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Departamento de Geodindmica, Estratigrafia y Paleontologia/C. de José Antonio Novais, Madrid, Spain

Abstract Sediment transport is a key process that affects the morphology and ecological habitat diversity
of rivers. As part of a gravel augmentation program to mitigate sediment deficit below a dam, gravel mobility
in the Ain River in Eastern France was investigated by tracking of a large amount (n = 1,063) of PIT-tagged
gravels in the field, conducting a probabilistic approach based on published tracer studies, and performing
two-dimensional (2D) numerical modeling of flow and bedload transport. This comparative study highlights the
strengths, weaknesses, and complementary aspects of the three approaches to the understanding of river gravel
mobility. Thanks to recent technological improvements, PIT-tagged gravels provide an increasingly reliable

and accurate representation of bedload movement in the field, although it remains limited in spatio-temporal
resolution. Based on an exponential distribution, the probabilistic approach correctly reproduces the average
trend in travel distances by the different classes of particles over hydrological periods, including one or several
significant floods. Furthermore, the 2D numerical modeling accounts for the variability of local hydrodynamic
conditions and can simulate realistic displacement distributions for the different classes of particles with high
spatio-temporal resolution. Numerical modeling is a very encouraging approach, which makes our study
original because it is the first time that the estimation of mean travel distances, the application of an exponential
distribution, and the comparison with a hydrodynamic model are combined. A more effective modeling strategy
involves incorporating a probabilistic transport model in the 2D numerical model to reproduce the observed
scatter of the individual particle trajectories.

1. Introduction

Sediment transport is a key process that affects the morphology and ecological habitat diversity of rivers. Under-
standing bed mobility is necessary to assess the impacts of human disturbances (e.g., damming, gravel mining,
embankments) on river morphodynamics and to help design efficient management and restoration measures
(Grabowski et al., 2014; Piégay et al., 2016b). Sediment augmentation, that is, the artificial addition of sediments
into the channel, is increasingly used to mitigate sediment deficit impacts below dams (Kondolf et al., 2014).
Additionally, field monitoring is required to assess the efficiency of the restoration measure, by providing key
information on the kinematics of sediment wave propagation in the restored reach, morphological evolutions
or bed grain size changes (Arnaud et al., 2017; Vizquez-Tarrio et al., 2023). Field-measured data can also feed
morphodynamic models, which can be developed to accurately evaluate and predict sediment mobility and assess
channel evolution scenarios.

Fluvial geomorphologists have long used tagged gravels to measure the bedload mobility of gravel-bed rivers
(e.g., Keller, 1970; Laronne & Carson, 1976). The main interests of tracking the displacement of individual parti-
cles are to understand initial motion criteria for gravel, size-selective transport processes, morphological controls
on gravel dispersion, and spatial patterns of bedload transport when coupled with detailed morphological surveys
(Vericat et al., 2017). In the early 2000s, radio-frequency identification (RFID) technology with low-frequency
passive integrated transponder (PIT) tags opened new opportunities because of their low cost (<€5 per tag), long
operating life (>10 years, as they contain no battery), small tag size, and unique identification codes permitting
to locate buried or exposed particles (Arnaud et al., 2015; Chapuis et al., 2014). However, the first studies using
PIT-tagged gravels were restricted to small, shallow streams (channel width <25 m) because of the decimetric
detection range and the extensive fieldwork needed to obtain sufficient recovery rates (Bradley & Tucker, 2012;
Lamarre et al., 2005; Schneider et al., 2010). Developments of RFID devices, such as larger antennas (up to
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2 m long) that cover larger search areas, and the development of procedures using a boat to detect tracers in
deeper water and conditions with fairly high flow velocity have improved the performance of the tracer method
(Arnaud et al., 2015). With the enhanced procedures, PIT tags have been successfully used for monitoring gravel
augmentation in the 100 m-wide regulated channel of the Rhine River (Arnaud et al., 2017; Chardon et al., 2021).
However, PIT-tag studies are often challenged by limited recovery rates, especially in highly-dynamic rivers
(Camenen et al., 2010), which makes tracer data a questionable representation of the bedload movement in the
field. Loss of tracer particles can be due to the non-recovery of buried tracers, signal interference when tags are
too close to each other, incomplete prospection of the surveyed area, or tracers traveling further than the pros-
pected area (Cassel et al., 2020). A critical analysis of the methods is therefore required before interpreting the
mobility of gravel-bed rivers from field tracer data.

A number of meta-analysis of tracer data sets have been produced in many gravel- and coarse-bed rivers. This
corpus is useful to contextualize and analyze the data from new tracer experiments (Hassan & Bradley, 2017,
Vazquez-Tarrio & Batalla, 2019; Vazquez-Tarrio et al., 2019). In addition, previous studies have tried to predict
the distribution of particle displacements for a given site and streamflow, especially because survey costs for
repeated sediment tracking can be high (Cassel et al., 2020). For a given type of channel morphology, statistically
significant correlations between mean tracer travel distances and dimensionless peak stream power can be found,
as reported by Vazquez-Tarrio et al. (2019) in a review of tracer data. The distribution of particle travel distances
has typically been approximated with exponential or gamma probability distribution functions, which seem to
fit the available field observations reasonably well (Bradley, 2017; Clark et al., 2022; Hassan & Bradley, 2017,
Liébault et al., 2012; Phillips & Jerolmack, 2014).

Alongside the exploitation of field tracer data, numerical modeling of the flow dynamics can assist the
decision-making in river restoration projects, especially to choose between different designs of gravel augmentation
(El Kadi Abderrezzak et al., 2016; Juez et al., 2016; Stéhly et al., 2020). To date, some studies have compared field
tracer data and numerical modeling outcomes (Biron et al., 2012; Chapuis et al., 2015; Liedermann et al., 2013;
Milan, 2013; Roberts et al., 2020). Two-dimensional (2D) numerical modeling is generally based on the resolution
of the Barré-de-Saint-Venant equations, along with the Exner equation and semi-empirical formulations of bedload
(Amoudry & Souza, 2011; Williams et al., 2016). Such models can predict sediment transport, bed elevation
changes, and erosional and depositional patterns along the river channel over time. The modeling performance
was assessed using laboratory experiments (El Kadi Abderrezzak et al., 2016; Juez et al., 2016) or using field
experiments for rivers with poorly sorted sediments (Gaeuman, 2014). Numerical modeling can help understand
the physical parameters that regulate particle displacements by estimating the spatial distribution of bed shear
stresses, bedload transport capacity, and flow and bedload directions at peak flow (Chapuis et al., 2015) or different
flow stages (Biron et al., 2012; Liedermann et al., 2013; Milan, 2013; Roberts et al., 2020). Numerical modeling
provides results with a high spatio-temporal resolution but often with large uncertainties, mainly due to the lack of
data for the calibration of sediment transport processes. In addition, 2D modeling is based on Eulerian perspective
and it does not provide direct Lagrangian results such as the information provided by tracer data (Amoudry &
Souza, 2011; Williams et al., 2016). Hence, more field-measured data are required to calibrate and validate numer-
ical models and assess the performance of sediment transport equations used in classical 2D modeling.

