al., 2008; Yager,
Turowski, et al., 2012). This approach also enables estimation of 7. for
individual sediment patches on the bed or for different areas of the
bed (MacVicar & Roy, 2011; Scheingross et al., 2013; Smith
et al., 2023; Yager, Dietrich, et al., 2012). Given all of the assumptions
that are made in identifying the flow that moved tracers and in the
representative tracer size or distance travelled, considerable uncer-
tainties remain in using tracers to estimate 7.

Statistical approaches have the potential to extend information
that can be extracted from bedload tracers (MacVicar &
Papangelakis, 2022), but these data still cannot generally identify the
timing of grain entrainment and resting periods during a flow event.
Alternatively, antennas can be installed across the river bed to
record the timing of overpassing RFID-tagged grains. Such data pro-
vide starting times of sediment transport (Casserly et al., 2021), but
only for grains that cross the antenna following entrainment. The
use of active RFID tags means that the antennas can be outside the
channel, such as on a bank (Cassel et al., 2021) or attached to a
drone (Cassel et al., 2020), and repeat drone surveys during a flow
event may be able to identify the timing of individual grain displace-
ments. Ergenzinger et al. (1989) and Habersack (2001) were among
the first to use radio transmitter tagged stones as a Lagrangian
method of simultaneously tracking grain entrainment timing, jump
distances and resting periods during a flood event, and such data
from a number of grains could be a valuable way of evaluating spa-
tial and temporal differences in z.. Sear et al. (2002) show that data
from logging pebbles that record the strength of an electromagnetic
field produced by buried wire loops can be used to track changes in
pebble location in the littoral zone. However, tracking techniques
are still not commonly applied in fluvial bedload research, despite
ongoing developments in electronics and tracking methods in other
fields (Dini et al, 2021; Hart & Martinez, 2022; Noonan
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et al., 2015). Although challenging, developing these techniques to
link grain positions and entrainment/rest times throughout flood
events would be an exciting new area for development, although
the same challenges of linking the motion of the tracer particle to
the local fluid forces remain.

Accelerometers and related sensors embedded in tracer clasts
hold great potential to measure grain orientations, the timing of
movements and potentially even net forces acting on grains
(Maniatis, 2021; Olinde & Johnson, 2015; Pretzlav et al., 2020, 2021).
Such data enable 7. to be estimated from concurrent measurements
of flow and distributions of the timing of movements. Pretzlav et al.
(2020) measured 15 578 individual grain movements of 21 tracers
over ~30 days of diurnal snowmelt discharge and found systematic z.
changes over time which correlated with both cumulative discharge
and also changes in discharge from one day to the next. One limiting
factor of such data to date is that locations of instrumented grains
within the channel during transporting floods are unknown, and so
entrainment can only be linked to reach-averaged conditions, not local
flow conditions. Another potential issue is that the minimum tracer
size is limited by the size of the electronics and especially batteries,
with larger batteries increasing the duration of data collection. Conse-
quently, the instrumented grains may not be representative of most
grains in the channel, although the size of hardware is decreasing over
time. Tracers used by Olinde and Johnson (2015) and Pretzlav et al.
(2020) approximated reach Dgys and Dsg, respectively (where D5y and
Dg,4 are the 50th and 84th percentiles of the GSD). Technological
advances such as controlling when grains do or do not record data
may also increase battery life and memory. Wireless data streaming
would enable data to be obtained in real time and to not be depen-
dent on subsequent grain recovery, although the need to transmit sig-
nals through water rather than air makes this harder to achieve (Biggs
et al., 2022).

3 | METHODS TO MEASURE SEDIMENT
STRUCTURE

Sediment structure has been widely demonstrated to affect z.. But
measuring the 3D structure of gravel beds is not straightforward as
opaque grains mean that everything below the surface is hidden from
view. Here we consider three different approaches to quantifying sed-
iment structure in the field, presented in increasing order of surface
representation. The first approach is not to measure structure directly
but rather the impact of the structure by measuring the forces
required to displace individual grains. These data can be combined
with other direct measurements, such as 1D measurements of grain
exposure. The second approach is using survey techniques such as
TLS or structure from motion (SfM) photogrammetry, which measure
the surface topography of the bed. The final approach is measuring
3D grain topography using CT or magnetic resonance imaging (MRI)
scanning, which provides an image of the entire 3D structure of the
bed surface and the internal bed structure. For each of these
approaches, there is the additional complexity of knowing which met-
rics to measure in order to best estimate 7. of the bed. We start with
an overview of the range of metrics that have been developed to
describe sediment structure before considering how each method has

been applied.

