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Abstract

Monitoring bedload transport in rivers is a challenging research domain teeming with

technical innovations and methodological developments aimed at improving our

knowledge and models of bedload processes at different spatial–temporal scales.

Radio frequency identification (RFID) technology has improved sediment tracking, all-

owing the characterisation of transport processes of individual particles at flood-

event scales. Meanwhile, geophone sensors have enabled the long-term continuous

monitoring of seismic signals that can provide surrogate measures of bedload fluxes

at local scales, during flood events and at sediment-pulses. The combination of these

two techniques could allow sediment transport processes to be linked with both

flood events and sediment pulses. In this study, we used a combination of active

ultra-high frequency RFID technology and geophone monitoring stations to link the

virtual velocity of tracers with seismic activity, hydraulic forcing, and the properties

of the tracked particles. Single and multiple regression models show that seismic

activity best explained the observed variance (81%) of the virtual velocity of particles,

in comparison with discharge (58%) and stream power (63%). Furthermore, when

several control variables (seismic activity and particle properties) were combined in

an empirical model, the model explained 89% of the variance and allowed quantifica-

tion of the portions of the variance explained by hydraulic forcing, geophonic activity

and tracked particles. These results show the high potential of these combined moni-

toring techniques for future in-field experiments to investigate bedload processes at

different spatiotemporal scales in rivers of different morphologies.

K E YWORD S

Alpine stream monitoring, bedload transport, geophone monitoring, pebble virtual velocity,
RFID pebble tracking

1 | INTRODUCTION

Although bedload transport processes are important in flood hazard

assessment, engineering applications and river ecology, our under-

standing of these processes remains limited, making them difficult to

predict (Ancey, 2020a, 2020b; Gomez, 1991; Recking, 2013). The

study of bedload transport processes has been accomplished through

two main approaches or research frameworks: Lagrangian and

Eulerian approaches. The former seeks to follow the motion and dis-

persion of individual particles (usually within a finite spatial domain),

whereas the second measures the dynamics of sediment fluxes at a

prescribed location (Ballio et al., 2018). In order to better understand

the complexity of bedload processes and the dynamics of individual

particles add up to bedload dynamics in rivers, it is essential to use
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both of these forms to provide alternative descriptions of the same

process. However, the field monitoring of bedload transport during

rare and intense flood events still remains challenging, whether in

coarse-bedded gravel rivers, steep-slope torrents (Rickenmann, 2017)

or large rivers. Therefore, the development of new tools and

methods is important to gain insights into the contributions of the

different factors controlling bedload transport (Kondolf &

Piégay, 2016). Among the recent field monitoring developments,

active ultra-high frequency transponders (a-UHF tags), radio fre-

quency identification (RFID) and seismic sensors (SS) are emerging

techniques, each feeding one of the Lagrangian (a-UHF) and Eulerian

(SS) approaches introduced above.

Over the last few decades, RFID technology with wireless detec-

tion of individual (buried or immersed) transponder-equipped particles

has been used to investigate the movement of individual coarse sedi-

ment particles and determine how such movement depends on

hydraulic forcing, river system morphodynamics, channel geometry,

and particle properties (Hassan & Bradley, 2017; Vázquez-Tarrío &

Batalla, 2019). Hydraulic forcing is often considered using the mean

flow discharge and/or the stream power above the critical level for

incipient particle motion (Bagnold, 1966; Shields, 1936). Many studies

have developed empirical models based on the barycenter of particle

plumes, modeling the downstream progression (Arnaud et al., 2017;

Chardon et al., 2021; Vázquez-Tarrío et al., 2023), dispersion

(Haschenburger, 2013) and virtual velocity (Haschenburger &

Church, 1998; Liébault et al., 2012) as functions of excess stream

power (Arnaud et al., 2017; Chardon et al., 2021; Houbrechts

et al., 2015; Lamarre & Roy, 2008; Rainato et al., 2020; Schneider

et al., 2014) or stream impulse (Bradley, 2017; Gilet et al., 2020;

Imhoff & Wilcox, 2016; Phillips et al., 2013; Phillips &

Jerolmack, 2014) at flood-event scales. Within the same temporal

scale, channel geometry is related to spatial and vertical heterogeneity

in erosion and deposition processes (Haschenburger & Wilcock, 2003;

Hassan & Bradley, 2017; McDowell & Hassan, 2020; Papangelakis &

Hassan, 2016) and to alluvial macroforms that act as structural ele-

ments influencing channel morphology and dimensions (Vázquez-

Tarrío & Batalla, 2019; Vázquez-Tarrío et al., 2021; Vázquez-Tarrío

et al., 2019). At smaller spatial and temporal scales, a probabilistic

approach is used to model the motion of individual particles, dis-

tinguishing phases of displacement and rest according to hop length

and duration, and allowing the computing of probability curves for

occurrences in both of these phases (Einstein, 1937; Ergenzinger &

Schmidt, 1990; Habersack, 2001; Olinde & Johnson, 2015). However,

small-scale turbulent flow processes and grain–grain interactions

also remain of fundamental importance in bedload transport

(Frey & Church, 2011), and their effects on coarse tracers transport

have not yet been investigated in a field experiment. This may be

partly because in-field experiments using stationary antennas

detect RFIDs using low-frequency passive transponders (PIT tags)

reported low recovery/detection rates (Mao et al., 2017; Schneider

et al., 2010; Stähly et al., 2020). However, recent studies using

sediment tracers equipped with a-UHF transponders exhibited

encouraging results when the tracers were tracked with mobile

reading system (Brousse, Arnaud-Fassetta, et al., 2020; Brousse,

Liébault, et al., 2020; Cassel et al., 2020; Misset et al., 2020). Fur-

thermore, Cassel, Navratil, et al. (2021) used an autonomous sta-

tionary antenna system (named e-RFIDuino) to measure particle

virtual velocity during flood events. This new approach opens new

opportunities to link instantaneous particle mobility with geo-

phonic signals.