Therefore, this paper aims to analyze coarse sediment displacement by testing three approaches: (a) field obser-
vations of PIT-tagged gravels, (b) a probabilistic approach based on previous data compiled from the literature to
assess field data quality; and (c) 2D numerical modeling, to relate particle path characteristics with flow hydrau-
lics. To our knowledge, this study is the first to use such a high number of PIT tags (n = 1,063) in a medium-sized
meandering gravel-bed river (90 m wide), and to compare field observations with expected travel distances
inferred from previous literature using a probabilistic approach and with results from 2D hydrodynamic modeling
to evaluate and discuss data accuracy. We investigate gravel mobility in the Ain River in Eastern France in the
context of a gravel augmentation program to mitigate sediment deficit below a dam.

2. Study Site
2.1. The Lower Ain River

The Ain River in Eastern France drains a watershed of 3,630 km?, starting from the Jura Mountains. The
50 km-long lower river segment extends from the Allement Dam to the confluence with the Rhone River
(Figure 1a). The Ain River is among the few remaining tributaries that supply significant amounts of coarse
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Figure 1. (a) Map of the Lower Ain River. (b) Aerial view of the Terre Soldat/Priay site (Base map: ORTHO HR® IGN 2015). Gravel augmentation operations
conducted since 2005 are indicated by arrows. Markers are indicated every 250 m on the channel centerline. The positions of seeded tracers are indicated with
black triangles. (¢) Photo of the left bank at Terre Soldat in November 2013, just after the supply of 1,300 m? of gravel, and (d) in July 2015, after flood events that

remobilized the gravel supply.

sediments to the Rhone River. The mean annual discharge of the Lower Ain, recorded at the Chazey-sur-Ain
gauging station downstream of our study site (Figure 1a) over the 1959-2017 period, is 120 m?¥/s, and the 2-, 10-,
and 50-year floods are ~760, 1,150, and 1,500 m?/s, respectively. The low-flow discharge is 16 m*/s (information
from the national discharge database, http://www.hydro.eaufrance.fr). The channel is 90 m wide on average and
the mean slope is 0.0011 m/m (Rollet, 2007).

Compared with other European rivers of this size, the Lower Ain remains unusually close to its natural state
since it still features freely developing shifting meanders. It has been unaffected by in-channel gravel mining and
very few embankments are found along its course (Muhar et al., 2019). However, its morphodynamics have been
disturbed by a cascade of dams built on its upper course. Below the last dam (Allement Dam, built in 1960), the
Lower Ain is affected by a sediment deficit of 15,000 m*/yr, with a bed armoring front (D,, ~ 80 mm) prograding
downstream at a celerity of approximately 500 m/yr (Rollet, 2007; Rollet et al., 2014). Bed incision has lowered
the water level by approximately 1 m since the 1950s. This degradation caused several abandoned channels to dry
out and the original riparian communities have been replaced by more terrestrial species (Marston et al., 1995).
The reach downstream of Priay is still actively shifting and creating cut-off channels. In the 2000s, restoration
measures combined the excavation and reconnection of cut-off channels, and in-channel gravel augmentation in
the upstream reach, to maintain bedload transport downstream and preserve the free-meandering pattern. Between
2005 and 2021, seven cut-off channels have been rehabilitated, and 95,000 m? of gravel have been supplied to the
main channel by the Lower Ain River syndicate (SR3A). The gravel was extracted from the restored channels and
the lowest tributary, the Albarine River, because its sediment transport is regularly interrupted by a narrow bridge
near its confluence with the Ain River (see locations in Figures 1a and 1b).
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Figure 2. (a) 23 mm- and 32 mm-long passive integrated transponder tags and the 2 m-long detection antenna used in this
study. (b) Grain size distribution of the PIT-tagged particles.

2.2. The Terre Soldat/Priay Reach

The study site is located on the sediment-starved reach of the Lower Ain River, between the Terre Soldat bank
and the downstream part of the Priay village (Figure 1b). The discharge that is representative of this reach corre-
sponds to the addition of discharges measured in the Ain River and the Suran River (right-bank tributary, mean
annual discharge of 6 m?/s) at Pont d'Ain gauging stations (Figure 1a).

The Terre Soldat/Priay reach is a useful site for studying bedload mobility on a sediment-starved, armored river-
bed where gravel augmentation has been conducted. The 4 km-long reach is a pool-riffle series with discontin-
uous limestone outcrops and a few small gravel bars. Priay was the location reached by the downstream front of
the sediment deficit in the 2010s (Rollet et al., 2014). The 950 m-long left bank at Terre Soldat is the only bank
along this reach with active erosion, as seen in comparing aerial photographs from 1971 to 2008. Since 2007, the
upstream section of the bank has been supplied almost annually with 400-1,400 m® of sediment originating from
channel dredging in the vicinity of a bridge in the Albarine tributary (Figures 1c and 1d). The injected sediment
was deposited on the bank without sorting or compaction. Surface Wolman pebble counts made on the dredging
site showed a Dy, and Dy, of 22 and 39 mm, respectively.

3. Materials and Methods

Bedload tracking using PIT tags was best suited for monitoring gravel augmentation in the Ain River than
other methods, such as repeated topographic surveys, because the introduced volume of sediment was modest
(1,300 m®) and propagated downstream over a long reach. The detection of the sediment wave through conven-
tional topography with decimetric vertical uncertainty would have been challenging. Thus, we focused on particle
tracking. Data sets for this research (particle tracking, probabilistic and numerical modeling results) are freely
available in the PANGAEA data repository (Arnaud et al., 2023).