3.1 | Selecting metrics
Previous work to identify metrics that relate to 7. has been motivated
by the parameters included in the grain-scale entrainment models of
Kirchner et al. (1990), Voepel et al. (2019), Wiberg and Smith (1987)
and Yager, Schmeeckle, and Badoux (2018), which include grain pro-
trusion (which is sometimes separated into projection and exposure),
pivot angle, the volume of sediment overlying the moving grain, the
presence of cohesive sediment around the grain, and the bulk sedi-
ment friction angle. Bulk sediment friction angle or the intergranular
friction angle is in turn controlled by a large number of interacting var-
iables such as the solid volume fraction (inverse of porosity), particle
orientation, imbrication, shape and angularity. At the particle scale,
intergranular friction is mechanistically controlled by force chains,
which are in turn influenced by the stress history of the bed (Booth
et al., 2014; Charru et al., 2004; Cunez et al., 2022; Galanis
et al., 2022). Grain shape, grain packing density, particle clusters and
surface roughness have also been hypothesised to affect z. through
their impacts on both bed structural parameters and the applied fluid
forces (Buxton et al, 2015; Curran & Tan, 2014; Curran &
Waters, 2014; Deal et al., 2023; Hassan & Reid, 1990; Marquis &
Roy, 2012; Oldmeadow & Church, 2006; Perret et al., 2020;
Wittenberg & Newson, 2005). Furthermore, cluster impacts will
change within and between flood events because of variations in the
spatial density and form of clusters and other grain arrangements.
None of the simple force balance entrainment models such as
Kirchner et al. (1990) have been fully validated because of the diffi-
culty of measuring both grain-scale parameters and z. for the same
patch of sediment. However, they have been tested in other ways.
Yager, Schmeeckle, and Badoux (2018) showed that their resisting
force model could reproduce measured distributions of
resisting forces using measured values of protrusion and plausible dis-
tributions of pivot and intergranular angles. Hodge et al. (2013)
parameterised the model of Kirchner et al. (1990) using field measure-
ments and produced plausible values of z. and showed that they var-
ied spatially through a riffle-pool sequence. Smith et al. (2023)
showed that measured patch-scale hiding functions can be partly
explained by patch-scale protrusion variations. Hodge et al. (2020)
showed that their distribution of z. modelled using the 3D entrain-
ment model of Voepel et al. (2019) was consistent with predictions
from bedload transport models. The work of Yager, Schmeeckle, and
Badoux (2018) and Hodge et al. (2020) using these models and field
or flume data has suggested that grain protrusion is the parameter
that best correlates with 7. values. This is also supported by work such
as the pioneering lab experiments of Fenton and Abbott (1977) in
which grain protrusion was inversely correlated with entrainment
force. For each of the different methods, we consider which metrics
can be measured, with a particular focus on those used as parameters
in force (or moment) balance entrainment models.

3.2 | Direct measurements

Sediment structure can be assessed indirectly by measuring the maxi-
mum force required to dislodge a grain from a river bed, as first
applied by Johnston et al. (1998). In this approach, individual grains

are selected and a force gauge is used to apply a horizontal force to
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the centre of the upstream exposed face of each grain until the grain
is moved from its pocket by a grain diameter. Other applications have
stuck loops to grains and measured the maximum vertical force
instead of, or alongside, horizontal force measurements (Hodge
et al.,, 2013; Sanguinito & Johnson, 2012). Applications of force gauge
measurements have included assessing: differences in sediment struc-
ture through a riffle-pool sequence (Hodge et al., 2013), the influence
of bed slope and jamming ratio on the mobility of large grains in steep
channels (Prancevic & Lamb, 2015), differences in mobility between
different grain sizes (Johnston et al., 1998), effects of salmon
spawning on particle mobility (Buxton et al., 2015), and the impact of
overlying grains on mobility (Sanguinito & Johnson, 2012). The need
to access the bed means that these measurements can only be col-
lected from exposed bars or dry channels.

Dislodgement forces can be contextualised by measuring additional
metrics in the field. Grain size and weight are normally measured, as
normalising dislodgement force by grain weight reveals the additional
contribution of sediment structure to the grain’s resistance to motion.
This normalised force has sometimes been converted into a pivot angle
(Johnston et al., 1998). This conversion may have been motivated by
previous tilt-table experiments, in which grains were placed onto glued
or cast sediment surfaces, and the pivot angle was the tilt at which
the grain was displaced from its location and reflects the grain’s
pocket geometry (Buffington et al., 1992; Kirchner et al., 1990; Li &
Komar, 1986). However, pivot angles calculated from forces measured
in the field are unlikely to be a direct representation of the grain’s
pocket geometry, as the measured force also depends on factors that
are not included in tilt-table experiments, for example, displacement of
overlying and/or downstream grains, friction between the particle and
any surrounding/burying sediment, and the presence of cohesive fine
sediment (Hodge et al., 2020; Yager, Schmeeckle, & Badoux, 2018).

Other metrics that have been collected alongside dislodgement
forces include the amount of grain area covered by overlying grains
(Sanguinito & Johnson, 2012), and channel width and slope
(Prancevic & Lamb, 2015). Despite being easy to measure with a ruler,
grain protrusion has not been commonly measured directly in the
field. Yager, Schmeeckle and Badoux (2018) present the only publi-
shed data of which we are aware that directly compare grain protru-
sion to both measured dislodgment force and to empirical field z*..
They find that both dislodgement force normalised by grain weight
and empirical field *. decreases as protrusion increases, providing
strong evidence that suggests protrusion is a first-order control on
grain entrainment and an important metric to measure.

3.3 | Surface topography

High-resolution survey techniques such as TLS and SfM photogram-
metry have been used to measure surface topography of gravel beds
in the field (Bertin & Friedrich, 2016; Butler et al., 1998; Heritage &
Milan, 2009; Hodge et al., 2009; Smart et al., 2004). As with direct
measurements, TLS and SfM photogrammetry data are typically only
collected from exposed areas of the channel. However, topographic
data can also be collected using SfM photogrammetry through or
under water (Carrivick & Smith, 2019; Kalacska et al., 2018), TLS
through water under certain conditions (Smith et al., 2012), or using

increasingly  high-resolution shallow-water survey techniques

(Tomsett & Leyland, 2019), opening up these methods to a wider
range of channels, although data quality may not be as high as with
sub-aerial methods. Sediment structure can be inferred from the point
clouds or DEMs in two different ways: methods that quantify the
average or bulk properties of the sediment bed, and methods that
segment out individual grains and calculate their properties. Some of
these approaches use the 3D point clouds of the gravel surfaces,
whereas others interpolate the data into 2.5D DEMs in which each
location across the bed has a single elevation.