Geophones are seismic sensors that can be installed on river

banks and used to monitor bedload transport through the recording

of seismic activity generated at the river bed. Bedload flux can be esti-

mated from seismic power (Tsai et al., 2012) by taking into account

the contributions of both water turbulence and bedload flux (Dietze

et al., 2019) or by linking grain-scale impacts with seismic activity

(Gimbert et al., 2019). Bakker et al. (2020) and Dietze et al. (2020) also

performed in-field validations to estimate absolute bedload transport

rates. Hence, geophones can be used to obtain surrogate measures

for monitoring bedload flux in rivers and for investigating processes

with high temporal variability because they can run quasi-

continuously over a long-time period and can operate in high-

magnitude flow events during which in-stream equipment is not likely

to function correctly or may even be destroyed. Bedload samples are

always necessary to calibrate the seismic records when investigating

absolute bedload transport flux (Antoniazza et al., 2020; Bakker

et al., 2020; Rickenmann et al., 2014), and these samples may be

acquired with sediment traps or basket samplers (e.g. Helley Smith).

Geophones have been used to study glacial lake outbursts (Cook

et al., 2018), debris flow triggering in torrents (Bel et al., 2017;

Navratil et al., 2013; Roth et al., 2017), gravel mobilisation (Schmandt

et al., 2017), and bedload transport downstream of hydropower dams

(Aigner et al., 2017) and in near-natural Alpine streams

(Misset et al., 2020). Such monitoring programmes often combine

geophone sensors with quantification of turbidity

(Misset et al., 2021), flow rheological characterisation (Navratil

et al., 2013), pluviometry (Bel et al., 2017), topographic survey (Cook

et al., 2018; Schmandt et al., 2017) and bedload flux sampling (Aigner

et al., 2017; Misset et al., 2020; Rickenmann et al., 2012), but they

only rarely include sediment tracers (Habersack et al., 2010;

Misset et al., 2020; Schneider et al., 2014), which until recently were

only used to explore event-based transport conditions, and not

instantaneous ones.

Following on the above-described methods, we felt that it was

necessary to describe the links between bedload transport observa-

tions based on RFID tracers continuously monitored by fixed sta-

tions (Lagrangian approach) and geophonic sensors (Eulerian

approach). Assuming that grain–grain (mobile vs mobile particles)

and grain–bed (mobile vs immobile particles) interactions

(i.e. collisions) are colinear and generate ground vibrations, seismic

activity could be used to monitor these interactions (Tsai

et al., 2012) and the data could then be linked to the measurements

of displacement of individual particles. Thus, the signals from seismic

sensors could be used to estimate tracer displacements through

descriptions of the bedload intensity surrounding the particle sur-

rounding bedload intensity. The displacements (velocity) of sediment

tracers with known properties (especially mass) could also be linked

to the seismic energy recorded during their passages. This concept

combining both approaches should provide insights allowing bedload

transport monitoring to be improved, and increase our understand-

ing of how different controlling factors (i.e. bedload properties and

hydraulic conditions) affect its dynamics.

The main objectives of this paper are (1) to explore the potential

of these two distinct monitoring methods (i.e. a-UHF RFID stations
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and geophones) in combination; (2) to compare the respective influ-

ences of the controlling factors (hydraulics, seismic and tracers prop-

erties) on the variance of virtual velocity of the tracers; and (3) to

investigate the accuracy (using a least squares multiple regression

model) of predictions of tracer virtual velocity made according to

these controlling factors.

2 | STUDY SITE

The Séveraisse River drains a watershed with low human influence in

the Ecrins Massif, French Alps. It has a catchment area of about

223 km2 (maximum elevation of 3579 m a.s.l.; minimum elevation of

780 m a.s.l.) and a length of 33.2 km. Along its course, it shows sev-

eral sequences of well-developed braided reaches in wider sections of

the valley and straight single-thread reaches in the more laterally con-

fined sections (Misset et al., 2020). The upper part of the catchment is

highly prone to sediment erosion and processes such as rock fall,

debris flows and sediment transport from torrents deliver large

amounts of sediment to the main channel. From late spring to the

beginning of summer, the Séveraisse River exhibits a hydrologic

regime characterised by a high-flow period driven by snowmelt, with

daily discharges able to mobilise coarse sediments. This is followed,

during the summer, by generally lower flows generated by glaciers ice

melt with occasional storm events that can cause large flood events

with intense bedload transport. The lowest flows occur in winter

when the basin is covered by snow. In this study, we consider the

snowmelt period from May to 15 July 2020 and storm-driven events

over the period from 15 July to November 2020.

Our study site is located in approximately the middle section of

the river near the village of Villar-Loubière (44�49028.3400 North;

6�08056.2200 East), just upstream of a gauging station (Figure 1) that

was installed in 1969, and represents a drainage area of ca. 130 km2.

