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ABSTRACT: River incision is fundamental in shaping the Earth’s surface. In mountainous regions with steep river beds, fluvial
bedrock erosion by bedload transport is an important mechanism forming channels. However, there are only a few complete field
datasets that can be used to improve process understanding and evaluate erosion models, especially at the process scale. To provide
a simultaneous dataset of hydraulics, bedload transport and bedrock erosion at high temporal and spatial resolution, a new
measuring device has been installed in the Erlenbach, a gauged stream in the Swiss Pre-Alps. In this stream, bedload transport rates
can be calculated from surveying deposits and from geophone plate sensors and bedload transport samples can be taken directly by
an automated moving basket system. To measure bedrock erosion rates simultaneously, two natural stone slabs were mounted flush
with the channel bed in a steel frame hosting various measurement devices. Force sensors below the slabs record normal stress and
shear stress. At-a-point erosion rates on the slab surfaces are continuously measured at sub-millimetre precision at three locations on
each slab. In addition, the slab topography is monitored following erosive flood events. In this article (i) the ‘erosion scale’ device is
described, (ii) data resolution and data quality is assessed by means of tests and event data, and (iii) the first transport event is
discussed. The erosion scales are confirmed to provide data at high spatio-temporal resolution for process analysis. The preliminary
data show evidence for the tools effect in bedrock erosion. The bedrock slabs can be exchanged to obtain measurements for
catchments with different lithologies for comparison. Copyright © 2014 John Wiley & Sons, Ltd.
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Introduction

River evolution is a major driver of morphological landscape
development. Rivers follow topographic gradients; they adjust
and move their bed by removing or depositing material in
bedrock and unconsolidated rock channels and export
sediment from their catchments. River beds in active orogens
are dominated by bedrock channels that are considered key
agents in forming mountain geomorphology (Hancock et al.,
1998; Whipple et al., 2000; Whipple, 2004; Jansen, 2006).
Bedrock channel width, depth and slope, bed roughness,
bedrock exposure and sediment size distribution interact under dy-
namically varying discharge and sediment flux bymeans of several
erosional processes (Wohl, 1998; Johnson and Whipple, 2007;
Yanites and Tucker, 2010). Identifying and understanding the rates
of the physical processes driving erosion, and how they are
affected by material and energy input at highly resolved spatial
and temporal scales is fundamental for channel morphodynamics
and landscape evolution modelling. In particular, such under-
standing is essential for transferring these processes to larger spatial
scales (e.g. Sklar and Dietrich, 2006).
Erosion of bedrock surfaces can be classified into three main

process mechanisms: corrosion (chemical weathering), corrasion
(abrasion and plucking/macro-abrasion by impacting sediment
particles), and cavitation (implosion damage induced by the
collapse of gas bubbles generated by turbulence in the stream)
(Hancock et al., 1998;Wohl, 1998;Whipple, 2004; Chatanantavet
and Parker, 2009; Whipple et al., 2013). Bedrock morphology is
generally linked to these processes: It is thought that plucking is
dominant when knickpoints and inner channels are formed,
while abrasion is responsible for sculpting the rock and for creat-
ing undulations (e.g. Tinkler andWohl, 1998; Lamb and Fonstad,
2010; Wilson et al., 2013). Except where rocks are relatively
soluble, corrosion may be of secondary importance in many
bedrock channels (Turowski, 2012). Cavitation is thought to be
important only in pothole formation, as it requires high flow
velocities that are rare in natural streams (Barnes, 1956; Hancock
et al., 1998; Whipple et al., 2000).

Besides climate, channel incision rates are strongly depen-
dent on the lithology of the channel bed and of the transported
material (e.g. Whipple et al., 2000; Jansen, 2006; Lamb and
Fonstad, 2010). Actual detachment of solid rock, or erosional
efficiency, seems to depend on the sediment’s tools and cover
effects (Gilbert, 1877; Sklar and Dietrich, 1998, 2004; Turowski
et al., 2007; Turowski and Rickenmann, 2009). The shielding of
bedrock by a sediment layer (the cover effect) limits erosion
under high rates of sediment supply (e.g. Turowski et al., 2008;
Johnson et al., 2009), whereas the availability of impacting grains
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to abrade bedrock (the tools effect; e.g. Foley, 1980) fosters
erosion under lower rates of sediment supply (e.g. Finnegan
et al., 2007; Cook et al., 2013). Theoretical and laboratory inves-
tigations of the process physics have led to the saltation–abrasion
model (Sklar and Dietrich, 2004). In this model, erosion rates
depend on bed shear stress, on the erodibility of the bedrock
(quantified by its tensile strength, its elasticmodulus and a dimen-
sionless rock resistance parameter), on the size and impact
energy of saltating bedload grains, and on bedload supply
relative to transport capacity. Erosion rates thus are explicitly
dependent on local sediment transport rates. Peak bedrock
erosion rates are thought to occur at moderate bedload supply
relative to transport capacity. This is due to the competition of
the tools and cover effects (Sklar and Dietrich, 2001; Nelson
and Seminara, 2011), and also depends on the maximum
saltating grain size (Sklar and Dietrich, 2001, 2004) and on
saltation velocity respectively (Chatanantavet et al., 2013), both
conditioned by local channel morphology.
Field measurement of bedload transport is a difficult and chal-

lenging task due to strong spatial and temporal fluctuations as
well as due to the destructive effect of bedload on equipment.
Bedload transport rates can bemeasuredwith direct methods like
hand-held box samplers (e.g. Helley and Smith, 1971), which are
mainly used at lower transport rates and deliver data at-a-point in
space and time. Temporarily and spatially integrated rates and
sediment budgets can be derived from topographic change de-
tection analysis based on repeated surveying (e.g. Lane et al.,
1995). In addition, there are surrogate techniques for continuous
bedload monitoring that can cover the full range of discharge
conditions, but have to be calibrated by direct methods (e.g. Gray
et al., 2010; Rickenmann et al., 2014). All available methods
have their advantages, disadvantages and restrictions in applica-
tion and lack of accuracy in space and time, due to extrapolation,
interpolation and calibration problems. Geophone-based
methods are the most developed surrogate techniques for coarse
bedload monitoring (Gray et al., 2010); however, as with all sur-
rogate methods, their field-calibration is challenging.
Similar to bedload transport, fluvial bedrock erosion is diffi-

