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1.  Introduction
Studying sediment transport partitioning between bedload and suspended load has been a major research 
topic for decades (Bagnold, 1966; Einstein et al., 1940; Turowski et al., 2010). This partitioning is crucial for 
the understanding of sediment transport processes and the transfer of sediment in catchments. Coarse par-
ticles (boulders to sand) are often considered to be transported as bedload by sliding, rolling, or saltating and 
thus strongly interacting with the river bed and its morphology (Ashmore, 1988; Hoey, 1992). Finer particles 
(sand to clay) are often considered to be transported over longer distances in suspension throughout the 
water column without necessarily interacting with the bed (Einstein et al., 1940). Due to these long trans-
port distances, the fine fraction generally originates from various sources and processes including rainfall 
and runoff erosion of nonvegetated hillslopes (Cheraghi et al., 2016; Mohamadi & Kavian, 2015) or rapid 
mass movements and debris flows suddenly connecting source areas to the river system (Fryirs, 2013). The 
fine fraction may also originate directly from the river bed resuspension (Misset, et al., 2019), although the 
extent to which this fraction interacts with the river bed is often unknown (Walling et al., 1998).

Quantifying this is crucial for the understanding of landscape evolution (Ludwig & Probst,  1998), river 
system, and reservoir management planning (Kondolf et al., 2014) or optimizing water resource quality 

Abstract Fine sediment transport results from the complexity of the interactions between the 
different modes of transport and the variety of possible sediment sources, from the river bed stocks 
remobilization to hillslopes erosion. From a 2-year period in an Alpine catchment, we show how the 
combined use of continuous turbidity and seismic measurements can help to address these issues. In the 
studied catchment, the signals are more strongly correlated during the high flows of the snowmelt period 
than during the summer period when the river bed is stable and the hillslopes are no longer protected 
by a snow cover during storms. This sheds light on the seasonal control exerted by the river bed mobility 
and the snow cover on suspended sediment dynamics in mountainous catchments. It also questions the 
potential shift of this dynamics from river bed to hillslope dominated in a context of global warming.

Plain Language Summary Suspended sediment transport is a critical process for hydraulic 
structures and water system management or to understand landscape evolution. Suspension results from 
complex interactions with the river bed and the variety of possible sediment sources on catchments slopes. 
These interactions and sources activations are difficult to observe and quantify in the field which partly 
explain our difficulty to better understand suspended load. From a 2-year period in an Alpine catchment, 
we show how the combined use of widely available continuous measurements of suspended load (via 
water turbidity sensor) and river bed mobility (via seismic sensor) can be used to better understand these 
processes. During high flows of the snowmelt period, both measurements are correlated. On the contrary, 
a much variable relation is observed during the summer period when the river bed is stable and the 
hillslopes are no longer protected by a snow cover during storms. These observations shed light on the 
seasonal control exerted by the river bed mobility and the snow cover on suspended sediment dynamics in 
mountainous catchments. It also questions the potential shift of this dynamics from river bed to hillslope 
dominated in a context of global warming.
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strategies (Owens et al., 2005) among others. These applications all strongly benefit from insight in the 
provenance of suspended sediments and their interaction with the river bed, that is, storage and release of 
sediment. With ongoing climate change, the contribution of suspended sediment sources might also change 
dramatically, leading to potentially large changes in water system functioning (Lane et al., 2019). This is 
particularly true in mountainous environments that experience significant decreases in snow and ice cover 
due to global warming (Bakker et al., 2018; Comiti et al., 2019) and associated increases of unprotected 
surface areas that are subject to more frequent rainfall erosion (Costa et al., 2018).

The fundamental question of suspended load origin was addressed in the pioneer work of Einstein 
et al. (1940) who subdivided the suspended load of the Enoree River (in the United States) depending on 
its interaction with the river bed. Einstein et  al.  (1940) were the firsts to introduced “bed-material sus-
pended load” as the fraction of suspended load that strongly interacts with the river bed while “wash load” 
was used to describe the fraction that has a much weaker interaction with the river bed. This conceptual 
subdivision has led researchers to make a difference in the way they sought to quantify these processes: 
“bed-material suspended load” was considered to be controlled by the flow transport capacity while “wash 
load” was considered to be a function of the sediment availability in the watershed (Partheniades, 1977; 
Yang & Simões, 2005). Since the work of Einstein et al. (1940), several criteria have been proposed for sus-
pended material partitioning. These are mostly based on the sediment size fraction absent on the river bed 
surface (Einstein et al., 1940), a critical particle size (Partheniades, 1977), a critical Rouse number (Wang 
& Dittrich, 1992; Wang et al., 2007), a particle size ratio between bed and suspended material, or a bal-
ance between transport capacity and sediment availability (Hill et al., 2017). However, in the past decades, 
flume experiments (Diplas, 1994; Drummond et al., 2017; Hill et al., 2017; Mooneyham & Strom, 2018) and 
field observations (Cook et al., 2018; Meunier et al., 2006; Misset, et al., 2019; Misset, Recking, Navratil, 
et al., 2019; Navratil et al., 2010; Park & Hunt, 2018) have questioned on the consistency of these thresholds 
for suspended load partitioning. It therefore remains an open scientific question to which extent suspended 
load interacts with the river bed (Mathers et al., 2017; Vercruysse et al., 2017).