The most commonly calculated bulk metric is the standard devia-
tion of elevations (a,), which is a measure of surface roughness (Smart
et al., 2004). For grains of a given size, changes in packing have poten-
tial to affect o, However, laboratory experiments measuring the
impact of water working and imbrication on g, suggest that the direc-
tion and magnitude of any changes will depend on grain size and
shape, and are not straightforward to predict (Masteller &
Finnegan, 2017; Ockelford & Haynes, 2013; Pearson et al., 2017). o,
also strongly depends on grain size, with o, increasing with increasing
Dsq or Dg,4 (Pearson et al., 2017; Rychkov et al., 2012; Vazquez-Tarrio
et al., 2017; Woodget & Austrums, 2017). Consequently, sediment
structure cannot be quantified using g, without independent grain size
data with which to normalise g,. Semi-variograms have also been used
to measure surface roughness at different scales, and results have
been interpreted to identify length scales of grain clustering (Butler
et al, 2001; Curran & Waters, 2014; Ockelford & Haynes, 2013;
Robert, 1988); however, the scale breaks in the semi-variogram can be
ambiguous. Overall, there has only been limited work on identifying
which bulk metrics best represent grain mobility and hence might be
used to predict 7. (e.g. Perret et al., 2020). Coarse grain clustering can
also be quantified objectively, and clustering statistics correlate with
bed stability (Hassan, Saletti, Zhang, et al., 2020; Johnson, 2017).

Protrusion can be measured for individual grains in a DEM as the
difference between the maximum elevation of the grain and the mean
elevation of the surrounding area (Hodge et al., 2013), but this
requires the outline of each grain to be identified. Outlines can be
digitised manually, although this is time consuming, potentially limiting
sample size. Different methods have been developed for automatic
grain edge detection in images of gravel beds, in order to extract grain
size information (Detert & Weitbrecht, 2012; Graham et al., 2005;
Purinton & Bookhagen, 2019), but methods for automatic grain edge
detection in topographic data have only been developed more
recently (Steer et al., 2022; Wu et al.,, 2021). Such methods have
potential to enable protrusion measurements to be automated across
large TLS or SfM photogrammetry datasets, which could provide new
insights into gravel bed mobility. For example, Yager et al. (2024)
explore how automatic edge detection in topographic data can be
combined with automated protrusion measurements to obtain protru-
sion and . distributions for beds. However, we do not have robust
criteria to define exactly how protrusion should be measured in terms
of the distance over which the mean bed elevation should be calcu-
lated and whether protrusion needs to be calculated using the 3D
grain topography or can be simplified into a 1D metric. Another possi-
ble approach to quantifying protrusion from DEMs is to identify local
topographic maxima above a certain threshold in the DEM. In an anal-
ysis of flume bed DEMs, Masteller and Finnegan (2017) assumed that
these maxima indicated grains with the highest protrusion, and found

that subsequent bedload transport rates were enhanced when beds
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had a higher number of these maxima, further supporting the impor-

tance of grain protrusion for entrainment.

34 | 3D scanning

The most complete method of measuring the structure of a gravel bed
is to produce a 3D image of undisturbed bed samples using tech-
nigues such as CT or MRI scanning. Example applications include mea-
suring porosity and fine sediment infiltration into gravel beds (Haynes
et al., 2009; Kleinhans et al., 2008), and measuring the 3D structure of
water-worked gravel beds (Hodge et al., 2020; Voepel et al., 2019).
However, the applicability of such methods is limited by factors
including: the maximum sample size that can be measured, which
depends on the scan chamber size, sample density, beam strength and
characteristics of the scanner; the need to extract and transport
undisturbed samples from the field location to the scanner; and the
incompatibility of MRI and magnetic objects (including magnetic min-
erals in sediment grains).

A further complication is that once 3D data have been collected,
there is not an established way to measure relevant entrainment met-
rics in 3D. Possibly, the most thorough example is Voepel et al.
(2019), who applied new methods to CT data at sub-millimetre resolu-
tion produced by scanning 0.25-m diameter baskets of water-worked
gravel extracted from flume experiments. They developed image
processing methods to segment out individual grains from the sur-
rounding fine-grain matrix, and then for each grain, extracted physical
characteristics including centre of mass, volume, surface area, maxi-
mum grain elevation, 3D axis lengths and orientations, and all grain-
to-grain contact point locations. For each grain, a new simple 3D
vector-based moment balance was used to calculate a 7. value
corresponding to every possible axis of rotation, where each rotation
axis was formed by a viable contact pair. The smallest calculated value
was retained as 7., and other entrainment metrics were calculated,
including the grain’s pivot, tilt and bearing angles at entrainment. The
3D model included a component of resistive, cohesive force because
of contact with the fine-grain matrix, which was estimated using a
model developed from lab experiments (see Voepel et al. [2019] for
details). Modelled results showed that z. has a low correlation with
pivot angle, whereas the strongest correlation was with grain protru-
sion (Hodge et al., 2020), supporting the findings of Yager,
Schmeeckle and Badoux (2018). One area for future development is
to improve the representation of interactions between the flow and
bed structure in the entrainment model, as it currently assumes a uni-
form logarithmic flow profile across the bed surface.