cult to measure, since generally it is a slow process, particularly
in resistant substrates (Wohl, 1998). At-a-point, erosion over
time has been studied in nature by monitoring (i) borehole
depths (Hancock et al., 1998), (ii) heights of erosion pins like
nails (Stock et al., 2005) or expansion bolts (Johnson et al.,
2010), (iii) by repeated individual point measurements based
on fixed benchmarks (Hartshorn et al., 2002; Stephenson,
2013) and (iv) by traditional (Chatanantavet and Parker, 2011)
or global positioning system (GPS) survey (Johnson et al.,
2009). Field monitoring of whole bedrock surfaces at promising
sites have been conducted over several spatial scales using dif-
ferent techniques like aerial photogrammetry and terrestrial la-
ser scanning (TLS; e.g. Cook et al., 2013) for kilometre to
centimetre and even to sub-millimetre resolution and accuracy
(Rieke-Zapp and Nichols, 2011; Rieke-Zapp et al., 2012; Wil-
son et al., 2013). However, such measurements have not been
paired with bedload transport observations.
Due to the difficulties of obtaining high-quality data, field

evaluation of erosion models has so far relied on simplifying as-
sumptions, using long-term erosion rates and sediment yields.
In an early paper Foley (1980) inferred the long-term abrasion
rate of a glacially diverted stream (Dearborn River, Montana)
by dating moraines and estimating corresponding discharge
and sediment transport rates by calculations from river geome-
try and sediment deposits. At the South Fork Eel River, Califor-
nia, basin-averaged paleo-erosion rates were calculated using
beryllium-10 (10Be)-concentrations of strath terrace sediments,
whose burial age was determined independently by optical-stim-
ulated-luminescence (OSL) dating (Fuller et al., 2009). Strath
Copyright © 2014 John Wiley & Sons, Ltd.
formation due to extensive sediment cover and lateral erosion
could be assigned to elevated sediment supply combined with in-
creasing discharge. Tomkin et al. (2003) inferred average erosion
rates from strath terrace incision of the Clearwater River, Washing-
ton State, assuming long-term steady state conditions and found
that none of the six tested erosion models could account for their
data. In a comparable attempt using five erosion equations, van
der Beek and Bishop (2003) modelled stream evolution from
mapped palaeo-channel profiles in the Upper Lachlan catchment,
southeast Australia, and concluded that with individual suitable
model parameters sets each of the testedmodels was able to repro-
duce the current stream profile.

Currently available field data do not allow process and model
analysis at high temporal resolution, e.g. on the basis of individual
events. In addition, upscaling process-based model formulations
to the cross-section, reach or catchment scale is problematic
(Turowski and Rickenmann, 2009; Lague, 2010; Turowski,
2012). There is no dataset available of simultaneousmeasurements
of hydraulics, sediment transport, bed forces and bedrock erosion
rates for a natural stream (Wohl, 1998) to study their interactions.
To fill this gap, we have constructed the ‘erosion scales’measuring
setup to provide accurate, spatially and temporally high-resolved
field data. The aims of this article are (i) to describe the new erosion
scale instrumentation, (ii) to evaluate the quality of the data
recorded (discharge, bedload transport, erosion), and (iii) to discuss
first measurement results and the potential of the equipment for
quantitative process studies and evaluation of fluvial bedrock
erosion models (cf. Hancock et al., 1998).
The Study Site and its Instrumentation

For more than 30 years the Swiss Federal Institute for Forest,
Snow and Landscape Research (WSL) has operated a hydrolog-
ical field observatory in the Alptal Valley, Canton Schwyz, in
the Swiss Pre-Alps (Hegg et al., 2006; Figure 1). There, the
Erlenbach stream drains a forested catchment of 0.7 km2 under-
lain by Flysch sediments (Winkler et al., 1985; Table I and
Figure 2). The transported bedload material is mainly com-
posed of limestone. Stream dynamics and channel morphology
of the Erlenbach have been explored in a number of studies
(e.g. Schuerch et al., 2006; Turowski et al., 2009; Molnar
et al., 2010; Yager et al., 2012; Turowski et al., 2013a).
Previous instrumentation

At the main station, two gauges measure discharge upstream
and downstream of a sediment retention basin (Figure 2).
Sediment transport observation at the Erlenbach stream date
back to 1982, using various methods (Turowski et al., 2009).
The entire bedload yield during a specified time interval can
be obtained from repeated surveys of the sediment volume in
the retention basin (Rickenmann et al., 2012). Bedload trans-
port along the stream channel has been monitored using ra-
dio-frequency identification (RFID) tracers (Schneider et al.,
2010, 2014). In situ bedload samples during a transport event
can be taken with a channel-traversing automated bedload
sampling system using three 1m3 perforated metal baskets op-
erating at a check dam above the retention basin (Rickenmann
et al., 2012). Directly upstream of the baskets, passing bedload
triggers vibrations on a cross-sectional series of geophone
plates (Rickenmann and McArdell, 2007; Turowski et al.,
2009; Rickenmann et al., 2012). Plate oscillations induce an
electric potential in the attached geophone sensor that is sam-
pled at 10 kHz, but typically summary values (e.g. maximum
amplitude) are stored at one minute resolution to reduce data
Earth Surf. Process. Landforms, Vol. 40, 530–541 (2015)



Figure 1. Location of the Erlenbach stream in the Swiss Pre-Alps and
its catchment parameters.
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volume. The number of signal peaks above a pre-defined
threshold, termed impulses, is counted continuously and has
been shown to be well correlated with total bedload mass
Table I. The dataset obtained from the Erlenbach hydrological observatio
estimated accuracy. Further explanations are given in the text

Data source Data type Detection method

Hydrological
observation

Discharge Control cross-section (upper gaug
(local) Flow velocity Current meter
Flow height Calculation and measurements