3.1. Particle Tracking
3.1.1. Field Surveys

The RFID equipment used in this study was previously described by Arnaud et al. (2015). It is composed of a
reader system connected to a small (0.5 m diameter), medium (0.4 X 1.1 m), or large (0.4 X 2.0 m) detection
antenna that is held by an operator over gravel bars and in shallow waters, or towed by a boat in waters deeper
than 0.6 m. Tags, readers and the small antenna were manufactured by Texas Instruments and commercialized by
the company CIPAM (France). The medium and large antennas were home-made (see Arnaud et al., 2015). We
equipped 1,063 particles with PIT tags. We used mostly 32 mm-long tags (n = 896) because the reading range is
up to 50% higher than 23 mm-long tags (Arnaud et al., 2015) (Figure 2a), but 23 mm-long tags were also used to
equip smaller particles. The median grain size of the PIT-tagged gravels was 41 mm and the minimum diameter
was 18 mm (Figure 2b). We drilled pebbles along the c-axis to maximize the probability of recovering vertical
tags based on the preferential arrangement of particles on the riverbed (Arnaud et al., 2015).

We released tracer particles on 18 November 2013, a few weeks after the Terre Soldat bank was supplied with
1,300 m? of fresh gravel (Figure 1c). We deposited 10 patches of one hundred particles onto the bank and the
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Figure 3. Discharge time series averaged over 2 hours at Pont d'Ain + Suran gauging stations from 2013 to 2017. The arrow
and the stars indicate the dates of tracer release and tracking surveys. Q. : critical discharge for the incipient bedload. Q, :
2-year daily discharge. O, : 2-year instantaneous discharge.

riverbed: three patches on the bank top, two patches on the bank bottom, and five patches deployed from a boat
along a cross-section in the adjacent channel. Tracer patches were placed without specific imbrication into the
bed structure. The grain size distribution in each patch was similar to the distribution of the whole tracer sample.
Tracer positions were tracked in September 2014, July 2015, and September—October 2017, noted as surveys S,,
which define three hydrological periods P; (Figure 3). From November 2013 to September 2014 (P,), six flood
events yielded discharges higher than the critical discharge for the incipient bedload (Q, estimated at 350 m*/s from
painted plots made on gravel bars along the Lower Ain River; Rollet, 2007), with a maximum discharge Q_ . at
630 m?/s. From September 2014 to July 2015 (P,), six flood events occurred, including a flood that exceeded the
2-year flood daily discharge (Q,,.
thus the period P, lasted more than 2 years and covered 12 flood events that were higher than Q_(Q

=790 m%/s). For logistic reasons, the tracking survey was not conducted in 2016,
o = 630 m/s).
During the wading surveys, the tracer positions and IDs were manually recorded using a GPS (Trimble GeoXH or
GeoXT, XYZ accuracy <0.5 m). During the 2015 boat surveys, a differential GPS (DGPS Trimble 5800 RTK, XYZ
accuracy <0.05 m) was used. The method was improved in 2017 by connecting the RFID reader to a tablet computer
and a GPS (Geomax Zenith 35, XYZ accuracy <0.05 m), which automatically recorded the tracer positions and IDs
(NMEA track; ArpenGIS software). It suppressed errors in writing the tracer IDs and delays between the tracer detec-
tion beep signal and the manual DGPS logging, especially in areas where several tracers were detected in a short time.
The boat surveys were performed longitudinally to keep the position of the antenna relatively fixed with respect to the
onboard GPS and to allow for post-processing of XY tracer coordinates by subtracting the distance from the antenna.
The tracking area increased as the gravel propagated downstream, from an 870 m-long reach covering 4.1 ha (2014
tracking) to a 3.9 km-long reach covering 16.7 ha (2017 tracking). The GPS course was systematically recorded to
identify areas that were already searched. The 2015 and 2017 surveys correspond to 71.2 and 79.3 km in total lengths
of GPS courses, respectively. The 2014 survey was only partially performed and the GPS course was not recorded.

3.1.2. Tracer Recovery Rates and Data Accuracy

The 2014 partial tracking survey was performed by two operators for 1.5 days only. Nevertheless, it allowed us
to detect 329 tracers (including double reading positions). The 2015 survey required two to four operators over
5.5 days, which allowed the detection of 825 tracers (also including multiple positions). The 2017 survey took the
same time with two operators, and 617 tracers were detected (including multiple positions).

Notably, a tracer can be detected by boat and wading searches several times within the same survey. We compared
the position of each multiple detection of the same tracer to evaluate tracer geolocation accuracy (2014: n = 64
doubles, triplets, etc.; 2015: n = 317; 2017: n = 238). For example, in 2017, 60% of the double reading positions
were separated by less than 5 m, and 16% were separated by 5—10 m. We retained +10 m for horizontal accuracy,
including the potential movement of the antenna (which was not placed at a systematically fixed distance from
the boat) and GPS accuracy. One of the double reading positions was retained. The remaining 24% of the double
reading positions were separated by 15 m on average. All of these corresponded to tracers detected in the boat
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ascent and descent. Therefore, the middle position between the double readings was also retained. For the 2014
and 2015 tracking surveys, we corrected most of the double tracer positions separated by more than 10 m by
examining the previous positions and displacement trajectories. Double tracer positions that were substantially
separated by over 10 m or exhibited aberrant trajectories were mainly observed due to the use of the GPS GeoXH
on the boat, which required several seconds of delay between the detection beep signal and the manual ID logging.
This required us to exclude 31 tracers from the statistical analysis for the 2014 survey.

Following MacVicar and Papangelakis (2022), we added inferred tracers to the tracer population in S,, that is,
tracers missing in S, that were found in both S, ; (or S, ) and S, , and remained immobile throughout. This
substantially increased the number of tracers in the 2014 partial survey (492 inferred tracers) and 2015 survey
(+18 inferred tracers).

Moreover, since the tracers from patches number 4 and 5 seeded near the right bank remained on site (Figure 5a),
we removed these two patches from the travel distance and trajectory analysis. Thus, the statistical analysis was
based on 862 seeded tracers instead of 1,063. The number of recovered (including inferred) tracers was 321, 473,
and 344 particles in the three successive surveys, respectively. This corresponds to recovery rates of 37%, 55%,
and 40%, respectively.