In the vicinity of a bridge, the channel is straight, laterally confined,

and 13 m wide (Bakker et al., 2020), with an average slope of

0.014 m m�1. The riverbed is armored with cobbles of grain size

D50 = 11 cm and D84 = 30 cm, as derived from Wolman pebble

counts (Misset et al., 2020). Under the most frequent hydraulic condi-

tions, the bedload fluxes generated in the upstream braiding

section are transferred efficiently within this confined section, with-

out morphological adjustments (Misset et al., 2020). The mor-

phodynamically active upstream braided reach exhibits a finer grain

size with D50 = 28 mm and D84 = 91 mm.

3 | MATERIALS AND METHODS

The present bedload monitoring programme combines pebble a-UHF

equipped pebble tracers with geophone sensors recording vertical

ground vibrations. The pebble tracing programme was progressively

implemented between 2018 and 2020 to quantify the pebble trans-

port and mobility within the braided reach over several years (see

Misset et al., 2020).

3.1 | Bedload monitoring equipment

The straight section of the channel was chosen for to installation of

most of the monitoring systems because its width (13 m) and lateral

confinement made covering and sensing the entire channel width

practical and ensured the safety of the permanent equipment during

high flow periods.

F I GU R E 1 Overview of the (a) Séveraisse River and the (b) monitoring instruments. [Color figure can be viewed at wileyonlinelibrary.com]
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3.1.1 | Particle monitoring

Tracers

Over the course of 3 years, a total of 123 tracers were injected in

10 seeding operations at five different locations (Table 1 and

Figure 1). Because of high water discharges at the seeding periods,

the tracer injection consisted of dropping the tracers into the main

channel flux, either from bridges (INJ 1 and INJ 2) or from banks (INJ

3, INJ 4 and INJ 5).

The tracers seeded at the beginning of the 2020 field campaign

were artificial pebbles (Figure 2a) composed of a mixture of polyure-

thane resin and corundum (Cassel, Piégay, & Lavé, 2017; Cassel, Lavé,

et al., 2021). They were equipped with active transponders of a-UHF

tags. The a-UHF tags used in this study were COIN models developed

by Ela Innovation® and distributed by Cipam®. These a-UHF tags were

chosen because they have a relatively long operating life (up to 5 years)

and can be sensed over dozens of meters (up to 40 m) in an open envi-

ronment and over several meters when buried or immersed (up to

2.6 m). Their beacon signals are emitted at 433.9 MHz and do not suf-

fer from collision when several transponders are simultaneously present

in the antenna sensing field. The beacon signal also includes a received

signal strength indication (RSSI) (Cassel, Dépret, & Piégay, 2017; Cassel

et al., 2020). During the 2020 campaign, 29 new tracers equipped with

COIN ID tags emitting a signal every 2.2 s were seeded.

Tracer monitoring stations

Three RFID-tracking stations were installed on-site on 28 May 2020,

two being temporary and one, referred to as ‘e-RFIDuino’, being per-

manent (Cassel, Navratil, et al., 2021) (Figure 1b). When a tracer signal

was sensed by an antenna, the stations recorded its identification num-

ber, the RSSI, and the timestamp. After the installation of the stations,

the antenna sensing fields were delimited using the procedure detailed

in Cassel, Navratil, et al. (2021). This ensured detection of the tracer’s

over the whole channel width and allowed us to determine the channel

length over which the tracers could be monitored. A channel length of

�60 m was obtained for RFID 2 and RFID 3 (Figure 1b).

T AB L E 1 Summary of the tracer seeding information.

Injection
ID

ID of injection
location

Date of
seeding

Number of
tracers injected D50 (mm)

Number of tracers detected during the 2020

season at RFID stations: RFID 3 and RFID 2
(RFID 2 indicated in parentheses)

2 INJ 1 03/05/2019 20 68 2

5 INJ 2 27/05/2020 9 57.3 6

7 INJ 2 28/05/2020 10 8

8 INJ 5 02/06/2020 3 3 (3)

9 INJ 5 03/06/2020 5 5 (2)

10 INJ 5 04/06/2020 5 5 (1)

Total 31 (6)

Notes: In the rightmost column, the numbers in parentheses indicate the number of tracers sensed by station RFID 2. Injections 1, 3 and 4 are not

presented here as the tracers seeded at these injections were either immobile or were already downstream of the reach investigated in this study.

F I GU R E 2 RFID devices, geophone station [(a) artificial tracers equipped with a-UHF tags; (b) e-RFIDuino station; (c) mobile RFID station 1],
and geophone datalogger [(d) Geospace ® GS-20DX geophone before its installation on a rock; (e) encapsulated datalogger for the geophone

signal; (f) solar panel]. [Color figure can be viewed at wileyonlinelibrary.com]
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The two temporary stations consisted of equipment used for

mobile prospection surveys (Figure 2c): a rugged field computer con-

nected to a SCIEL reader equipped with a SLENDER III antenna (see

details in Cassel, Dépret, & Piégay, 2017; Cassel et al., 2020). The

upstream temporary station was installed on the left bank at the loca-

tion of the INJ 5 seeding point and was only used to observe the

departure of the tracers seeded at this location. The downstream tem-

porary station was installed as close as possible to the geophone sta-

tion and was used to detect the tracers’ passages and to monitor their

displacement and the duration of their residency within the sensing

field. These mobile stations were installed in the morning and

removed at night when the tracers were injected at INJ 4 and INJ 5:

on 28 May and 2–4 June.