Bedload
observation

Accum. bedload volume TLS basin surveys
Bedload mass samples Basket samplers
Bedload mass transport Geophone impulses (two central se
Bedload volume transport Geophone impulses (all six sens

Erosion
observation

Normal stress Load cells
Shear stress Force transducers
At-a-point surface erosion Erosion sensors
Spatial surface erosion Structured-light 3D surveying

aRounded up to 5% for uncertainties> 10%; further explanations are given
bSwitches to seconds among predefined geophone impulse thresholds.
cAbove a threshold of 50 impulses and 10 kg bedload transport, respectively
dAbove a threshold of 50 000 impulses and 20m3 bedload volume, respecti

Copyright © 2014 John Wiley & Sons, Ltd.
measured with the basket samplers, and with total bedload vol-
umes in the retention basin (Rickenmann et al., 2012, 2014).
The signal of the geophones can also be used to calculate the
energy transferred to the sensor unit by passing bedload
(Turowski et al., 2013b).
The new erosion scales

To further study sediment-flux-driven bedrock erosion during
individual discharge events, we developed the ‘erosion scales’
with the aim of obtaining a coupled dataset of hydraulics, sed-
iment transport and bedrock erosion at high spatio-temporal
accuracy. The erosion scale design has partly been adapted
from a force plate used for debris flow monitoring at the
Illgraben, Canton Valais, Switzerland (McArdell et al., 2007).

The device installed at the Erlenbach hydrological observa-
tion site is mounted in a steel frame flush with the streambed
of the artificial shoot channel between the upper gauging sta-
tion and the geophones (Figure 2). It consists of two separate
and identical measurement units, i.e. two erosion scales
(Figure 3), and is placed 0.3m upstream and in the streamline
of the two central geophone plates. Here the channel gradient
flattens gradually to 8% approaching the geophones; the chan-
nel mean gradient and the slope of the geophones is 16%, com-
parable to the natural bed slope of the Erlenbach (Figure 1).
Two exchangeable bedrock slabs, each with a width of
0.50m, a length of 0.36m in the direction of flow (the same
width and length as a geophone plate), and a thickness of
0.06m are embedded. Each slab is fixed upon four vertical load
cells, placed at its four edges, to measure normal forces due to
discharge and bedload. Two parallel horizontal force transduc-
ers are anchored central below each slab to detect shear forces.
It is assumed that passing bedload particles at first hit one of the
bedrock slab scales recording normal stress and shear stress,
and subsequently stimulate the geophone plate located directly
downstream (Figure 3A).

The slabs are exposed to all erosional processes that act
upon the streambed. Each slab hosts three integrated upright
erosion sensors, adapted from a design of Dubille (2009) (see
also Lavé and Dubille, 2011) that detect at-a-point height
changes. The sensors consist of thin parallel electrical resis-
tance nets glued into bedrock cylinders of the installed mate-
rial. Abrasion or plucking on the surface of the slabs and
cylinders also cuts inherent wires, resulting in stepwise
resistance changes (cf. Berger et al., 2010).
n site, their acquisition frequency, temporal and spatial resolution and

Detection frequency Detection resolution Detection uncertaintya

e) One minute 10�3 m3/s 15%
Repeated 10�1m/s 5%
Repeated 10�2 m 20%

Repeated 1m3 20% by volume
Repeated 2 × 10�1 kg 5% by mass

nsors) One minuteb 1 kg/one minutec 30% by mass
ors) One minuteb 1m3/eventd 30% by volume

One minuteb 6 N/m2 10%
One minuteb 6N/m2 10%
One minute 10�4 m 5%
Repeated 106 points/m2 7 × 10�5m

in the text.

.
vely.
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Figure 2. The Erlenbach hydrological observation site: (A) catchment, (B) upstream view of the check dam with the new erosion scales (Figure 3),
the geophone plates and the basket samplers in the position ready for sampling. Note the top of the accumulated sediment above the water surface in
the retention basin. (C) Sketch of the observatory site showing the full measuring facilities (modified from Baenziger, 1986).
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Figure 3. The erosion scales. (A) The steel frame with two stone slabs (marble on the left, concrete on the right in direction of flow) installed flush to
the streambed upstream of the geophone plates (see Figure 2B). (B) The sketch of the steel frame showing the structure of the measuring cells for
normal and shear stress (technical drawing by H. Herranhof).
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In low flow periods (up to the mean annual discharge of
0.04m3/s), a mobile bypass structure can be installed to keep
the streambed dry (Figure 2B). Hence the whole slab surfaces
can be surveyed repeatedly with highly precise and accurate
photogrammetry (e.g. Rieke-Zapp and Ebert, 2009; Rieke-Zapp
et al., 2012) or structured-light scanning/fringe projection
(Akca, 2012; Rieke-Zapp et al., 2012). We briefly describe the
experimental protocol later; for more details on both tech-
niques see Luhmann et al. (2014). Twelve fixed brass target
indicators (FTI; Hubbs, 2014) have been embedded in the steel
device (Figure 3B) to host surveying targets for absolute
referencing of the resulting digital topography models (DTMs)
used for change detection analysis (building DTMs of differ-
ence, DoDs). For photogrammetric surveying an Alpa 12
Metric camera was used (Rieke-Zapp et al., 2012), choosing
the ground sampling distance to allow for sub-millimetre plani-
metric spacing of the resulting DTM. A total of around 100
overlapping images were taken in two different configurations.
Copyright © 2014 John Wiley & Sons, Ltd.
For one-third of the images scale bars and signalized tie points
were placed on the surface to create a dense network for cam-
era calibration. By using only a minimum number of these
points for automatic orientation and by keeping fixed camera set-
tings, the remaining imageswere takenwith asmuch of the surface
as possible exposed. Combined bundle block adjustment with self-
calibration on the job was performed for camera calibration and to
establish the exterior orientation of each camera position (cf.
Rieke-Zapp et al., 2012). Least squares image matching was then
used to automatically generate a dense set of three-dimensional
(3D) point measurements on the surface for DTM construction
(Gooch et al., 1999). Structured-light scanning surveys with sub-
millimetre resolution were conducted using GOM ATOS III or
GOM ATOS Compact (GOM, 2014), with some shading of the
surface during direct sunlight. In this technique, a projected pattern
on the surface is observed by two calibrated cameras and the 3D
topography is calculated by triangulation. DTMs and statistics
can be built directly in the field using the manufacturer’s software.
Earth Surf. Process. Landforms, Vol. 40, 530–541 (2015)
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For first data acquisition and device testing an artificial slab
of weak dry-packed concrete (FIXIT 508; Fixit, 2014) was
installed together with a Carrara marble slab for potential
comparison with erosion rate measurements reported in field
and laboratory studies (Sklar and Dietrich, 2001; Hartshorn
et al., 2002; Turowski et al., 2008; Sipos et al., 2011; Wilson
and Lavé, 2013; Wilson et al., 2013). The concrete slab was
replaced in spring 2013 with a serpentinite bedrock slab.
General Data Assessment of the Whole
Equipment