3.1.3. Data Analysis

We measured the distances traveled by tracers by projecting the tracer positions onto the channel centerline using the
linear referencing tool in ArcMap version 10.8 (ESRI). We calculated two classical metrics based on the individual
tracers found in successive surveys: the travel distance between surveys S;_, and S;, and the cumulated travel distance
from the initial seeding position (S;). The travel distance L; (in m) of the tracer cloud centroid was also defined as:

Lt = Crsi — Crsi-i ¢))
Mgtat
where Crsi = Y, Xisi/hsu is the longitudinal tracer cloud centroid (average) position on the channel centerline in
=1
survey S, and x,,q; is the longitudinal tracer position in survey S; (Arnaud et al., 2017).
The tracer cloud centroid metric uses all the tracer positions that were observed and inferred in a given survey,
assuming that the tracer cloud is representative of the whole tracer sample (Haschenburger, 2013). On the Rhine
River, Arnaud et al. (2017) recommended using the tracer cloud centroid because this metric is easily measurable
and it informs on the timeframe of sediment wave propagation. In addition, the kinematics of sediment pulse can
be specified with the virtual velocity, which is the average tracer velocity over the transporting event including
periods of rest and motion (Hassan et al., 1992). The virtual velocity (in m/h) for each period P, was calculated as:

Ve = 2)

t 0.
where L, is the mean travel distance (in meters) based on individual and same, mobile tracers that were recovered
in surveys S;_; and S, and t, is the time (in hours) during which the discharge was greater than Q . We used the
discharge time series (averaged over 2 hours) based on the sum of values at Pont d'Ain and Suran gauging stations.

Finally, the grain size effect on tracer displacement was analyzed by dividing the tracer cloud of each survey into
five separate tracer clouds corresponding to one of the particle size classes described in Figure 2b.

3.2. Probabilistic Approach

Véazquez-Tarrio et al. (2019) reported a statistically significant correlation between the dimensionless (peak)
stream power and the mean travel distance of particles, using a large data set of tracer studies compiled from
the literature. In their analysis, the mean travel distance L was normalized by the “morphological length” of the
channel (i.e., average step-pool and riffle-pool spacing), and they computed the dimensionless peak unit stream
power w* based on Eaton and Church (2011):

"= @
B 3 3
p-(g- Rg- Dsp)2

where @ = % is the peak unit stream power, g = 9.81 m/s? is the acceleration due to gravity, S is the

channel slope equal to 0.0011 m/m, Q. is the maximum discharge within the hydrological period P, w = 77 m

max
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is the median active channel width of the reach, R, = p /p—1 is the relative density of submerged sediments, and
Dy, is the median grain size.

Tracer studies also found that the measured distributions of travel lengths may be described by an exponential
probability distribution (e.g., Hassan & Bradley, 2017; Papangelakis & Hassan, 2016; Phillips & Jerolmack, 2014;
Vazquez-Tarrio et al., 2023):

P(L)=A-e*t 4)

where P(L) is the probability of a given tracer travel distance L, and A is the inverse of L.

Based on this, we proposed a workflow for modeling tracer dispersion in the Ain River. We applied this work-
flow to each one of the survey periods (2013-2014, 2013-2015, and 2013-2017) and we compared the field
observations with the estimated displacements. Thus, we tried to understand the main reason for tracer loss in our
surveys, which could be related to the loss of frontrunners, tracer burial or incomplete prospection of the surveyed
area (MacVicar & Papangelakis, 2022). The workflow consisted of the following four steps:

1. We computed the mean travel distance of tracers based on the empirical relations linking mean travel distance
to dimensionless stream power (Equation 3), reported by Vazquez-Tarrio et al. (2019). Note that we employed
the Dy, of the tracers (41 mm) to compute the dimensionless stream power for the first hydrological period.
We then used the Dy, of the surface riverbed (80 mm) for the second and third hydrological periods. For
the first hydrological year, tracers departed from unconstrained bed conditions, and in the second and third
hydrological periods we assumed that tracers were progressively mixed into the bed structure (constrained
bed conditions) (see Figure 8 in Vazquez-Tarrio et al., 2019). To fit their regression equation linking travel
distances to dimensionless stream power, Vazquez-Tarrio et al. (2019) normalized L by a measure of the spac-
ing between macroforms, that is 5.7 times the active channel width in the case of riffle-pool rivers, following
Montgomery and Buffington (1997) and Pyrce and Ashmore (2005), who reported how patterns of particle
deposition are related to the pool and bar morphology. In the present work, we used the same nondimension-
alization for the tracer travel distances, that is, 5.7 - w = 439 m.

2. We generated a population of 10,000,000 tracer displacements using an exponential distribution function with
a mean equal to the mean tracer travel distance estimated in step 1.

3. We take 10,000 samples of n displacements (with n = 862, the number of analyzed tracer particles in the Ain
River) from the population generated in step 2.

4. We computed the cumulated distribution function of the 10,000 mean travel distances to get a robust approx-
imation of the expected frequency distribution of tracer displacements.

We also compared the tracer travel distances measured in the field with the cumulated distributions of travel
distances derived from the 2D hydrodynamic model. In this way, we evaluated whether or not the numerical
model can provide reliable characterizations of particle dispersion.

3.3. Numerical Modeling
3.3.1. Development of the 2D Model

A 2D hydrodynamic model of the approximately 40 km-long main channel of the Lower Ain River between
Pont d'Ain and the confluence with the Rhone River was constructed. The Barré-de-Saint-Venant equations were
solved using the Rubar20 software (Bessenasse et al., 2004; El Kadi Abderrezzak et al., 2009) on a mesh aligned
along the flow direction and made of quadrilaterals and triangles with an average cell area of 5.5 m? (Figure 4a).

The topography of the floodplain, dry-bed areas, and the in-stream channel was obtained from topo-bathymetric
aerial light detection and ranging (LiDAR) survey performed in August 2015 with an average of 18 points/m? for a
low-flow discharge of 16 m?/s (Figure 4b). The XYZ accuracy was estimated to be better than 0.08 m for dry areas
and better than 0.10 m under water. The total percentage of underwater areas covered by the LiDAR survey is 30%.
The point density decreased with water depth and explained the lower accuracy, especially for areas deeper than
2.5 m (maximum depth: 4 m). However, there were only 11% underwater areas deeper than 1 m at 16 m?/s, and
1% deeper than 2.5 m. The bed friction was calibrated based on water long profiles for the main channel (Strickler
coefficient values between 20 and 40) for the two discharges of 90 and 16 m?/s, corresponding to field (differential
GPS) and LiDAR surveys, respectively. For 90 m?/s, the difference between measured and simulated water surface
elevations was smaller than 0.1 m for 90% of the points, and smaller than 0.15 m for 99% of the points. For the
floodplain and areas inundated when discharge exceeds 90 m?¥/s, the bed friction was estimated based on land use
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Figure 4. (a) Close-up view of the computational grid upstream from Priay. (b) General view of the 2D numerical model of
the Ain River used in the present study.