The e-RFIDuino station consisted of an environmental Arduino

based datalogger kitted out with a commercially available RFID reader

(SCIEL reader) and a SLENDER III antenna (Figure 2b; see design

details in Cassel, Navratil, et al., 2021). It was installed next to the

EDF gauging station (Figure 1b), which provides flow discharge mea-

surements (10-min time-step recording). The e-RFIDuino station

remained on-site during the whole campaign (from 28 May until

26 October 2020). These three RFID stations allowed movement of

the tracers to be quantified through monitoring of the virtual velocity

of individual tracers (Einstein, 1937; Haschenburger & Church, 1998;

Sayre & Hubbell, 1965), which is defined as the transport distance

divided by the measurement interval. The data were analysed to link

tracer movements to flow discharge, seismic activity, and tracer prop-

erties (shape and mass).

3.1.2 | Geophone monitoring stations

A geophone station was installed in a similar way to that described by

Navratil et al. (2013) and Bel et al. (2017). The geophone station was

powered by a small 3.7 V battery (10,000 mAh), a solar panel (3 W)

and a solar power regulator. A microcontroller (Arduino Mini Pro®;

8 MHz) was chosen because of its very low energy consumption. An

RTC (Real-Time Clock controller; RTC DS3231 AT24C32 IIC) and SD

card reader (DEV13743) completed the recording system. A micro-SD

memory card (8 Go) provided a data storage autonomy of several

months. A GS20-DX Geospace® geophone (a natural frequency of

8 Hz) was deployed on the left riverbank ca. 2 m from the river flow.

This geophone recorded ground vibration in the vertical direction. The

vibration frequency typically associated with bedload transport is 50–

60 Hz (Bakker et al., 2020), which meant that the maximum recording

frequency of the microcontroller (5 Hz) was insufficient to record the

output signal of the geophone, that is, a voltage proportional to the

soil vibration velocity. To accommodate this problem, the raw geo-

phone signal was first processed with an electronic interface that per-

formed (1) a signal rectification, (2) low-pass filtering

(frequency = 2.5 Hz), and (3) amplification of the geophone signal

output, following the method of Navratil et al. (2013). The output sig-

nal was finally recorded at 5 Hz. The offset and gain of this interface

can be adjusted to account for local ground properties and the specific

location of each geophone. The geophone was fixed to a big boulder

embedded in the riverbank (at 20-cm depth in the ground) to reduce

the effects from direct impacts of rain, hail, and runoff, and the wires

to the solar panel were fixed to eliminate noise induced by wind.

Finally, to define a gain value and verify that the station worked prop-

erly, preliminary drop tests were performed with boulders (ca. 10 kg)

being manually thrown into the river (from 3 to 4 m in height) and

onto the riverbanks (from 1.5 m), and these were clearly identified in

the seismic record.

3.2 | Data computing

3.2.1 | Data compilation

The tracer properties were measured before they were seeded into

the river. Each tracer was weighed, and its three axes were measured.

For each tracer passage Pið Þ at one of the RFID stations (RFID

2 or RFID 3), we computed the virtual velocity (vPi ) expressed in m

s�1 using the following formula:

vPi ¼
l
tPi

¼ 60m
t exitð ÞPi

� t entryð ÞPi

with

• l =60m, which is the channel length covered by the antenna

sensing field (see Tracer monitoring stations section);

• tPi
= tracer stay duration (in seconds) within the antenna sens-

ing field, which is equal to the difference between the

timestamps of entry (i.e. t entryð ÞPi
) and exit (i.e. t exitð ÞPi ) from

the antenna sensing field.

The virtual velocity uncertainties were calculated using the following

formula

ΔvPi
vPi

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δl
l

� �2

þ Δti
tPi

� �2
s

with

• Δl =2m (1m each for the upstream and downstream limits of

the antenna sensing field);

• l =60m, the channel length covered by the antenna sensing

field;

• Δti =4.4 s: 2.2 s (the transponders signal emission interval) at

both the entry and exit of the antenna sensing field;

• tPi
= tracer stay duration (in seconds) within the antenna sens-

ing field

We then used the timestamps (i.e. t entryð ÞPi and t exitð ÞPi ) of each

tracer passage at an RFID station to derive (1) the flow discharge mea-

sured at the gauging station (Q, in m3 s�1) and (2) the seismic activity

(G, in mV) recorded at the geophone station (both are recorded at

10-min intervals). The Q and G value series were then used to calcu-

late the mean values Qi and Gi. The maximal values of Q and G were

also calculated, but their links to virtual velocity were weaker than

those of their mean values.

We investigated two stream power formulations commonly used

in riverine pebble tracking, both of which include the tracer size in

their computation:
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• the sum of the unit excess flow power based on the discharge

values exceeding the critical discharge for bedload transport

(Qc, estimated based on the 84th percentile of bed sediment

size distribution), which is also considered as the total excess

flow energy (Chardon et al., 2021; Haschenburger, 2013;

Schneider et al., 2014);

• and the dimensionless stream power (Eaton & Church, 2011),

which allows comparisons between contrasting river systems

of different width, slope, and discharge regime, and avoids

scale differences (Vázquez-Tarrío et al., 2019). It could thus be

a good standard for further replications of the empirical

models developed in this study.