The 3D scanning methods are being increasingly used in geosci-
ence research (Lev & Boyce, 2020) and may provide an opportunity
for coupled measurement of 3D sediment structure and z, which
could be used for testing models of z.. For example, Lakshmanan et al.
(2014) placed an MRI-compatible flume within the scanner, in which
they used a flow tracer to measure tracer dispersal into the gravel
framework. If such a flume could be made large enough that forces
would be sufficient to entrain sediment grains, and coupled with imag-
ing techniques to measure spatial patterns of sediment and flow
velocity (Amon et al, 2017; Coussot, 2020; Penn et al, 2017,
Sederman et al., 2004), then both sediment structure and flow could

be quantified throughout a grain entrainment event.

4 | COMPARISON OF DIFFERENT
METHODS AT BURY GREEN BROOK

To test how well the three different approaches describe variations in
sediment structure, we present data from the same river bed collected
using all three methods: direct measurements, TLS and CT scanning.
The field site, Bury Green Brook (near Bishop's Stortford, UK,
51.8486, 0.0807), is a small, gravel-bed, intermittently flowing chan-
nel, with a riffle-pool morphology. Bankfull channel width varies from
2.8 to 6.5 m, mean bankfull depth is 1.3 m, mean slope is 0.008, and
Dso and Dg4 are between 27 and 42 mm, and 37 and 60 mm, respec-
tively (Hodge et al., 2013). Previous direct measurements and topo-
graphic data from this site found a spatial variation in grain diameter,
entrainment forces, and exposure between the pools, pool tails and
riffles (Hodge et al., 2013). The new field data presented here were
collected in April 2017, during zero flow conditions when the bed was
fully exposed. We identified two riffle-pool sequences (Figure 1), each
of which was visually sub-divided into riffle (R), pool head (H), pool
deep (D) and pool tail (T) units. The upstream sequence starts at a
pool head, and the downstream sequence at a pool deep. A ~1-m?
patch was located within each unit, giving eight patches in total from
which data were collected. The patches are labelled according to the
unit that they are located in, with R1/H1/D1/T1 comprising the
upstream sequence and D2/T2/R2/H2 being downstream. The three
methods were all applied to each of the eight patches.

The year before these measurements was relatively dry compared
to previous years (Figure 2), annual maximum flow at the River Ash
Mardock gauging station 4.5 km downstream was 1.07 m® s~ in the

2017 water year compared to 6.67 m® st

in the 2016 water year,
with 2017 ranking 73rd out of the 80 years with annual maximum
flow data (National River Flow Archive, 2023). Consequently, the field
site is unlikely to have been water worked for several months prior to
data collection. There was also evidence that people had accessed
parts of the channel, potentially disturbing the bed. The data therefore
are probably not representative of bed structure under normal water-
worked conditions, and so cannot be used to infer spatial variations in
morphological processes. Instead, we use these results to test
whether the three different methods give similar values for the struc-

tural properties of the patches.

41 | Methods

411 | Direct measurements

Sediment structure within each patch was assessed by measuring the
forces required to dislodge grains from the bed. Data were collected
from ~50 grains from each patch. For half of the grains, we measured
the maximum horizontal force (F,,sn) Nneeded to move the grain by a
grain diameter by applying a force in the streamwise direction using
a handheld MecMesin Basic Force Gauge (200 N model). For the
other grains, we measured the maximum vertical force (Fp) needed
to lift the grain from the bed using a loop of string glued onto the
grain and attached to the force gauge. Grains were measured from
downstream to upstream locations to avoid disturbing unmeasured
grains. For each grain, we also measured the three axes (D,/D,/D.),

the upstream protrusion height (pgirect) With a ruler, which axis was
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FIGURE 1 Bury Green Brook study reach. (a and c) Topography and long profile along centre of reach showing basket locations (note that
not all patches are in the centre of the channel). (b) Terrestrial laser scan data from patch D2. (d and e) CT scan data from patch D2. (d) The top
surface of the basket. (e) A cross-section through the basket along the red line in Figure 1d (looking towards x = 0). Grains are shown in black and
fine-grained matrix in grey. (f) Photo of reach looking downstream from approximately location T2.

vertical prior to movement (which has length D), and whether the
pocket exposed by removing the grain contained fine-grained matrix.
The latter measurement is included because this stream bed can con-
tain a cohesive clay-based matrix which increases entrainment forces
(Hodge et al., 2013). For each patch, we calculated the proportion of
grains for which fine-grained matrix was observed, My qp. In the analy-
sis for each patch, we combine the data from all ~50 grains, with the
exception of Fyush and Fpy which were each measured for approxi-
mately half the grains. Because of field equipment failure, we do not
have weights (W) for all grains. We instead predict the mass of these
grains (Mpreq) as a function of their three axes lengths using a relation-
ship derived from the 178 grains for which masses were recorded.

This relationship had a correlation coefficient of 0.96:

l0g(Mpreq) = —0.15049 +0.929 log(4p,DaDyD. /6). (1)

412 | TLS methods

TLS data were collected in April 2017 immediately prior to the force
measurements and used multiple scan positions so that the entire
channel bed was covered at a sub-centimetre point spacing (Figure 1).
The mean absolute registration error was 3 mm. The TLS point cloud
was cropped to the 1 m? area of each patch, and vegetation and other
erroneous points were removed manually. Following Hodge et al.