(Strickler coefficient values between 15 and 40). The simulated flow velocity field agreed well (bias of 0.06 m/s,
i.e., 5% of the mean flow velocity of 1.11 m/s, and root mean square error of 0.34 m/s for the velocity intensity)
with acoustic Doppler current profiler (ADCP) measurements conducted along 18 cross-sections in December
2013 (flow discharge varying between 116 and 206 m?%/s), excluding data from the vicinity of bridge piers where
the flow was highly disturbed and three-dimensional. There was a single relatively large flood event between the
ADCEP surveys performed in 2013 and the LiDAR survey performed in 2015, but not long enough (8 hr > Q, on
30 March 2015) to cause significant changes in channel geometry and thus affect the flow velocity field.

For the present study, only the section of the model between Terre Soldat and Villette-sur-Ain was used. The
model was run with the discharge time series at Pont d'Ain averaged over 2 hours to obtain the steady flow
patterns at three representative flow discharges of 350, 500, and 760 m?/s, which correspond to the critical
discharge for incipient sediment transport, an intermediate flow discharge, and the 2-year flood discharge. The
computational time would have been too long in unsteady flow conditions over the period 2013-2017 (several
weeks or even several months), hence the strategy of computing a few representative steady flows only.

3.3.2. Computation of Particle Trajectories

The entire population of recovered tracers was modeled, that is, 321, 473, and 344 particles in the three surveys,
respectively. Field-measured and modeled trajectories were compared for each tracer particle based on the tracer IDs.

The trajectory of particles was calculated for each size class based on hydrodynamic modeling results. We used
the equation of Engelund and Fredsge (1976) for the bedload transport velocity u,:

10u*<1—0.7 TC/T) ifz > 0.57
)

up =

0 ifr <0.57.

Where 7 is the bed shear stress calculated from the friction slope J (using 7 = p-g-H-J), H is the water depth,
u. = 4/t /p is the friction velocity, and z_ is the critical bed shear stress calculated from the mean diameter of a
particle size class D,, (Meyer-Peter & Muller, 1948):

7.=0.047 - Dy (ps—p) - & (©)

For a given size class (D,, = 25, 34, 48, 72, and 97 mm), the particle velocity was calculated using the discharge
time series at Pont d'Ain averaged over 2 hours, assuming that the particle velocity was zero below 350 m%/s, and
varied linearly with the flow from 350 to 500 m?/s and 500-760 m?/s.
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Figure 5. (a) Positions of the 10 tracer patches in 2013 and the detected tracers in 2014, 2015, and 2017. Immobile tracers
from patches number 4 and 5 are shown. (b) Position of the tracer cloud and the GPS tracking courses (yellow lines, except
for 2014) over time. Base map: ORTHO HR® IGN 2015.

The critical bed shear stress of one individual particle is 7, = 7.D/D,,, where D, is the grain size of the individ-
ual particle of a class with a mean diameter D, and the critical bed shear stress 7, and bed shear stress close to
the inception of movement are similar (z ~ 7). The velocity of this individual particle u,; can thus be computed
as the class velocity multiplied by the ratio of the class diameter to the individual particle diameter, that is,
up =~ up D,/ D;. Therefore, two particles of the same size class but having a different diameter and starting from
the same point, can have a slightly different trajectory.

At each calculation time step, the particle velocity can be calculated from the hydrodynamic results at the center
of the cell closer to the current particle location. The trajectory of the particle was calculated from the beginning
of the period until the end of the period. A time step of 50 s was selected so that a particle cannot travel through
more than one neighboring cell within one time step. A smaller time step would have increased the calculation
time without increasing the accuracy, considering that the flow discharge was only modified every 2 hours. The
bedload transport direction, which was used to compute particle trajectories, was estimated considering that the
sediment transport direction may deviate from the flow velocity direction because of the transverse bed slope
effect The particle velocity was partitioned into downstream and cross-stream components, each including a
deviation angle y (Talmon et al., 1995):
1 0Z

tany/——7£——— 7
R 085.4/0 91 ™

ARNAUD ET AL.

9 of 19

8508017 SUOWIWIOD aAIIERID 3|qeoldde au) Aq paupA0b 818 SO VO ‘SN JO SBIN 10} AXRIq1T 8UIIUO AB]IA LD (SUOIPUOO-PUR-SWLBIALIOD A8 |IMAlRIq 1 jBUl U0//:SdNY) SUOTPUOD Pue Swie 1 8y} 88S *[£202/60/62] U0 ARiq1Tauliuo A8|1m ‘UoA2q 10epid anbeyioljaig Aq Z2ZTYE0HMZZ0Z/620T OT/I0p/L0Y A8 | Aelq 1 jeul uo'sqndnBe//sdny Wwoiy papeolumoa ‘6 ‘€202 ‘SL6.776T



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Water Resources Research 10.1029/2022WR034127

where R is the radius of curvature of the streamlines, € is the non-dimensional shear stress, Z is the channel
bed elevation, and » is the normal to the streamlines (the derivative function used is therefore the channel slope
perpendicular to the velocity). The values 7 and 0.85 were taken from Engelund (1974) and Mosselman (1998),
respectively.

4. Results
4.1. Field Tracer Results

The travel of tracer particles depended on their seeding positions (Figure 5a): tracers seeded on the restored left
bank (i.e., patches number 2, 3, 7, 8 and 10) and in the adjacent channel (patches number 6 and 9) were trans-
ferred downstream, whereas tracers seeded near the right bank (patches number 4 and 5) remained at their initial
positions. Tracers seeded in the middle of the channel (patch number 1) traveled no more than 40 m after 4 years.
None of the tracers seeded on the bank top (patches number 7 and 10) were detected at their initial positions,
which proved that the artificial sediment supply was rapidly remobilized, except for tracers in patch number 8§,
on the downstream end of the restored bank, which did not move during the first survey and were then exported
downstream. The percentage of mobile tracers is 56%, 71%, and 69% for the 2014, 2015, and 2017 surveys,
respectively.