The sum of the unit excess flow power (
PPi
t

ωt�ωcð Þ in Wm�2) is suit-

able when several hydrological events are recorded by displacement

of tracers between two surveys, or when the tracer residence dura-

tion in the antenna sensing field is long. It is the summed stay duration

of each tracer passage Pi as

XPi
t

ωt�ωcð Þ¼
XPi
t

ρ �g � Qt�Qcð Þ �S
w

ð1Þ

where Qt is the instantaneous discharges summed over the tracer’s

passage (Pi) duration to a resolution of 1 s; S and w are the straight

confined channel slope (0.014mm�1) and width (13m), respectively; ρ

is the water density equal to 1000 kgm�3; and g is the acceleration

due to gravity, which is equal to 9.81m s�2. Bedload had been mea-

sured with an Elwha sampler over successive years, and the critical

discharge for the entire bed mobility was known to be 11.9 m3 s�1

(Bakker et al., 2020). This value is also consistent with the 11.7m3 s�1

estimated using the following equation derived from the Shields and

Manning formulas:

Qc ¼ K �w �S1=2Þ � 1:65 �D84 � τ�c
� �

=S
� �5

3

� ��
ð2Þ

where K is the Manning–Strickler coefficient equal to 26, calculated

using the Strickler (1923) formula: K¼ 1
n¼ 21

D84
1=6, D84 is the 84th

percentile of the tracers b-axis values (0.303m), and τ�c is the critical

Shields number (0.045).

The dimensionless stream power (ω�) proposed by Eaton &

Church (2011) is calculated as

ω� ¼ ω
ρ � g �R �Dð Þ3=2

ð3Þ

whereω = ρ �g �S �Qi

� �
=w is the unit stream power (ω in Wm�2), as

defined by Bagnold (1966, 1980), and estimated at the mean value of

the discharge Qi observed during the passage of the tracers Pi. R is

the submerged specific weight of the tracer (1.65), and Di is the tracer

b-axis value in m. The dimensionless stream power is linearly depen-

dent on the mean value of the discharge.

3.2.2 | Data analysis

The data were processed and analysed using R and Rstudio statistical

software (http://www.rstudio.com/). All the variables (virtual velocity

and their potential drivers) were log-transformed. We first determined

how much of the variance in the tracers’ virtual velocity (during their

passages) could be explained by each of the potential drivers in

Table 2 and computed the raw correlation matrix using the ‘cor
(method = Spearman)’ function in Rstudio.

Then, the correlations of the averaged seismic activity with the

mean flow discharge and the dimensionless stream power were

analysed using multiple R-squared coefficients obtained with the ‘lm()’

function in Rstudio.

Finally, using (i) log transformed seismic averaged values (Gi), and

the particle (ii) mass (mi) and (iii) sphericity (Ψ i), we developed an

empirical model to predict the virtual velocity of tracers. Log trans-

former values of these drivers were processed using multiple least

squares regression to adjust a log–log power model in a linearised form

(also using the ‘lm()’ function in Rstudio). We also tested the potential

contribution of Ꜫi to improving the model, with being Ꜫi the residuals

from the power model linking log transformed dimensionless mean

stream power ω�ð Þ and log transformed seismic averaged values (G).

T AB L E 2 Description of the control factors tested to predict particle virtual velocity.

Factor type Description Code variable Included in MLS model

Tracers properties Mass in kg mi Yes

Sphericity based on Sneed & Folk (1958) index:

I =
ffiffiffiffi
c
ab

3
p

with a, b, and c the longest, intermediate, and

shortest axes of the tracer, respectively.

Ψ i Yes

Hydrological and hydraulic variables Water discharge in m3 s�1. This is the mean value of

the discharges measured during the tracer passage.
Qi No

Sum of the unit excess flow power in W m�2 PPi

t
ωt�ωcð Þ No

Dimensionless mean stream power ω� No

Geophonic variables Average geophone activity observed during the

passage of the tracer in mV.
Gi Yes

The residuals from the power model linking log

transformed dimensionless mean stream

power ω�ð Þ and log transformed seismic averaged

values (G)

Ꜫi Yes
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4 | RESULTS

4.1 | Observations

Over the total monitoring period, stations RFID 3 and RFID 2 recorded

31 and six tracer passages, respectively (Table 1 and Figure 3), with

the six tracers detected by RFID 2 also being detected by RFID

3. These 37 observations were then included in the following analysis,

with the six observations made by RFID 2 being considered as distinct

observations to those made by RFID 3. Among the 31 tracers

detected, 29 were injected in 2020, including 14 injected at INJ 2

(1.2 km upstream of the station RFID 3), 14 injected at INJ 5 (275 m

upstream of the permanent RFID station), and 1 injected at INJ 4

(about 225 m upstream of the RFID stations—Figure 1). Two detected

tracers were injected in 2019 at location INJ 1, the most upstream

point (3.5 km upstream of station RFID 3). It should be noted that of

the tracers located upstream before the monitoring period and then

located downstream in the tracer inventories performed after the

monitoring period, all were sensed by the station.

The average b-axis, weight, and sphericity of the tracers were

59 mm, 0.265 kg, and 0.73, respectively (Figure 4). The residence time

within the RFID station sensing fields ranged from 36 s to 8.8 days,

corresponding to virtual velocities of 2.01 (± 0.18) to 7.9e�5 (±

0.03) m s�1 (i.e. 6.8 m day�1), with both extremes being recorded by

the permanent station. The absolute and relative uncertainty ranged

from 0.18 to 0.03 m s�1 and from 42% to 2.6e�4%, respectively. Of

the 37 passages, 26 occurred during snowmelt-driven flood events

(before mid-July) with mean discharges ranging from 11.3 to

22.5 m3 s�1. The remaining 11 passages occurred during rainfall-

driven flood events, with mean discharges varying between 6.1 m and

70 m3 s�1 (the latter was observed during the peak of a flood event

with an estimated return period of 30 years). The seismic activity

recorded during the tracer passages ranged from 0.003 to 0.055 mV

over periods of snowmelt-driven flows, and from 0.002 to 0.27 mV

over rainfall-driven flows (Figure 3). Over these two periods, the vir-

tual velocities ranged from 0.007 to 0.095 m s�1 for snowmelt-driven

flows and from 0.002 to 2.01 m s�1 for rainfall-driven flows. Thus, we

observed particle motion under contrasting flow conditions, for differ-

ent tracer properties and for different passage velocities.