(2013), patches were detrended by fitting and subtracting a second-
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FIGURE 2 Discharge data from the River Ash Mardock gauging station 4.5 km downstream of the study location (National River Flow
Archive, 2023) and bedload impact plate data from two sensors at the study location. Impact plate data are only available from the period prior to
basket installation. However, they show that the flows during the first winter after installation were likely to be sufficient to waterwork the

basket sediment.

order polynomial surface. Following Aberle and Smart (2003), surface
roughness was calculated using the standard deviation of elevations
(02).

Grain size and grain protrusion were also estimated from the
point clouds by applying G3Point (Steer et al., 2022) and Pro+
(Yager et al., 2024), respectively, to the central 0.3 x 0.3 m of each
detrended point cloud. Details on G3Point are provided in Steer
et al. (2022), and input parameter values were selected as those that
minimised the difference between the GSD measured in the field
and using G3Point. The reduced patch area was used to limit
processing time and is the area of the bed over the CT basket.
Between 11 and 45 grains were identified in each patch. Pro+ first
determines grain perimeters from the point clouds of each grain
identified by G3Point and then determines the area immediately
surrounding every particle by conducting a search of a specified
distance from the grain perimeter. Pro+ uses two measures of
protrusion: pso, which is the difference in elevation between the
maximum elevation of the grain and the median surrounding bed
elevation, and p;o which is protrusion relative to the 10th percentile
of surrounding bed elevations (motivation for use of these percen-
tiles is provided in Yager et al. (2024)).

41.3 | CT methods

To collect samples from Bury Green Brook for CT scanning, 0.25 m
diameter wire baskets were levelled and buried in the centre of each
of the eight patches in June 2015 (Figure 1), with the rim of each bas-
ket at a depth equivalent to 1.5 Dsg below the surface of the bed so
that the surface grains would be water worked by channel flows. Dur-
ing installation, the baskets were filled with the sediment
excavated from the holes. Twenty-two months later in April 2017, the
basket locations were resurveyed. The winter of 2016-2017 prior to
excavation was dry, but during the first winter after installation
(2015-2016), discharges recorded at the River Ash Mardock gauging

station 4.5 km downstream were comparable to those associated with

bedload mobilising events at the study location in the winter of
2014-2015 (Figure 2). We therefore assume that the bed was water
worked after basket installation, and so there was no difference in the
structure of the basket sediment and the surrounding bed. Any conse-
quent disturbance of the bed during the low flow conditions would be
expected to have occurred equally across the baskets and surrounding
areas.

We first collected force measurements from the areas surround-
ing the baskets, taking care not to disturb the bed area within the bas-
ket. The baskets were then excavated and dipped in molten wax to
stabilise the sediment within them. The baskets were CT scanned in
the micro-focus Nikon Metrology UCT scanner at the p-VIS X-Ray
Imaging Centre, University of Southampton, UK. Each CT scan was
scanned and processed following the procedure in Voepel et al.
(2019). The 3D image was classified into sediment grains, areas of
fine-grained matrix, and areas of air and wax. The following metrics
were then measured for each sediment grain in the basket: axes
length, volume, protrusion (pcT), pivot angle and the proportion of the
entire grain surface that is in contact with the fine-grained matrix
(MareacT). Protrusion was measured as the vertical distance between
the maximum elevation of the grain and the average surrounding bed
elevation. For each grain, the latter was calculated over a distance Dg4
upstream and downstream of the 3D bounding box around the grain,
where Dg4 was an average value from the entire reach. If this area fell
outside the basket area, then basket surface was extended by tiling
duplicate copies of the surface in areas where elevation data was
absent. 7. and z*. were then predicted for surface grains using a 3D
vector-based moment balance model (Voepel et al., 2019). Unless
stated otherwise, results from the CT baskets are reported only for
grains where it was possible to model a shear stress that was suffi-
cient for entrainment (i.e. the grain could move without dislodging
other grains), which is 12 to 57 grains per basket. This produces a
sample of surface grains that is similar to the population of grains
measured using the other techniques. The only exception was M_eacT,
which was also measured for all grains in the basket (MareacT ails
n = 741 to 2683 grains).
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414 | Dataanalysis
We compare our data using two complementary approaches. The first
approach is to compare the distributions of metrics between the eight
different patches. For metrics that have been measured using only a
single method, we use the Kruskal-Wallis test to identify significant
differences between the patches (@ = 0.05). For metrics that have
been measured using two or more methods (i.e. grain size, protrusion
and matrix area), we perform a two-way comparison using the
Scheirer-Ray-Hare test (with a = 0.05) (Sokal & Rohlf, 1995). For all
tests, we then use Dunn’s post-hoc test (Dunn, 1964) to identify differ-
ences between patches and between methods where applicable. (This
post hoc test is used to test for differences by patch or by method, but
not both at once.) In Figures 3-6, groups that share an alphabetical
label are not significantly different (a« = 0.05). We use non-parametric
tests because the Levene's test (Levene, 1960) showed that for most
metrics the variance between the eight patches was significantly
different. For the categorical grain orientation data, we use the
Chi-square to evaluate differences in distributions between patches.
The second approach is a cross-correlation analysis with the
Pearson'’s test applied to 15 metrics. Each metric has eight data points,
one from each patch. From direct measurements we use D, and
Pdirect/ Dy for all grains, Foui/W, Fousn/W and M,,p,; from TLS data, we

use oy, Dy, pso/Dy, and p1o/Dy; and from CT data, we use Dy, pct/Dp,
7, 7% Mareact and Mareact 2. Where we have a distribution of data
from each patch, we use the median value. This analysis tests whether
the data show expected correlations between different metrics, as
identified by previous work (Hodge et al., 2013; Kirchner et al., 1990;
Yager, Schmeeckle, & Badoux, 2018).