Tracers were increasingly dispersed over time. Between 2014 and 2017, the position of the tracer cloud centroid
changed from 145 to 1,054 m, and the standard deviation increased from 179 to 905 m. The travel distance of
the tracer cloud centroid (L;) was 123 m, 458 and 451 m during P,, P, and P, respectively. The farthest trav-
eling tracer was found 3,773 m downstream of its seeding site in 2017. The dominant spatial pattern of tracer
trajectories during P, was a translation from the left bank to the right bank in the river bend (Figure 5b). During
P,, we observed preferential areas for tracer deposition on riffles and preferential longitudinal transport veins up
to the Priay bridge and downstream. These preferential areas were fairly consistent with the bed elevation profile
(Figure 9b): the section at 1,000~1,200 m in the channel bend is a pool with lower bed shear stresses and many
tracers have been found here in 2015. The upstream section of the Priay bridge (1,600-2,000 m) exhibits a convex
bed profile and it was a preferential depositional area in 2015 and 2017. For each hydrological period, the mean
travel distance of the individual mobile tracers that were recovered in successive surveys (m) was 214 m, 546,
and 553 m. The virtual velocity of mobile tracers was 1.37 m/hr, 2.31 m/hr, and 1.53 m/hr.

4.2. Validation of Literature-Based Simulations of Tracer Travel Distances

We compared our field observations for the Ain River with previous data compiled from the literature to better
understand the causes of tracer loss during our field surveys, thus improving our interpretation of the observed
distribution of tracer travel distances. In Figure 6a, the mean travel distance L of particles, normalized by the
morphological length scale of the channel, is plotted as a function of the dimensionless stream power w*.
Our tracer observations for the Ain River were very close to the main trend documented by Vazquez-Tarrio
et al. (2019) (residual value of 0.44, —0.66, and —1.17 for the three field surveys). Concerning the cumulated
frequency distribution of tracer displacements, the measured distributions for the different tracer surveys in the
Ain River tended to collapse into a common trend when individual tracer displacements were normalized by
the mean travel distance. This common trend may be described by an exponential probability distribution, as
described in Equation 3 (Figure 6b). Normally, the exponential distribution is used to approximate “memoryless”
processes, that is, hop distances for an individual tracer are not dependent on the previous hop distances.

Using these findings, we applied the workflow described in Section 3.2 to derive the distribution of tracer travel
distances for the Ain River. The estimated and field-measured distributions followed a similar trend, although the
field data show a bimodal distribution that is not adequately grasped with the estimated distribution (Figure 7).
Indeed, there were some preferential zones for the particles to deposit, leading to a second peak in the distribution at
1,800-2,000 m. Another difference between the estimated and field results relates to the tracers traveling moderate
distances (200—1,000 m), which were recovered in the field. The mass excess of tracers between 1,600 and 2400 m
in the field data is 72 tracers, while the mass excess of tracers in the exponential model between 200 and 1,000 m
is 377 tracers. This implies that most of the tracers may have remained in the surveyed area, buried, affected by
signal collision or missing because of insufficient density prospection, rather than being due to pebbles traveling
further than the prospected area. If this is the case, then the metrics for particle displacements derived from our field
surveys (i.e., mean travel distance, standard deviation) should be reliable and not far from the true values.
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Figure 6. (a) L normalized by the morphological length scale of the channel, plotted versus w*. Riffle-pool and plane-bed data come from the compilation by
Vazquez-Tarrio et al. (2019). (b) Empirical cumulated distributions of % for the different study periods and theoretical exponential distribution (Equation 3).

4.3. Numerical Modeling of Particle Displacement

The 2D hydrodynamic model provides a map of the bed shear stresses for each flow discharge. Figure 8a shows a
magnified view of this map for a discharge equal to 760 m?/s. A significant spatial variability of the bed shear stress is
observed in the river reach, with low bed shear stresses outside the main channel due to low water depth and low-flow
velocity and high bed shear stresses at the bifurcation between the main channel and the secondary channel. However,
the bed shear stresses remain relatively homogeneous within the channel cross-section, but they vary longitudinally
according to the bed elevation profile (Figure 9). The average bed shear stress varies from about 25 Pa at 350 m?/s
to about 35 Pa at 760 m?/s. As a comparison, the critical bed shear stress for the inception of movement varies from
20 to 76 Pa for grain sizes ranging from 25 to 97 mm. Thus, large particles did not move in the model while small
particles moved over relatively long distances (Figure 12). For the lowest modeled discharge (350 m?/s), even small
tagged particles hardly moved, which is consistent with this discharge level being critical for incipient bed movement.

The locations where the modeled tracers and field tracers deposited are generally different (Figures 8b and 8c).
The model does not yield as many distributed positions as the field observations, and the model yields preferen-
tial deposition in some areas where the computed flow velocity is low. Since the model tends to overestimate the
flow entering the left-bank secondary channel in the meandering curve (Figure 8b), it leads to erroneous prefer-
ential stopping positions. The downstream end of the secondary channel was prospected in 2015 (see GPS course
lines in Figure 5b) and no tracer had been found.

The comparison of the modeled travel distances with the results derived from the probabilistic approach shows
that, unlike the probability model, the numerical model can reproduce the bimodal distribution observed during
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Figure 7. Comparison between the observed distribution of tracer travel distances for the Ain River and the distribution of
estimated travel distances based on the workflow described in Section 3.2, for 2013-2017.
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Figure 8. (a) Detailed map of the bed shear stress calculated by the model for the discharge of 760 m?/s with (b and ¢ for the
larger map) flow velocity and modeled trajectories (black lines) of the particles in the grain size class 17-32 mm from 2013
to 2017 (red squares: final field-measured locations; blue squares: final modeled locations).
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Figure 9. (a) Longitudinal distribution of bed shear stresses along the channel centerline, calculated by the model for
discharges of 350, 500, and 760 m%/s. Dotted lines indicate the critical shear stress for each particle size class. (b) Bed
elevation profile along the channel centerline.
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the field surveys (Figure 10). The numerical model highlights the non-linearity of the sediment dynamics
along the river reach with areas of tracer accumulation, although the deposition places observed in the field are
not reproduced exactly. Additionally, the number of tracers that did not move as predicted by the numerical model
approaches the observations in the field (Figure 11), suggesting that the inception of movement within the river
system is properly modeled, at least for the coarse particles.

Figure 12 compares the modeled and field-measured mean travel distances for the different size classes of the
mobile particles. Field observations show an increasing effect of particle size on the travel distances over time.
Smaller particles traveled longer distances than larger particles, especially in the second and third hydrological
periods after particle seeding. The effect of grain size was not significant during the first displacement after
particle seeding. Modeled travel distances are generally overestimated for finer particles, particularly the size
classes of 17-32 and 32-45 mm. The effect of grain size on the travel distance appears to be reproduced well by
the model in the second and third hydrological periods, although no displacement is modeled for the particles
from 90 to 120 mm.