4.2 | Virtual particle velocity as a function of a
single controlling variable

We found positive power correlations between logged values of the

tracer virtual velocities and logged mean discharges (R2 = 0.58; p-

value < 0.001) and logged dimensionless mean stream power

(R2 = 0.63; p-value < 0.001). The correlations were even stronger

between the logged mean tracer velocities and logged mean seismic

activity (R2 = 0.81; p-value < 0.001; Figure 6). The logged sum of

excess stream power exhibited weak negative power correlations

(R2 = 0.21; p-value = 0.83 > 0.05) with tracer virtual velocities. The

log–log power law linking tracer virtual velocities to dimensionless

mean stream power exhibited a factor (9.7) very close to that of the

log–log power law linking tracer virtual velocities to mean seismic

activity (9.4). However, its exponent coefficient (4.1) was very close

to that of the log–log power law linking mean flow discharges and vir-

tual velocity (4), which is unsurprising, as dimensionless mean stream

power is based on mean discharge. Except for the sum of excess

stream power, most of the data scattered around the regression

F I GU R E 3 Discharge, seismic activity and the 37 tracer passages at the RFID stations ‘RFID 2’ and ‘FID 3’ during the 2020 season. Notes:
Qc is estimated at 11.9 m3 s�1. The blue curve indicates discharge values reported on the left logged ordinate axis. Red dots represent geophonic
activity values reported on the right logged ordinate axis. Orange circles indicate tracer passages during the snowmelt- and storm-driven floods,
and their sizes are proportional to the virtual velocity. Orange horizontal segments indicate the residence time of the tracers within the sensing
field of the RFID antennas. [Color figure can be viewed at wileyonlinelibrary.com]
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curves were for low or high virtual velocity values, whereas dispersion

remained relatively moderate for medium values (Figure 6).

The tracer passages occurring during storm events showed higher

mean particle velocities, higher flow discharges and higher seismic

activity than those during the snowmelt period (Figure 5). The power

regression curves among the logged tracer virtual velocity (vPi ) and

the logged mean flow discharges (Figure 5a), logged dimensionless

mean stream power (Figure 5c), and logged average seismic activity

(Figure 5b) show wider dispersion for storm events than for

snowmelt ones.

We also found that averaged seismic activity showed strong

positive power correlations with mean flow discharge (R2 = 0.83;

p-value < 0.001; spearman correlation = 0.93) and dimensionless

mean stream power (R2 = 0.81; p-value < 0.001; spearman

F I GU R E 4 Swarm plot of the distributions of the 37 tracer passages recorded: (a) b-axis, (b) weight, (c) sphericity, (d) dwell time in the RFID

antenna sensing fields, (e) time elapsed since injection before tracer passage at the RFID stations and (f) distance of travel.

F I GU R E 5 Relationships between
logged tracer virtual velocity and the
mean values of (a) logged flow discharge,
(b) logged seismic activity, (c) logged
dimensionless mean stream power, and
(d) logged the sum of excess flow power
per unit area. Notes: circles and triangles
represent the passages observed during
snowmelt events and storm events,

respectively. [Color figure can be viewed
at wileyonlinelibrary.com]
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correlation = 0.87; Figure 6), which supports the use of the residuals

(Ꜫi) from the log–log power model linking log transformed dimension-

less mean stream power and log transformed averaged seismic values.

4.3 | Multiple regression analysis

The results of the multiple regression analysis show a highly signifi-

cant relationship between tracer virtual velocity and independent vari-

ables (R2 = 0.891; p-value < 0.001). The seismic activity (Gi) explained

81.6% of variance. From the tracer properties tested, the stepwise

procedure selected sphericity (ψ i) and weight (miÞ, which explained

5.8% and 0.01% of the virtual velocity variance, respectively. Ꜫi, the

residuals from the power model linking log transformed dimensionless

mean stream power ω�ð Þ and log transformed seismic averaged values

(G), were not contributive (p-value> 0.05) (Table 3).

The data scattering around the 1:1 line is moderate and relatively

homogeneous between low, medium, and high virtual velocity values

(Figure 7). Equation 4 was adapted to estimate the tracer virtual

velocity observed within the studied reach for both storm events and

snowmelt events (Figure 7).

lnðvPi Þ¼6:84 � ln Gi

� �1:47 � ln mið Þ�3:48 � ln ψ ið Þ6:44 ð4Þ

Of the 37 values modelled, all were within a tenfold interval of the

observed values, and only 9 (24%) were found to deviate by more than a

factor of 2. We found in the relationship between observed and

predicted values associated with the different RFID monitoring stations.

5 | DISCUSSION

5.1 | Field observations and monitoring

Altogether, we recorded 37 tracer passages recorded at two RFID sta-

tions. This is close to the number reported by Liedermann et al. (2013)

and Klösch & Habersack (2018). Although, this number may seem

small, it is typical of this type of experimental setting. The tracers

were injected at five distant injections points, on different dates

(including a year prior to the monitoring period) and at contrasting

flow stages. Thus, even though the tracers were dropped into the

river, we assumed that the time elapsed and travel distance before

their passages past station RFID2 attenuated the effect of injection

mode. However, future experiments could test the effect of different

injection modes, locations and flow stages.