In this chapter the technical specifications and estimated
detection accuracy of the hydrological, bedload and erosion
measurement systems of the Erlenbach site are described
(Table I). Uncertainties higher than 10% are quoted in 5%
steps. All continuous measurements are monitored with a tem-
poral resolution of one minute. The basket sampler system
works above a specific threshold of geophone impulses that
can be adjusted for studying different discharge/bedload
transport conditions and within a range of discharge defined
separately for each basket (Rickenmann et al., 2012).
Geophone and stress data are continuously captured with a
temporal resolution of one second when a threshold of 20
geophone impulses per second is exceeded.
Discharge

Discharge is measured both at a control cross-section about
35m upstream of the erosion scales and at a V-notch weir
downstream of the retention basin (Figure 2C). The weir was
modelled in the laboratory at a scale of 1:6 and its measuring
uncertainty was determined to be below 5% up to a discharge
of 21m3/s (Castellazzi, 1987). The employed rating curve of the
upper cross-section was determined with flow velocity data
gathered over the course of several decades using dye and salt
tracers for discharges up to at least 5m3/s. For higher discharges
up to 12m3/s, the curve was extrapolated from the robust
empirical trend and justified by the comparison of the inte-
grated discharge from both gauging stations. However, the
details leading to this extrapolation have not been systemati-
cally documented and cannot be reconstructed with certainty.
Comparison of the integrated discharges from both gauging
stations over two years (data resolution of 10minutes with a
maximum discharge of 2m3/s) yielded an underestimation of
only 2% for the less accurate upper control cross-section; for
the event discussed in the present paper it is 1%. Divergences
per 10minutes were below 0.1m3/s up to discharges of
1.2m3/s. At higher discharges, for which much less data are
available, the deviation increased for the upper cross-section
and the downstream gauge peaked slightly later. This deviation
can be explained by the buffering effect of the retention basin,
which damps fast changes in discharge. The damping effect is
also visible in the separate gauge level of the basin, indicating
comparable peak shifts. Direct comparison (one minute data)
of the two discharge measurement series during the event
discussed yielded a mean underestimation of 0.5% for the up-
per control cross-section, with a standard deviation of 5%.
Based thereon, the accuracy of the discharge measurements at
the upper cross-section, which is subsequently used for analysis,
is estimated conservatively at 15%, at least for discharges up to
2m3/s. This value results from the rounded up deviation between
the upper and the lower gauge plus twice the standard deviation.
The estimate accounts for inaccuracies related towater level fluc-
tuations due to turbulence, waves, and bedload transport. At high
Copyright © 2014 John Wiley & Sons, Ltd.
discharges the rating curve’s accuracymay beworse due to fewer
available data points and further uncertainties (cf. Domeneghetti
et al., 2012).
Flow velocity and flow height

Determination of water flow velocity using dye or salt tracers at
the position of the erosion scales is difficult due to a short
measuring distance of only 30m of consistent bed roughness
and slope upstream, leading to incomplete mixing. In addition,
high flow velocities result in very short transit time of tracer
pulses, making precise timing difficult. However, local flow
velocity over the erosion scales can be measured using
standard current meters with typical accuracies of< 5% at
0.1m/s resolution for water depths above 0.05m (given by
manufacturers), if there is no bedload transport. Mean flow
velocities can be obtained by integrating measurements at
different locations in the flow cross-section. This procedure
would introduce additional errors, which are not assessed here.
Mean flow height can be calculated based on the cross-
sectional geometry from TLS measurements and the width of
the actual stream optically extracted from video pictures
captured by a camera installed on site. This approach is
estimated to have an (conservative) uncertainty of ± 20% due
to water level fluctuations and its assumed concave cross-
sectional surface. Recently a rotating laser distance sensor
(SICK TiM551; SICK, 2014) has been installed measuring
surface height perpendicular to the stream above the geophones
that is able to spatially detect the water surface if turbidity is high
enough (above discharges of 0.2m3/s). Preliminary analysis
promises data quality of flow height and related discharge veloc-
ity better than the values given earlier.
Bedload transport

The sediment pile in the retention basin (its top is visible in
Figure 2B) is surveyed by TLS with a Leica ScanStation C10 at
a mean point resolution of 0.04m, when the water is drained.
On-site scanning precision was determined from a DoD calcu-
lated from independent back-to-back scans. The precision is of
the order of 1m3, which is below 1% by volume uncertainty for
typical scan intervals following accumulated sediment delivery
above 100m3. Converting this to bedload volumes capable of trig-
gering geophone signals, however, is far more uncertain. Some
fundamental assumptions need to be made (cf. Rickenmann and
McArdell, 2007): (i) a constant proportion of bedload to suspended
material over different flood events, (ii) consistent deposition zones
in the basin, (iii) sufficiently slow drainage of the retention basin to
maintain the sediment pile, and (iv) an even drainage of the
sediment pile. Sieve analysis of 17 sediment samples from six
individual sampling intervals, taken at different locations of the
sediment pile over a period of 30years give on average 44% by
mass of grains larger than 0.02m in diameter (the standard devia-
tion of this value is 16% bymass), which corresponds to the detec-
tion threshold of the geophones (see later). Hence, regarding the
TLS precision, accuracy of the bedload grain size threshold from
sieve analysis and assuming a constant bulk density, the accumu-
lated sediment volume transported as bedload is given at 20% by
volume accuracy. Analysis of a few sediment samples revealed a
mean bulk density of 1.75 t/m3 (Rickenmann and McArdell,
2007; no accuracy available) that can be used for a rough conver-
sion of the volumes to bedload masses.