5. Discussion

5.1. Feedback on RFID Particle Tracking

Methodological improvements have been made in the present RFID monitoring study compared with previous
studies using PIT tags in medium to large rivers, such as the Ain and the Rhine rivers (Arnaud et al., 2017; Rollet
et al., 2008). For instance, mixing 23 and 32 mm-long tags, logging the GPS course line, logging the detected tags
that suppressed manual errors and delays and provided very satisfying tracer double analysis, were advantageous
capabilities. These improvements significantly increased the number of recovered tracers compared to previous
studies in large rivers. Generally, lower recovery rates obtained in large rivers are compensated by the seeding of
larger populations of tracers, such as on the Ain River, leading to an absolute number of recovered tracers compa-
rable to that obtained in small rivers (Piégay et al., 2016a).

Particle tracking provides important insights to assess the physical effects of river restoration, especially gravel
augmentation. Tracer patches that have been remobilized inform on the thresholds for particle entrainment
according to their seeding location and the optimal design for the artificial deposit. In the Ain River, almost all
the tracers seeded on the bank have moved downstream from the first hydrological period that included moder-
ate flow events below Q,. Thus, the RFID tracking study confirmed the efficiency of gravel augmentation on a
concave bank like that of Terre Soldat.

Tracer travel distances and trajectories can then help to identify preferential deposition sites and thus channel
units that benefit from gravel augmentation. In our study reach, the two depositional and vegetated forms visi-
ble on the right bank (see arrows in Figure 1b) correspond to the “B1” site where 10,000 m3 of sediments were
supplied in 2005 (Lejot et al., 2011). This site is located in a less dynamic area with relatively low bed shear
stresses and no tracers were found near this bank. Sediment supplied in 2005 did not move downstream and the
artificial deposits were vegetated (Figure 1b). Lejot et al. (2011) performed bathymetric monitoring from UAV
images. They identified the downstream “B2” site (8,800 m? of supplied sediment) as the starting point of the
sediment wave propagation. Our particle tracking provides more information because Figure 5b shows that this
site is a temporary storage area for sediments, which can eventually travel beyond the downstream riffle.

The tracer cloud that we surveyed between 2013 and 2017 was progressively fragmented (Figures 5 and 10) and
was driven by the bed morphology (Figure 9b), similar to a study on the Rhine River (Chardon et al., 2021). Our
values of virtual velocity (1.37-2.31 m/hr) were close to those of studies on riffle-pool rivers, notably fitting well
with the Hassan et al. (1992) equation that relates the virtual velocity with the excess stream power (see Figure 9b
Chardon et al., 2021). Our values were even slightly higher. This may be an effect of bed armoring, that can act
as a booster of longitudinal sediment transport because vertical exchange of particles between sedimentary layers
is more difficult in armored rivers (Galia et al., 2021). Bed armoring could also explain the lack of size-selective
transport during the first displacement after particle seeding (Figure 12), since the median sizes of the tracers
(41 mm) and the augmented gravel (22 mm) were much smaller than the median size of the riverbed (80 mm),
and particles were not yet imbricated into the bed structure. Bedload tracing studies then report generally a
progressive slow-down of tracers over time, related to vertical mixing into the bed structure and downstream
change in bedload transport capacity in a concave river profile, the former occurring especially in the context of
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Figure 10. Comparison among the field-measured distribution of tracer travel distances, the estimated distribution based on
previous literature, and the distribution derived from the numerical model.

gravel augmentation where the artificial sediment input is often unsorted and uncompacted (Chardon et al., 2021;
Vazquez-Tarrio et al., 2023). In the Ain River, the virtual velocity increased between P, and P,, then decreased to
P,. The abnormal value during the first period may confirm that the 2014 survey was partial and that frontrunners
were under-estimated, as shown by the probabilistic model (Figure 10a).

Finally, RFID tracers are useful to assess the time needed for the sediment wave to exit the restored reach. It is
a critical issue for risk evaluation (flooding risk in adjacent areas, threats to downstream infrastructures) and
sustainability of the gravel augmentation (Arnaud et al., 2017; Vazquez-Tarrio et al., 2023). Pebble tracking in
the Ain River confirmed the need to periodically supply the river with fine gravel since tracers were transported
up to four km downstream in only 4 years. This travel distance is consistent with the mean annual propagation of
the sedimentary deficit front of approximately 500 m/yr below the Allement Dam (Rollet et al., 2014).

5.2. Quality Survey Estimate From the Probabilistic Approach

To assess the quality of the field observations, we estimated the expected travel distances based on a probabil-
ity function. One of the main concerns is related to the search area covered by the survey. The expected mean
travel distance was estimated for the different periods using the peak discharge for each period and the empirical
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Figure 11. Comparison between the number of immobile tracers (0,)
observed in the field and computed from numerical and probabilistic models.

correlation reported by a systematic review of previous literature on tracer
studies (Vazquez-Tarrio et al., 2019). These estimations were then introduced
into an exponential frequency distribution function to derive the entire distri-
bution of travel distances expected for the Ain River. Several limitations can
be considered in this approach. For instance, the mean travel distances are
only based on the peak discharge in each hydrological period, whereas the
previous tracer studies suggest that the flow duration also plays a signifi-
cant role in tracer dispersion (e.g., Hassan & Bradley, 2017; Papangelakis
et al., 2022; Phillips et al., 2013). The probabilistic model could be improved
by including both peak stream power and flood duration of all events over the
transport threshold. However, this would require that the hydrological times
series be shared, which is not yet the case for most of reported tracer stud-
ies. Moreover, improvement in the calibration of such a probabilistic trans-
port model requires treating different tracer sizes separately, recognizing the
sensitivity of the results to threshold estimates and the influence of particle
size and channel width on tracer displacements (Beechie, 2001; Church &
Hassan, 1992; Papangelakis et al., 2022).

The observed differences in the field and modeled distributions from the
probabilistic approach (Figure 10) can be explained by the non-recovered

tracers, the uncertainties inherent to field measurements of bedload transport, as well as the longitudinal heter-
ogeneity of the flow, which can help explain preferential zones of deposition, as shown in the numerical model.
We believe the probabilistic approach provides a useful way to contextualize our field observations in a wider
framework and discuss the reasons for tracer loss. In this regard, our results suggest that non-recovered tracers
in 2015 and 2017 relate mostly to the loss of buried tracers or an incomplete prospection of the surveyed area,
and not to missing frontrunners. Thus, the metrics for travel distances derived from our field observations are
considerably reliable.