The virtual velocities (vPi ) reported in this study ranged between

0.29 and 7548mh�1, with mean and median values of 440 and

15.7mh�1, respectively. Most of the values are within the range of

those observed on comparable river systems by Misset et al. (2020), but

at larger temporal and spatial scales, with the authors reporting virtual

velocities between 13 and 27mh�1 on a ‘braided-confined-braided’
sequence of the Séveraisse River. Liébault et al. (2012) reported values

of about 100mh�1 for several grain sizes monitored in a wandering

mountain stream. However, the virtual velocities reported in this paper

T AB L E 3 Results of the multiple regression analysis using a stepwise procedure.

Variable Coefficient p-value Percent of variance explained

Intercept 6.841 4.01e�06 ***

ln Gi
� �

1.475 4.01e�16 *** 81.6

ln mið Þ �3.486 9.8e�04 *** 0.22

ln ψ ið Þ 6.443 6.85e�05 *** 6.99

Notes: Residual standard error: 0.893 with 33 degrees of freedom. Multiple R2 = 0.890. Adjusted R2 = 0.877. F-statistic: 64.98 with 4 and 32 degrees of

freedom. p-value = 6.3e-16.

***p-value statistically significant at a 99% confidence level.

F I GU R E 6 Relationships between (a) logged mean geophonic activity and logged mean discharge, and (b) logged dimensionless stream
power. Notes: circles and triangles represent the passages observed during snowmelt events and storm events, respectively. [Color figure can be viewed
at wileyonlinelibrary.com]
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are higher than those observed on the alpine headwater streams of the

Rio Cordon, where virtual velocities were globally less than 6mh�1

(Mao et al., 2017; Oss Cazzador et al., 2021; Rainato et al., 2020).

Although our observations are higher, they are generally less than the

60mh�1 reported by Dell’Agnese et al. (2015), who also reported that

higher virtual velocity was associated more with rainfall-dominated

periods than with snowmelt and mixed periods.

The fastest virtual velocity we measured was 2.01 m s�1 over a step

length 60 m, which was probably the closest to the instantaneous veloc-

ity. This value is impressive but consistent with previous observations

and measured flow velocities. Indeed, Habersack (2001) observed a max-

imum instantaneous particle velocity of 2 m s�1 and a maximal individual

step length of 24.9 m on a braided reach. It is reasonable to hypothesise

that the geometry of the straight confined channel of our study site

allowed for a longer individual step length compared with that generally

observed on a braided reach. The tracer virtual velocity value is also con-

sistent with the flow velocity of 2.7 m s�1 estimated at the mean dis-

charge value of 27 m3 s�1 that was measured during its passage.

The estimated critical discharge for bedload transport (Qc) was

11.9m3 s�1. This value is consistent with the tracer passages

observed in the early stage of the snow melt season up until the flood

events of 1 and 2 July, with peak flow discharges of 28 and

21.5m3 s�1, respectively (Figure 3). Prior to these flood events, the

tracers passing through the RFID station sensing field with discharge

values (Qi) very close to Qc (i.e. from 11.6 to 12.7m3 s�1) exhibited

the lowest virtual velocities (from 0.29 to 1.5mh�1). After the 1 and

2 July flood events, this threshold was no longer so clear. Indeed, the

tracers that passed through the station sensing field at QI ≈Qc

exhibited more varied residence times within the antenna sensing

field (i.e. 9.6, 11.1, 12.4, and 53 h) and exhibited three-times higher v

values (i.e. 6.3, 5.7, 4.9, and 1.2mh�1, respectively) at equivalent Qi

values (i.e. 12.9, 11.3, 12.4, and 11.6m3 s�1, respectively) than the

tracers monitored before the 1 and 2 July flood events. Over the

post-flood-event period, there was a temporary increase in seismic

activity that lasted until 6 July, although flow discharges were slightly

lower than in the pre-flood-event period (Figure 3). These observa-

tions can be interpreted in two ways: as a limitation of Qc calculations

(using Shields number in our case) that transcribe a section of aver-

aged particle bed behavior and can at some scale misestimate the

local conditions surrounding some tracers, or they can be attributed

to the effects of the antecedent geomorphological conditions on

tracer passage dynamics. Indeed, breaking of the armor layer, channel

shifting (especially in river systems as dynamic as braided streams),

and ongoing channel adjustment after a major flood can locally and

temporarily promote bedload particle transport. Such delayed bedload

transport processes following a flood event were reported by Aigner

et al. (2017) using a geophone plate but remain difficult to observe

with sediment tracers, although they do demonstrate the complemen-

tarity of geophones and tracer tools. This is an important topic that

could provide information useful for understanding the passage of

tracers observed at the lowest average discharge value

Qi =6.2m3 s�1, which is well below the Qc, but still at a virtual veloc-

ity of v =7.3mh�1.

5.2 | Drivers of particle motion and prediction of
virtual mobility

Although Figure 5d shows a marked segregation relative to flood

event types, the statistical relationship between the sum of excess

F I GU R E 7 Comparison between the
observed and predicted virtual velocity of
tracer passages. Notes: dashed and dotted
lines indicate the tenfold and twofold
intervals, respectively. Uncertainty of
measured values are shown when longer
than the points.
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stream power and virtual velocities exhibited weak negative power

correlations (R2 = 0.21; p-value = 0.83 > 0.05). This negative corre-

lation, consistent with that in previous work by Chardon et al.