42 | Results

421 | Impact of past flow conditions

Unlike previous data (Hodge et al., 2013; Sear, 1996), these results do
not show such a marked difference between grain properties in differ-
ent morphological units (statistical results are provided in the follow-
ing sections). For some properties, such as grain size, the difference
between patches from the same unit is greater than the difference
between patches from other units in the same riffle-pool sequence
(Figure 3a). We hypothesise that the lack of differentiation between
patch types reflects the lack of recent water-working flows. We
therefore suggest that these patches are unlikely to be representative
of riffle-pool sequences more generally. Our focus in this paper is

instead on comparison of the three methods.
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FIGURE 4 Protrusion measurements. (a) and (b) Protrusion relative to grain size, calculated from direct measurements (pgirect/ Dp and Pairect/
Dyert), Terrestrial Laser Scanning data (pso/Dy, and p10/Dp) and Computed Tomography data (pct/Dp). (c) The same data grouped by patch; (d) the
same data grouped by method. In all panels H: pool head; D: pool deep; T: pool tail; and R: riffle. 1 are the upstream patches, and 2 are the
downstream patches. Boxplots show 25th to 75th percentiles, dashed line is the median, whiskers show 5th and 95th percentiles, open circles
show min and max, and star is the mean. n indicates number of grains in each distribution. In the combined data from (a) and (b), the Scheirer-
Ray-Hare test shows significant differences between patches and between methods. In (c) and (d), groups sharing a capital letter are not
significantly different as identified by post-hoc Dunn test, although no significant differences were identified between patches despite the

significant Scheirer-Ray-Hare result.

422 |
roughness

Grain size, orientation and surface

Grain size was collected using three different approaches: direct mea-
surements, TLS data and CT data. Dsg (median of D,) from direct

measurements ranges from 30 to 45 mm, D5y from G3Point analysis

of TLS data is similar at 28 to 48 mm (reflecting the role of the field
data in constraining G3Point parameters), but Dso from CT data is
smaller at 9 to 41 mm (Figure 3a). The Scheirer-Ray-Hare test shows
that both method and patch location produce significant differences
in grain size (p < 0.001 for both), but the interaction term is insignifi-
cant (p = 0.436). CT results are significantly finer than the other two
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FIGURE 5 Matrix measurements. (a) and (b) Matrix calculated from Computed Tomography data for surface grains (Meact) and all grains
(MareacT_an)- (c) The same data grouped by patch; (d) the same data grouped by method. In all panels, H: pool head; D: pool deep; T: pool tail; and
R: riffle. 1 are the upstream patches, and 2 are the downstream patches. Boxplots show 25th to 75th percentiles, dashed line is the median,
whiskers show 5th and 95th percentiles, open circles show min and max, and star is the mean. n indicates number of grains in each distribution.
For the data in (a), the Scheirer-Ray-Hare test shows significant differences between patches and between methods. In (b) and (c), groups sharing
a capital letter are not significantly different as identified by post-hoc Dunn test.

methods (Dunn test, Figure 3c). Across all methods, the downstream
patch of each unit is significantly finer than the upstream one (Dunn
test, Figure 3b), but there is no significant difference in size across all
upstream units (Dunn test, Figure 3b). Bed roughness, o,, generally
decreases from pool deep (D), to pool tail (T), to riffles (R), with large
variation in pool heads (second highest and lowest values; Figure 3d).
For each unit, g, is lower for the downstream patch, which is consis-
tent with those patches having smaller grain sizes as shown by the
previous data. In all patches, most grains are arranged with their c-axis
vertical with no significant differences between patches (Chi-square
test, p = 0.32, Figure 3e).

423 | Protrusion

The Scheirer-Ray-Hare test shows that protrusion varies significantly
with patch (p = 0.006), method (p < 0.001) and the interaction
between them (p = 0.040). Using the Dunn test to compare only by
method, the distributions of values of pgirect/Dyert, Pso/Dp and pct/Dy,
are not significantly different (Figure 4a, b and d). The medians of
Pdirect/ Dvert are 0.20 to 0.46, those of pso/D, are 0.23 to 0.43, and
those of pct/Dy are 0.12 to 0.42. This similarity is despite Dyt being
the c-axis for most grains, rather than the b-axis that is used in the

TLS and CT measurements. For the two methods with significant
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FIGURE 6 Forces and shear stresses. (a) Push forces normalised by grain weight (F,,s»/W) and (b) pull forces normalised by grain weight
(Fou’W) measured in the field; (c) modelled critical shear stress (z.), (d) modelled dimensionless critical shear stress (z*), and (e) pivot angle
measured from Computed Tomography data. In all panels H: pool head; D: pool deep; T: pool tail; and R: riffle. 1 are the upstream patches, and

2 are the downstream patches. Boxplots show 25th to 75th percentiles, dashed line is the median, whiskers show 5th and 95th percentiles, open
circles show min and max, and star is the mean. n indicates number of grains in each distribution. The p-values are from a Kruskal-Wallis test for
difference between the distributions. Where there are significant differences (p < 0.05), groups sharing a capital letter are not significantly

different as identified by post-hoc Dunn test.

differences, values of pgirect/ Dy, are comparatively lower (0.16 to 0.31),
and values of p1o/Dy are higher (0.34 to 0.70) because of the lower
bed elevation that protrusion is calculated relative to. Compared to
the other methods, the direct measurements have a larger proportion
of negative protrusion values, which indicate that the grain does not
protrude above the surrounding grains. Despite the Scheirer-Ray-
Hare test showing a significant difference between patches, using the
Dunn test to compare only by patch shows no significant differences
(Figure 4c).