5.3. Potential of a 2D Numerical Model for Predicting Particle Displacement

The trajectory calculation of individual particles based on hydrodynamic results from the 2D numerical model
provided mean travel distances of the same order as the field measurements, without specific calibration for the
three finer classes of sediment. The numerical model did a better job for capturing the bimodal distribution of the
tracer cloud, which could not be captured by the exponential model (Figure 10). It also mostly reproduced travel
distances by size class (Figure 12).

Since the numerical model for particle trajectory is deterministic, it was

2000 5 PR — expected that some disagreement can be observed for a few specific particles.
1750 —e—2017 Field There is a bias linked to the calculation method for the particle trajectory,

- @ - 2015 Model such that one particle stops only if the bed shear stress at its location is below

e —e— 2015 Field the critical bed shear stress; otherwise, it continues traveling downstream.
1250 2014 Model Deposition in the center of the main channel does not occur, and generally,

B 2018 Bisic particles only stop at specific locations (e.g., close to the initial location, on
I3 1000 particular locations on the banks, or in secondary channels). Two reasons
750 can be argued: the interaction between particles was not modeled (hiding

i and protrusion effects; Wilcock, 1988), and the modeling of the transport
\sg22 interference is too crude. More generally, as discussed by several authors

250 \‘w\i (Camenen & Larson, 2005; Perret et al., 2023; Recking, 2010), a model based

o on the excess bed shear stress may not be adequate to simulate such stochastic
17532 324453  453-64  64-90.5 90.5-120 behavior. When the bed shear stress is below the critical value for a particu-

Grain size class (mm) lar size class, no transport can occur (Figure 9). As a consequence, such a

Figure 12. Field-measured and modeled mean travel distance L versus
particle size. Labels indicate the numbers of tracers in each class for field and

model is sensitive to the choice of the critical Shields number (taken here as
equal to 0.047), and significant uncertainties exist for this value (Buffington
& Montgomery, 1997; Perret et al., 2023).

modeled data. Samples with less than five particles are not shown. Immobile

tracers were excluded.
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Some particles were calculated beyond the location of the surveyed frontrunner (maximum calculated travel
distance of 4,139 m in 2015 and 2017; Figures 10b and 10c), maybe indicating that the surveyed area was not long
enough or that the criteria for depositing particles was not strict enough. Since the field results were confirmed
by the probabilistic approach on average, one can assume that the criteria used in the numerical model for start-
ing and stopping particle movement should be revised, considering the environment of the particle and not only
the bedload velocity. This is particularly true in straight sections: a particle transported along the channel axis
remains there and always has a transport velocity as long as the discharge is sufficient. Hence some particles
can travel completely downstream of the model. This could explain why in 2015 and 2017 (Figure 10), the
modeled tracer deposition was closed to 1,200-1,800 m whereas for field observations, the deposition occurred
at 1,600-2,000 m in the straight section upstream of the Priay bridge, where the bed profile is convex (Figure 9b).
By giving a probability of final stopping, some particles could stop in straight sections but the main limit of the
model is that particles deposit too easily in channel bends. Increasing the deviation angle by changing the coef-
ficients in Equation 7 would modify the trajectories of individual particles and result in a distribution of deposits
better balanced between the left and right banks.

It is also possible to add some equations in the model to account for potential hiding and protrusion effects
(Wilcock, 1988). However, as discussed before, the excess bed shear stress as well as the inherent uncertainties
in the evaluation of the critical bed shear stress yield larger uncertainties already. We believe that including the
role of bed structure (using existing models and available data) would not change significantly the results. Yet,
the model, which has not been recalibrated, shows some interesting behavior. To match the observations more
closely, a moving probability can be introduced to describe the stochastic behavior of bedload transport. A full
Lagrangian model may be more accurate to simulate the particle trajectory (Ballio et al., 2018), and using a proba-
bility density function for the particle step length may be useful to incorporate stochasticity (Iwasaki et al., 2017).

Particles enter and stop in the secondary channel in the 2D model although no tracer particles were found there
in the field (Figure 8b). This may be explained by the vegetation at the upstream end of the channel that is not
accounted for in the model. Thus, the accuracy of the bed roughness can lead to uncertainty, as well as the
accuracy of the topography (based on aerial LIDAR) in the vegetated zone. In addition, the decrease of the flow
velocity is underestimated and the deviation of the particles in the main flow may be miscalculated because
secondary currents are not simulated in such a 2D depth-averaged hydrodynamic model. Secondary currents can
however play a significant role in trajectories locally, especially around bars and islands (or banks, bridge piers,
other obstacles or anywhere the flow is deviated or non-uniform). This may partly explain why some pathways
are poorly simulated, irrespective of the deterministic or probabilistic model used.

More generally, a small change in the parameters of the model can change significantly the trajectory of one
particle while it does not change the average behavior if the number of particles is sufficient. Then, running the
model with various sets of parameters through a sensitivity analysis would provide a better view of the particle
dispersion process.

6. Conclusions

This comparative study regarding a gravel-augmented reach of the Ain River in Eastern France highlights the
strengths and weaknesses of three state-of-the-art approaches used for determining river gravel mobility. Due to
recent technological improvements, sediment tracking using PIT-tagged gravels provides an increasingly reliable
representation of the bedload movement in the field. However, the data can be costly to obtain and limited in
spatio-temporal resolution. Additionally, an important issue remains, namely the detection of the frontrunner
particles. Derived from previous PIT-tag studies, the probabilistic approach based on an exponential distribution
and peak discharge over the surveyed period correctly reproduces the average trend in distances traveled by the
different classes of particles. This approach provides useful values that enable the discussion of the frontrunners
and how to trace them. However, it fails to predict the exact shape of the observed distribution of distances in
the field, which reflects local particle trapping linked to the variability of local hydrodynamic conditions. The
2D numerical approach accounts for this variability and can simulate realistic displacement distributions for the
different classes of particles with high spatio-temporal resolution. However, the dispersion of the tracer cloud is
not well reproduced by the purely deterministic transport model. Improvements to the model can be made regard-
ing the prediction of particle inception of movement, and the introduction of a probability density function may
produce more accurate results that can describe the stochastic behavior of gravel transport.
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In conclusion, the first two approaches presented in this study—PIT-tag surveys and probabilistic modeling—
are now relatively well established in the gravel mobility literature, and their combination allows for enhanced
robustness and quality of tracer displacement surveys. The third approach based on numerical modeling is an
emerging approach, which makes our paper original because it is the first time that the estimation of mean travel
distances, the application of an exponential distribution, and the comparison with a hydrodynamic model have
been combined. Our results demonstrate that it is more effective to combine a 2D numerical model and a prob-
abilistic model.
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