During sampling the basket samplers are positioned such
that they are in line with the two central geophones (Figures 2B
and 3A). With a wire mesh spacing of 0.01m, they can in
Earth Surf. Process. Landforms, Vol. 40, 530–541 (2015)
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theory capture coarse material with 100% efficiency up to a
discharge of 6m3/s (Rickenmann et al., 2012). However, due
to safety and practicability issues they are only used at dis-
charges below 2m3/s. Sampling is terminated when a maximal
filling of about 200 kg is reached, or after 10minutes. During
approach to and exit from their measuring position, the baskets
only partially intercept the stream jet. These periods together do
not exceed 10 seconds (Rickenmann et al., 2012), so if a basket
stays in the stream jet for 3.5minutes (the mean of 36 samples),
temporal-conditioned uncertainty in full material capture is 3%
by mass. This value will increase with decreasing sampling
time. The sampled material is sieved using US standard sieves
and the size classes are weighed using a crane scale with
0.2 kg accuracy, or a suitable spring balance for small masses.
With on average 12 separate weight measurements per basket,
error propagation leads to a ceiling uncertainty of 0.7 kg per
basket or 1% by mass for sediment diameters>0.019m (sieve
size). The bedload mass sampling accuracy due to material
capture uncertainty and sieving errors is estimated at an upper
limit of 5% by mass, since the sieve-dependent grain fraction
(0.019m) is a little lower than the assumed geophone detection
threshold of 0.02m (see later).
The geophone bedload transport monitoring system is an

indirect measuring method, the calibration of which strongly
depends on sediment shape, motion and on the accuracy of
the transported sediment volumes (Turowski and Rickenmann,
2009). The geophone sensors can detect the passage of
bedload pebbles with a b-axis greater than 0.02–0.04m
(Rickenmann et al., 2012). Sensor output variability decreases
with higher transported volumes (e.g. Rickenmann and
McArdell, 2007; their data are for the previous sensor genera-
tion PBIS [piezoelectric bedload impact sensor], but the pro-
cess is the same). For further analysis, a bedload detection
threshold of 0.02m is assumed (Rickenmann et al., 2012). We
give uncertainties for both mass and volumetric bedload
transport rates (Table I), since they originate from different
calculations based on the geophone impulses.
Bedload mass transport across the erosion scales can be

estimated using the ‘basket-regression’ of the impulses from
the two central geophones (geophones 7 and 8) with trapped
bedload from the basket samplers (Rickenmann et al., 2012).
A dataset of 34 samples revealed a linear correlation with
R2 = 0.98 and a normalized root mean square error (normalized
by the standard deviation) NRMSE=25% by mass for
particles> 0.019m during the short time periods of basket sam-
pling (cf. Rickenmann et al., 2012, equation 1). The estimated
accuracy of bedload mass transport is 30% by mass due to
the sampling inaccuracy and the deviation between sieved
grain fraction diameter (0.019m) and the assumed 0.02m
geophone detection threshold. The regression holds for data
pairs above around 50 impulses or 10 kg respectively, so it
can be applied for total bedload masses exceeding this thresh-
old. At the Erlenbach bedload mass transport rates commonly
exceed 10 kg/min, and thus bedload transport over the two
central geophones can be monitored at minute resolution.
Volumetric bedload accumulated over longer periods (whole
transport events) can be assessed by an updated version of
the ‘basin-regression’ (R2 = 0.99, NRMSE=9%; Rickenmann
et al., 2012, equation 2) based on the impulses of all six active
geophone sensors (sensors 5–10, in the centre of the stream-
bed, Figure 3). This regression holds for more than 50 000
impulses or 20m3 and shows a ceiling uncertainty of 30% by
volume, considering uncertainties in the detection of bedload
volumes from the pile. Thus, long-term volume assessment is
possible with this equation, but the data from the retention
basin cannot be used for quantitative volumetric transport
analysis at minute resolution.
Copyright © 2014 John Wiley & Sons, Ltd.
Stresses

Acting forces on top of the erosion scales are assessed by
the sum of the output of the corresponding measuring cells,
for normal forces HBM C2 – 1000 kg, and for shear forces
HBM U2A – 200kg (HBM, 2014; Figure 3B). Raw data is sam-
pled in parallel with the geophones at 10kHz and minimum,
mean and maximum values are recorded at minute resolution.
Normal and shear force measurement accuracy of each slab is
better than 1%, using information given by the manufacturer
and from laboratory tests with a loading frame prior to field
installation. On-site tests of normal stress after slab installation
by filling up a water tank confirmed this accuracy for loads up
to 2 kN (11 kN/m2). Field testing shear forces using a spring
scale by hand was considerably more difficult and inaccurate,
but also resulted in an uncertainty of 1%. However, only a few
tests for loads of 0.1 and 0.2 kN were conducted. Both normal
and shear forces are recorded at 1N resolution and are subse-
quently converted to 6N/m2 normal stress and shear stress
steps due to the summation of the acting forces over the entire
slab surfaces (0.18m2 each).
Erosion

The six erosion sensors continuously record at a spatial
resolution of 10�4m steps, corresponding to the distance
between the wires in the resistance networks. However, an
abrasion test with a milling machine on the same electrical
measuring setup as used in the field revealed a step resolution
of 5 × 10�5m, which might be due to the structure of the
electrical resistance net. The regression function of wire-cut
(abrasion) against resistance/voltage change has a R2 of 0.998
and a NRMSE of 5%.