424 | Fine-grained matrix

Using the Scheirer-Ray-Hare test, the proportion of grain surface
that is in contact with fine-grained matrix varies significantly with
both patch (p < 0.001) and method (p < 0.001) but not the interaction
between them (p = 0.135). The differences between the methods
depends on whether just surface grains are measured (M;eact, median
value of <0.4) or all grains (Mareact at, Mmedian value of ~0.8)
(Figure 5a and c). Using the Dunn test to compare by patch shows
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that the upstream and downstream patches of each unit are not
significantly different (apart from pool deep units), with lowest
values in the pool heads and highest values in the riffles and pool
tail (Figure 5b). These distributions are, however, dominated by
Mareact_an because of the difference in sample size. For M,eacr, the
pool heads actually have the highest values. The proportion of grains
where matrix was noted in the direct measurements (Mp,,) varies
from 0.26 to about 0.49 (Figure 5d). Like Mareact alr Mprop i
lowest for the pool head patches (H1 and H2), and other units have

higher values.

42,5 | Dislodgement forces and critical shear stress
There are few consistent patterns in the data for dislodgement
forces and .. Push force normalised by grain weight (Fpusn/W) is
significantly different between patches (Kruskal-Wallis, p = 0.006,
Figure 6a), whereas pull force normalised by grain weight (Fpu/W)
is not (Kruskal-Wallis, p = 0.840, Figure 6b). However, for Fpysn/
W, the Dunn test shows that seven patches are not significantly
different to each other, and the remaining patch R1 is not signifi-
cantly different to three patches. Values of 7. and z*. calculated
using a moment balance model are also significantly different
between patches (Kruskal-Wallis, p = 0.046 and 0.016, respec-
tively; Figure 6c and d), but the Dunn test shows that for z. only
two patches (H2 and D2) are significantly different from each
other. 7*. shows a similar result, with only three patches (H2, D2
and T1) being significantly different to some other patches. For
each unit, there is no consistent pattern as to whether z. and z*,

CT scans do not vary systematically between the patches (Kruskal-
Wallis, p = 0.527; Figure 6e).

4.3 | Comparison between all three approaches
For each of the different variables, there is an agreement between
some methods and not between other methods. For example, there is
similarity between direct and TLS measurements of Dy, similarity
between direct (pgirect/Dvert)s TLS (pso/Dyp) and CT (pcr/Dy) measure-
ments of protrusion, and similarity between direct (Mpop) and CT
(MareacT _an) measurements of fine-grained matrix. To extend this anal-
ysis, we now compare between different variables to establish which
variables have a significant correlation (Figure 7). In this analysis, for
variables where we recorded a distribution, we use the median value.
Relatively few variables are significantly related to each other,
though this may reflect the small number of patches and the fairly
small sample sizes of some variables (e.g. direct field measurements).
In agreement with earlier analysis, there is broad agreement between
different ways of measuring grain size, with significant correlations
between most combinations of direct Dy, TLS D,, CT D, and TLS o,.
Comparing protrusion to grain size for each method, the direct field
data show no correlation between the two, TLS data show significant
positive correlation, whereas CT data exhibit significant negative cor-
relation. Consequently, and contrary to our earlier analysis, no correla-
tion exists between any protrusion data for direct, TLS and CT
datasets (which may show the limitation of comparing medians and
not distributions). TLS o, does not correlate significantly for any mea-
sure of protrusion, suggesting its variation is predominantly controlled
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Little agreement exists between different ways of measuring the
fine-grain matrix, with no significant correlations among Mprop, Mareact
and M,react_an (@gain contrary to previous analysis). z . and 7*. have an
expected positive correlation with each other, and a significant
positive correlation with M,.eact. The latter is because the cohesive
resistant force produced by the matrix is incorporated in modelled
values of z.. Both 7z, and z*. have a significant negative correlation
with Mo, Which is consistent with the negative correlation between

direct and M, eacT Measurements.

44 | Summary

The similarity between the three methods varies between different
parameters. All methods identified consistent patterns in grain size
between upstream and downstream patches (Figure 3a), which were
also identified by TLS g, (Figure 3e). This is despite each method using
a different grain sampling strategy, with smaller grains being more
likely to be sampled in the CT data (Figure 3c). Although measure-
ments were taken from the same area of the bed, we were unable to
compare measurements from the exact same grains.

There is less consistency between the different methods for both
protrusion and matrix amount. Three out of five protrusion methods
produce similar distributions of protrusion values. However, there
was no systematic variation in protrusion values between patches for
the different methods, reflecting both different definitions of protru-
sion and individual method limitations. For direct protrusion measure-
ments, it can be difficult to define the bed elevation that protrusion
should be measured relative to and hence where to best place a ruler
adjacent to the measured grain. Such measurements are also time
consuming, hence our fairly small sample sizes. For TLS data and
G3Point/Pro+, grain identification is uncertain, and protrusion values
are sensitive to the method of parameterisation (Yager et al., 2024).
For CT data, the method requires an upstream area around each grain
of a length equivalent to Dg4 for protrusion to be measured relative
to. The relatively small basket diameters meant that protrusion calcu-
lations for grains close to the upstream edge were unattainable, so we
artificially extended the surface using duplicate images of the basket
topography around the basket. The displacement of grains at the bas-
ket edge during excavation may also affect the measured protrusions.
From this comparison, it is difficult to know which is the most accu-
rate method. In terms of ease of application, point cloud-based
methods were the most potential.