(2021), can be attributed to the fact that both virtual velocity and

cumulative excess stream power are dependent on time, the first

being negatively correlated (i.e. the shorter the time spent in the

antenna sensing field, the higher the virtual velocity) and the second

positively correlated (i.e. the longer the time spent, the higher the

cumulative excess stream power). Thus, cumulative excess stream

power is more suitable for investigating cumulative transport dis-

tances than for investigating virtual velocity.

Furthermore, the percentage of mean tracer velocity variance

explained by the seismic signals was higher than that explained by

flow discharges (Figure 5a,b). The two are strongly correlated

(Figure 6), and the geophone activity integrates some of the virtual

velocity variance explained by flow discharge. Thus, compared with

the single flow discharge, the seismic signal, as an integrated mea-

sure of flow conditions and bedload transport, explains a larger

amount of the variance in the coarse-particle virtual velocities and

offers a better way to predict bedload velocities in a confined chan-

nel. The link between virtual velocity and seismic signal is consistent

with the results of Schneider et al. (2014), who reported a strong link

between unit bed load volume and the mean distance of tracer

transport. Both their results and those we report here support the

use of tracers together with measurements of the scour layer thick-

ness made by classical or RFID scour chains (Boutault, 2020; Brenna

et al., 2019; Laronne et al., 1994; Liébault & Laronne, 2008; Melun

et al., 2019) to quantify bedload transport flux in rivers where direct

sampling is not feasible.

The overall variance of mean tracer velocities explained by

particle properties was about 7%, most of it being explained by

sphericity (6.99%), which exhibited a positive coefficient and con-

tributed to explaining particle velocity. This is consistent with pre-

vious in-flume tracking experiments (Cassel, Lavé, et al., 2021).

Moreover, the particle weight explained much less of the variance

(0.22%) and contributed negatively to virtual velocity. Future work

should investigate and compare the coefficients for the controlling

variables resulting from the multiple regression analysis with those

obtained in river systems of contrasting morphologies. Indeed, it is

reasonable to assume that in river systems exhibiting less torrential

processes, the proportion of particle virtual velocity variance

explained by the seismic activity signal could be lower. Finally, the

acquisition of more observations would allow expansion of the sta-

tistical sample and allow analysis of the effects of more control

variables using a similar stepwise procedure to that used by

Vázquez-Tarrío & Batalla (2019). Further comparisons are needed

to determine if such methodology would allow assessment of

whether or not the interactions between moving particles influ-

ence their mobility (entrainment, motion and deposition), and to

what extent compared with flow discharge.

5.3 | About the combination of Lagrangian and
Eulerian approaches

In this study, we proposed in-field technical solutions and an

empirical model that allows merging Lagrangian and Eulerian

descriptions of bedload transport, which is illustrated with a study

case of the Severaisse River, France. This led the way to further

experiments and/or developments. First, it would be relevant to

increase the number of tracers and to expand the range of grain

sizes, thereby strengthening the models. Second, the spatial

domains could be expanded, initially remaining within a reach with

homogeneous morphologic characteristics. This could be per-

formed by installing several RFID and geophone stations (one at

the upstream bound, one in the middle and a third at the down-

stream bound) along the selected river reach. This would allow

description of the propagation of bedload fluctuations according

to both fluxes and particle measurements. Third, tracer movements

measurements with finer spatial and temporal resolutions would

allow estimation of the instantaneous velocity, instead of virtual

velocity, and would thus provide more accurate calculations of the

impact energy that could be linked with the seismic activity sensed

at the same moment. This last point would require technical solu-

tions for accurate timestamp matching of the Lagrangian and

Eulerian observations. This would also be a step for the use of the

Kalinske’s mechanical approach (sediment transport rate been the

product of particle activity and velocity) to estimate sediment flux.

However, this would require to measure the particle activity as

defined by Kalinske (1947) in Ancey (2020a), which remains chal-

lenging in the field.

Finally, from a more conceptual point of view, it is possible to

consider both v¼ f G
� �

(i.e particle motion predicted from flux, plus

their intrinsic properties) and G¼ f vð Þ (i.e. flux as a function of particle

motion) as transfer functions. The first allows prediction of v (and esti-

mation of the tracers’ transport distance and dispersion), which

requires a great deal of effort to acquire in the field (time consuming

and laborious prospections). However, the definition is less useful for

obtaining intensity from distance and is not as practical because the

transport distance is laborious to measure in the field and the inten-

sity still needs to be calibrated with field measurements of bedload

transport.

6 | CONCLUSIONS

The e-RFIDuino station showed good efficiency for monitoring the

passage of tracers in a diversity of flood events and associated

hydraulic conditions. It also has important potential for the study of

the phases of bedload transport at the particle scale. The combination

of RFID and geophone environmental stations allowed surveying of

tracer passages and seismic activity over a period of several months,

and facilitated detection of shifts in river system dynamics in pre- and

post-flood analyses. The comparison of the efficiencies of flow dis-

charge and seismic activity for predicting the virtual velocity of tracers

showed that seismic activity, as for suspended load prediction

(Misset et al., 2021), is a better predictive factor than flow discharge.

The results of the multiple regression analysis also confirmed, in-river,

the contribution of the particle shape to the observed virtual velocity.

Further investigations in different river systems with finer gran-

ulometry and/or a larger channel and/or more fluvial and less torren-

tial dynamics are needed to specify the potential of such a monitoring

setup and to achieve insights into the relationships between grain-

scale processes and bulk bedload transport.
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