Both spatial surveying methods, short-range photogrammetry
and structured-light scanning, allow for a measurement preci-
sion of signalized targets better than 0.05mm in the configura-
tion used here as specified by the system manufacturers (based
on VDI/VDE, 2002). This accuracy was confirmed by the resid-
ual error of scan adjustments in a DTM from structured-light
scanning. The root mean square error of all point coordinates
in the bundle block adjustment of photogrammetry was better
than 0.006mm and residuals in reference points were better
than±0.01mm in all dimensions respectively. A DoD of back-
to-back measurements of the whole slab surfaces, completely
removing and re-assembling the equipment in between, yielded
a mean offset of 0.006mm for both surveying techniques with a
standard deviation of±0.07mm.
The First Event

A flood event with a peak discharge of 1.13m3/s occurred on
10 October 2011 (Figure 3), shortly after the installation of the
erosion scales (3 October 2011). This discharge has a return
period of less than one year in the Erlenbach. For the remainder
of this paper, we will focus on the stresses and erosion caused
by this event on the concrete slab. The purpose of the analysis
is both to illustrate the viability of the instrumentation and to
present initial observations of the characteristics of acting
stresses and erosional signals during a bedload transport event.

The amount of bedload that passed the erosion slabs in two
bedload pulses A and B (Figure 4) is estimated at 8.9 t using
the basket-regression (or 5.1m3 assuming a bulk density of
1.75 t/m3). TLS of the retention basin was conducted on 22
August 2011 and again on 9 May 2012, giving a total of 21.6m3

of sediment (grain diameter> 0.02m) delivered in this period.
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The basin-regression using all geophone impacts for this period
yields 22.1m3, whereof 19.4m3 can be directly assigned to the
event of interest here and the remainder to another four smaller
discharge events. During the event two basket samplers came
into operation. The first sampler entered at 03:05 a.m. and stayed
in the stream jet for 591 seconds at a mean discharge of 0.5m3/s,
while the second entered at 04:59 a.m. and stayed for 124 sec-
onds at a nearly constant discharge of 0.8m3/s. They captured
33.8kg and 111.8 kg of bedload (diameter> 0.019m), respec-
tively, corresponding to average bedload transport rates of
0.06kg/s and 0.90kg/s. During the event, the mean normal stress
on the concrete slab increased by 1091N/m2 from aminimum of
119N/m2 at a discharge of 0.06m3/s at midnight to a maximum
of 1210N/m2 at peak discharge at 09:18 a.m. The mean shear
stress record showed only slight activity during most of the event.
However, several simultaneous peaks in both maximal nor-

mal stress and minimal shear stress (the maximal amplitudes
of the signals downward and downstream) are observable
during the second bedload pulse (Figure 5, marked as ‘sediment
passages?’). Throughout the remainder of the manuscript we will
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refer to the common occurrence of such peaks as ‘peak
couples’. The largest peak couple observed in this event (peak
steps of 831N/m2 and �333N/m2) distinctly exceeded the
noise of the signals.

Local cumulative abrasion on the concrete slab erosion
sensors was 0.15mm (sensor c1), 0.10mm (sensor c2) and
0.85mm (sensor c3) (Figure 4). The accuracy reported here is
better than the manufacturer’s technical detection resolution
(Table I), but is based on the lab-test findings of 0.05mm reso-
lution (see the section on general data assessment). Abrasion of
the sensors mainly occurred during the two bedload pulses
(Figure 4), with two consecutive steps of erosion sensor c3 in
pulse A and several smaller ones at all three sensors in pulse
B (Figure 5). However, these steps did not coincide with peaks
of discharge, acting normal stress and shear stress or bedload
transport rate. The erosion rate of the whole slab for this event,
determined with photogrammetry (Rieke-Zapp et al., 2012) was
0.9mm on average (±0.5mm) and exceeded 4.6mm at the up-
stream edge of the slab (Figure 6). Averaging erosion rates of the
slab surfaces around the erosion-sensor point positions c1, c2
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Figure 6. View on the erosion scales in direct of flow. On the left the marble slab with its erosion sensors that were not affected noticeably by the 10
October 2011 flood event. On the right the concrete slab with erosion sensor denotations, their vicinity and a superimposed DoD from photogram-
metry showing highest erosion rates at the upstream side (lower part in the picture). A histogram of the spatial deviations from the DoD and related
statistics are given in the inset, breaks are in 0.1mm steps.
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and c3 (~20 cm2 each; indicated by the dashed circles in
Figure 6) revealed 0.6mm (±0.2mm), 0.4mm (±0.1mm) and
1.0mm (±0.3mm) of erosion. On the marble slab’s erosion
sensors no plausible signal was observed.
Discussion

In the following we discuss the actual data quality during the
first event, and some specific features and useful insights.
Data quality of the first event

The dataset of the first observed event is assessed following the
structure of the general data assessment (Table I) regarding the
technical data accuracies mentioned there. This is done to
describe the teething troubles of the erosion scale device, and to
evaluate and quantitatively confirm its operational functionality.
It can be assumed that the discharge measurement was not

disturbed considerably by bedload transport and therefore is
reliable. The maximum bedload transport rate was 103 kg/min,
or on average 1.7 kg/s at a discharge of 0.8m3/s (that is 0.2% by
mass of the water flux). The latter corresponds to a water depth
of 0.44m at the gauging level. A single passing spherical grain
of 1.7 kg with a density of 2.65 t/m3 has a diameter smaller than
0.11m that will not have a strong impact on water stage.
The TLS-derived bedload volume only deviates by 4% by

volume from the basin-regression calculation for the longer
observation period (22 August 2011 until 9 May 2012) and thus
fits well into the regression dataset. The same holds for the
bedload mass from basket sampler 1 (bs1 in Figure 4) during
the event of interest, which is overestimated by 8% by mass
from the basket regression’s prediction and for the charge of
basket sampler 2 (bs2) with an underestimation of 3% by mass
(assuming a constant sediment transport rate over the respec-
tive start and end minutes of the baskets runtimes, since the
geophone impulses were logged over the whole minutes).
The basin-regression overrates the basket-regression volume
of the whole event by a factor of 3.8 (19.4m3 compared to
5.1m3). The divergence between the two regression fits has
been discussed by Rickenmann et al. (2012), and may be
Copyright © 2014 John Wiley & Sons, Ltd.
related to the uncertainty in the density of both the transported
and deposited bedload, the threshold of detection of the
geophone sensors, missed sediment crossing the lateral geo-
phones and the different temporal scales of the measurements.