Measurements of matrix also differ between CT and field data. As
with protrusion, the differences likely reflect different definitions and
methodological limitations. Both My, and M, eoct Were measured for
only surface grains, but M, identified higher levels of matrix contact
than M,react. This suggests that matrix may have been accidentally
removed from the surface grains during the basket excavation and/or
wax stabilisation process. Alternatively, the similarity between M,
and Mreact o May suggest that the M, observations better reflect
the subsurface rather than the surface conditions. Furthermore, My,
just recorded the presence/absence for each grain and does not
quantify the amount of matrix. Accurate estimates of the amount of
fine-grained matrix in the bed are important given the impact of this
parameter on modelled values of z., but, as with protrusion, it is

difficult to know which is the most accurate method.

5 | CONCLUSIONS

5.1 | Measuring z,

New methods for measuring both bulk bedload transport and the
movement of individual grains provide new opportunities for quanti-
fying spatial and temporal variations in z. across a wider range of riv-
ers. However, at present, most of these methods are best at
calculating reach-averaged values of 7. unless they are coupled with
measured or modelled values of local shear stresses. New datasets
have built on earlier observations that 7. is not a fixed value and rather
should be treated as a state function that varies in space and time
(Hassan, Saletti, Johnson, et al., 2020; Johnson, 2016). There is a need
for more measurements of bedload from a wider range of rivers, using
techniques such as seismic or impact plate monitoring. Such data
would enable us to measure how the magnitude and frequency of
changes in 7. differ between channels and to start identifying the role
of different drivers in these changes. The selection of rivers for such a
survey should also take into account factors such as channel morphol-
ogy and slope, which have not been considered here. To identify spa-
tial changes in 7. within a river channel, advances in grain location
tracking are needed so that we can record the location of
instrumented grains as well as when they move. Another useful
advance would also be the ability to collect data wirelessly from the
grains while they are in the channel. Many instrumented grains cur-
rently need to be retrieved to download the data, risking data loss if

grains cannot be found.

5.2 | Measuring sediment structure
The three different methods we presented show that there is growing
potential to measure sediment structure in the field. However, there
is inconsistency between the different approaches, and no single
approach yet offers an easy solution to quantifying structural metrics.
Methods for calculating surface grain size and protrusion distributions
from bed topography, such as G3Point/Pro+ (Steer et al., 2022; Yager
et al., 2024), have substantial potential given that TLS and SfM photo-
grammetry data can be collected quickly and from large areas of a
channel, but further development and testing is needed. Such
methods should also be applicable to data collected from submerged
areas of the bed, as the current focus on exposed areas may limit the
representativeness of the resulting data. Current approaches are also
limited by the inability to quantify how structure changes within an
event, as only pre- or post-event metrics can be determined. We have
also shown that fine-grained matrix can affect z. values. It is less likely
that the amount of matrix could be estimated from topographic data,
and direct field observations may be required. Another approach
could be to employ models that predict the amount of fine sediment
in the bed as a function of flow characteristics (Czuba et al., 2022). It
also remains unclear if the control of grain interlocking (intergranular
friction) on 7. can be accurately inferred from surface topography
(e.g. Yager, Schmeeckle, & Badoux, 2018).

One factor that is also expected to affect z., but which we have
not yet considered in this review, is the effect of biological organisms.
Some organisms such as caddis fly and mussels increase . by provid-

ing additional cohesion which inhibits grain motion (Albertson
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et al., 2014; Johnson et al., 2009; Sanders et al., 2022), whereas
others such as crayfish and fish disrupt the bed, decreasing 7. (Buxton
et al., 2015; Johnson et al., 2011; Pledger et al., 2014). As both involve
changes to sediment structure, new methods to link structure to .
could also help to quantify the impacts of different organisms. For
example, Buxton et al. (2015) demonstrated that simulated spawning
in a laboratory flume caused a measured decrease in 7. compared to
unspawned locations. This change in z. was related to lower measured

push entrainment forces on the spawned versus the unspawned beds.

5.3 | Next steps

There are clear advances to be made in both measuring bedload trans-
port and quantifying sediment structure. Addressing each of these
areas individually will contribute to our understanding of, and ability
to predict, sediment entrainment. However, further advances could
be made by combining these two areas, for example, a study in a
channel with regular high flow events that identifies when sediment
moves and how channel bed conditions vary over time. Such a study
could include direct measurements of grain dislodgement forces and
repeated high-resolution surveys of the channel bed during interven-
ing low flow periods, and thus compare changes in bed topography
with changing dislodgment forces. Such data could then be compared
to temporal differences in 7. identified from analysis of bedload trans-
port data. There is also a need for further testing of methods to mea-
sure sediment structure to determine which are most appropriate and
accurate. More generally, while it may not always be practical or pos-
sible to measure sediment structure in order to predict z., improved
understanding of how sediment structure changes and consequently
controls bedload entrainment will enable the development of new
predictive relationships for z. and a more mechanistic understanding

of associated uncertainties.
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