Due to erroneous data storage, initially only mean normal
stress was recorded in 6N/m2 steps (Table I). Minimal and
maximal steps were logged at 24N/m2 and 59N/m2 and shear
stress was detected at 56N/m2, 56N/m2 and 556N/m2, respec-
tively, for both slabs. The long-term stress signals (especially
during low-flow conditions) show a noticeable diurnal course
that can be related to discharge, but also to temperature effects
on (i) the stone slabs, (ii) the steel frame as well as on (iii) the
electronic measuring equipment. However, during the main
flood event both slabs were fully covered by turbid water,
and water temperature only changed by ±1 °C, while air
temperature rose by 4 °C from midnight to peak discharge
(maximum rise of 9 °C, but in the tail of the event; data from
NADUF, 2014). Detrending by spectral analysis was not feasi-
ble, since discharge and temperature feature the same frequen-
cies. Application of linear regressions damp the daily courses
but cause implausible noise in the relation of forces to dis-
charge, potentially due to a (variable) shift between air temper-
ature and stress response. Thus, the raw stress signals were used
for analysis here, assuming discharge and bedload transport to
be the dominant factors on the signal’s performance. The hys-
teresis in the normal stress signal during the event (Figure 4)
might be related to (i) the temperature effects mentioned earlier,
(ii) the inaccuracy of the discharge measurements and (iii) pos-
sible gauge inertia effective during fast changes of discharge
(Figure 4). For compared stress values during times of slow
discharge changes, the hysteresis stays within ± 50N/m2, corre-
sponding to around 10% accuracy. We used this value as a
conservative error estimate for both normal and vertical stress
(Table I). A criterion for stress data plausibility is the ratio of
shear stress and normal stress that should be close to the slope
of the energy line on site or approximately the local bed slope.
For the event discussed here this stress ratio is a power function
of discharge with an R2 of 0.98. Above a certain threshold of
discharge (around 0.6m3/s) with acting stresses exceeding the
detection accuracies and resolution steps, the ratio stabilized
to lie within a narrow band of 0.06± 0.02m3/s (with some
extreme values enclosing this band by±0.05m3/s). This is in
Earth Surf. Process. Landforms, Vol. 40, 530–541 (2015)
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good agreement with the inclination of the erosion scales (8%;
Table I). Below the threshold the ratio’s dependency on discharge
is implausible, but can be related to (i) the wider influence of the
coarser resolution of the mean shear forces here and (ii) the
force-hysteresis, being more distinct below 0.5m3/s (Figure 4).
Since storage of the erosion sensor data is on a separate data

logger system than discharge, stress and geophone signals, both
clocks have to be synchronized regularly. However, this was
not implemented until two weeks after the event described
here. With a total shift of seven minutes at the moment of syn-
chronization and assuming a constant clock drift, a maximum
shift of 2.5minutes can be attributed to the 10 October 2011
erosion curve and steps (Figures 4, 5 and 7). However, clock
drift does not have an influence on the presented analyses.
The erosion sensor data show nearly constant midnight

values of the signals before and after the event considered here.
Thus, for analysis they were shifted such that a zero value
occurs before the flood. The signals feature a diurnal course
at a maximum range of 0.15mm at low flows that may also
be due to temperature fluctuations and could be damped only
slightly (to maximum 0.1mm) by regression analysis. Since
there are several small scale minute-by-minute fluctuations in
the data, plausible erosion steps were determined by smooth-
ing the raw signal to a resolution of 0.05mm with reference
to the milling experiment (Figure 4).
The onset of the erosional signal is delayed from the onset of

bedload transport (Figure 4). This could be due to some issues
of the sensor construction: (i) the wire patch is pasted on a foil
glued into the rock. The topmost wire is aligned flush with the
top of the sensor surface by eye and may move during fixing.
The wire net is therefore not placed with sub-millimetre accu-
racy. (ii) As is known from the manufacturer’s specifications
and laboratory testing, the signal steps from cuts of the upper-
most few wires remain below the noise. Thus, the difference
between the erosion sensor signals and the surface erosion at
the sensor location detected by photogrammetry (Figure 6) is
likely due to the initial cut of the top wires, which was not
detected by the sensors.
Cumulative surface erosion from slab surveying revealed a

plausible and tight normal distribution of local erosion rates
(inset in Figure 6) and only a negligible fraction showed positive
values of up to 0.6mm. The latter may be due to surface contam-
ination that is unavoidable during fieldwork even if the slab
Figure 7. Three stress peak couples (lasting one or two seconds) on the co
data series like in Figure 5) given in different temporal data resolutions (min
in direction of flow.

Copyright © 2014 John Wiley & Sons, Ltd.
surface is cleansed repeatedly. The missing bottom right edge of
the DoD in Figure 6 is due to missing data.
Some insights from the first event

The bedload flux shows typical strong short-term fluctuations
over more than one order of magnitude (Turowski et al.,
2009, 2010; Turowski, 2010; Rickenmann et al., 2012;
Figure 4). The majority of the bedload mass (79% of the im-
pulses) has been transported across geophone 8 downstream
of the concrete slab (Figure 6). Further 19% were recorded on
geophone 9 on the right bank. In contrast, geophone 7, down-
stream of the marble slab, only recorded 0.7% of the entire
impulses. This is a common cross-sectional distribution of
bedload transport at the Erlenbach stream (Rickenmann and
McArdell, 2007) that is due to the flow path across the geophones
(sketch of pathway and denotations in Figure 6). However, both
geophones 7 and 8 show the same temporal distribution patterns
of two bedload pulses accompanied with the two peak stages of
the discharge and both recorded some higher bedload transport
rates in pulse A (Figures 4 and 5, only for the concrete slab).

In general mean normal stress correlates well with discharge
and rose to plausible mean values during the event, independent
of the observed hysteresis. However, there is no obvious signal of
bedload transport at the rates of discharge and bedload transport
considered here (Figure 4). In contrast, the data resolved at sec-
ond resolution reveal peak couples of the extreme stress values
with durations of only one or two seconds distinctly exceeding
the hysteresis uncertainty (Figure 5). The first three of these peak
couples from maximum normal stress and minimum shear stress
occurred at high rates of bedload flux and are most likely due to
the passage of individual cobble to boulder sized bedload
particles sliding over the slab (Figure 7). This interpretation is
supported by the observation that larger pebbles in the Erlenbach
are typically angular and elongated.

The cumulative records from the local erosion sensors gener-
ally coincide with the courses of discharge and normal stress.
In addition, erosion is accelerated during bedload pulses
(Figure 4). There is no clear temporal correlation between
individual erosion steps and discharge, normal stress or possibly
short-time increased sediment transport rates (Figure 5), even if
a threeminute time-shift of the erosion data is considered. Rather,
ncrete slab during bedload pulse B (see Figures 4 and 5B; shifted force
utes and seconds). Note minimum shear stresses mean highest values
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these steps can be related to individual local pebble impacts on
the exact positions of the erosion sensors acting as erosional
tools. Further, the spatial distribution of surface erosion on the
concrete slab (Figure 6) shows patterns that are in agreement with
this interpretation. From the left to the right side of the slab, seen
in direction of flow, there is a strong increase in surface erosion
rate magnitude that coincides with the observed flow path of
the Erlenbach at this location (Figure 6). Local erosion peaks are
due to removal of entire pebbles out of the concrete. Highest spa-
tially distributed erosion rates were detected on the upstream
edge of the slab that slightly protrudes out of the steel frame.
Here, the initially sharp ridge was rounded and displaced down-
stream. The ridge exhibits a morphological susceptibility to
bedload impacts that exert noticeable normal and shear stresses
like the peak couples (Figures 5 and 7). Both types of erosion
measurements therefore illustrate the tools effect.
This interpretation is supported by the negligible erosional ef-

fect of the small amount of bedload crossing the marble slab.
During the event, this slab experienced a mean normal stress
span of 433N/m2 (40% of the concrete slab’s value), but only
83 kg of sediment passed over it, corresponding to 1% of the
total mass. The marble data, too, show some stress peak couples
and the marble surface had some impact marks. Further, we
observed a fine rounding of its protruding upstream right edge
similar to that of the concrete slab, vanishing to the left-hand side.
However, erosion was detected neither by the marble erosion
sensors nor was it visible in the respective DoD. The erodibility
of the marble slab is certainly lower than that of the concrete, a
fact that is exacerbated by aweak cement layer on top of the con-
crete slab as a result of suspension settling and water shedding
during slab production. Also, the hardness of the Erlenbach’s
sediment will influence the amplitude of erosion rates on differ-
ent bedrock materials. Though, despite these factors, the minor
erosional rate on the marble slab and its spatial restriction to slab
regions with passing bedload provides further evidence for the
tools effect in bedrock erosion.
Both erosion measurement techniques applied (erosion sen-

sors and spatial surveying) do not directly allow differentiation
between the main erosional processes of abrasion and plucking
that may act here. However, the properties of the slab materials
(e.g. granularity and brittleness), the cumulative evolution of
the erosion sensor signals and the spatial distribution of the
slab’s surface erosion can be used for interpretation. The
discussed event featured a generally continuous evolution of
the cumulative concrete erosion sensor records (Figure 4) and
total at-a-point erosion is representative for the immediate
surroundings of the sensors. Together with the spatially uniform
trend to higher erosion values on the concrete slab’s right-hand
side (Figure 6), this points to abrasion by bedload (and possibly
suspended load) as the dominant process. In contrast, the local
peak erosion values identified as removal of single grains from
the concrete can be classified as plucking.
Conclusions

We have constructed a novel measurement device for collecting
a simultaneous dataset of discharge, bedload transport and
resulting bedrock erosion in a pre-alpine stream. Both temporal
and spatial resolutions of all data types are high and their resolu-
tion and accuracy have been assessed by testing and by using
real event data. The recorded data are influenced by temperature
changes, which currently cannot be corrected for. In future,
recording of bedrock slab temperature during transport events
might help address this problem. Nevertheless, in general the
Erlenbach instrumentation permits quantitative observation of
bedload transport, the stress caused by it, energy input to the
Copyright © 2014 John Wiley & Sons, Ltd.
bed (cf. Turowski et al., 2013b), and associated erosion rates of
exchangeable natural bedrock samples. The data for the first
event observed provides evidence of the bedload tools effect
(after Foley, 1980) on the process scale.

An increased dataset, especially for larger discharge events,
will help to improve signal interpretation and correction using
filters and spectral analysis. Studies of normal and shear stress
measurements as well as associated geophone signals of
impacting bedload grains at high temporal resolution could
give quantitative insights into the physics of dominant erosion
mechanisms (Hancock et al., 1998; Whipple et al., 2000) and
allow the calibration of fluvial erosion models used for land-
scape evolution modelling (Whipple and Tucker, 2002).

Analysis of the Erlenbach’s bedload, the installed bedrock
slab material and possible replacement with other bedrock
could help to upscale and transfer findings to other natural
conditions and contribute quantitative datasets to advance the
debate of incision model application (e.g. van der Beek and
Bishop, 2003; Sklar and Dietrich, 2006). High-resolution
measurements of discharge, bedload transport and spatial
bedrock erosion allow for testing the hypothesis that sediment
transport primarily determines erosion in natural channels
through the tools and cover effects (Sklar and Dietrich, 2001;
Chatanantavet and Parker, 2008; Cowie et al., 2008), and
may illuminate the influence of discharge variability on erosion
rates (Turowski, 2012). Additional analysis of the cover effect
could be performed, e.g. by artificially covering the erosion
slabs and analysing stress data, or by adding known amounts
of natural sediment to the stream.

Since the device permits process studies of bedrock erosion it
may be further applied to study the relative importance of
different erosional processes on overall erosion and their
dependencies on bedrock material. Installations of slabs with
specific surface topographies could be used for comparison
with numerical simulations of acting forces and to monitor
roughness evolution (cf. Wilson et al., 2013). Hence, the
erosion scales could be a useful tool for quantitative process
studies on the importance of bedrock channel formation for
mountainous landscape evolution.
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