To quantify the presence or absence of this interaction, it is necessary to continuously and concomitant-
ly measure suspended load and river bed mobility. Although turbidity measurements are widely used to 
measure the suspended sediment concentration (SSC) (Lewis, 1996; Vercruysse et al., 2017), yet continuous 
measurements of river bed mobility remain challenging to conduct. A promising technique to do so consists 
in near river bed passive seismic monitoring. Recent observations and theoretical considerations suggest 
that river-induced seismic ground motion is largely caused by the transport of coarse particles impacting 
the river bed (Burtin et al., 2008; Gimbert et al., 2014; Tsai et al., 2012), such that the associated bedload 
transport flux can be inverted from ground-motion amplitude measurements (Bakker et al., 2020; Dietze 
et al., 2019; Gimbert et al., 2019; Tsai et al., 2012). More generally, seismic observations may be a particular-
ly relevant proxy for river bed mobility, especially given its strong dependency on the coarsest transported 
grain sizes (Tsai et al., 2012) whose motion is known to control river bed mobility in gravel bedded streams 
(MacKenzie et al., 2018; Recking, 2010). Despite such evidence and recent observations of suspension co-
evolving with seismic ground motion during an extreme flood (Cook et al., 2018), the potential of the com-
bined application of nonintrusive turbidity and seismic measurements remains to be fully investigated.

In the present work, we propose to use such combination to study the temporal dynamics of suspend-
ed load–river bed interactions and gain insight in the respective contributions of each suspended particle 
sources (i.e., river bed vs. hillslopes). These combined measurements, requiring a limited field effort, pro-
vide new opportunities to monitor changes in sediment transfer regime in mountain catchments where (i) 
alluvial river beds exhibit a strong capacity to temporarily store and release fine sediments and (ii) global 
warming is expected to lead to drastic changes in the sediment transfer regime.

2.  Field Site and Methods
The Séveraisse catchment is a mesoscale watershed representative of Alpine environments, located in the 
Ecrin massif in the French Alps (Figure 1). At the monitoring station (red point in Figure 1), the drainage 
area is 130 km2 and its elevation ranges between 1,027 and 3,579 m NGF (French national reference sys-
tem). The catchment is characterized by a low human impact and actively eroding hillslopes (Figure 1(a)) 
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Figure 1.  Presentation of the field site and the monitoring configuration.
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that supply large quantities of sediment to the valley bottom during debris flow (Helsen et al., 2002) or rock 
fall events. A significant fraction of the catchment (8%) is covered by highly erodible surface material that 
can deliver suspended sediment to the river system during rainfall-runoff events (marls, schists). Other 
potential hillslope sources of fines are moraines (12% of the catchment) or alluvium and scree material 
(23%). The latter two are mainly connected to the river system by debris flows and small tributaries (see 
supplementary material S17 for more details on hillslope sources spatial distribution).

The river bed in the downstream part of the valley has a slope between 1% and 2% and alternates between 
braided reaches, with active width of approximatively 100 m (Figure 1(b)), and narrower, constrained sec-
tions of approximately 20 m wide. The river bed grain size distribution (GSD), obtained from nontruncated 
Wolman (1954) counts (more than 1,600 particles and performed in May and June 2018) in the two braided 
sections just upstream of the monitoring station, has a median diameter of 37 mm and a 84th percentile of 
113 mm (Misset et al., 2020). The fine particles stored as patches at the bed surface have a median diameter 
range of 104–214 µm (dispersed GSD using a laser diffraction sizer Malvern, Mastersizer 2000 on six ran-
domly chosen samples), while fine particles transported in suspension and sampled at discharges higher 
than 14 m3/s have a median diameter of 188 µm. The finest fraction of fine sediments stored in the bed ma-
trix (obtained using a resuspension technique detailed in Misset, Recking, Legout, Valsangkar, et al. 2019) 
was found to have a GSD range similar to surface deposits and sampled suspended particles.

The hydrologic regime of the river is characterized by snowmelt in the late spring to the beginning of sum-
mer, and by the ice-melt and storm-events during the late summer and autumn. Low-flow periods are ob-
served when the basin has a snow cover in winter. We conducted measurements from the onset of snowmelt 
(April) to the onset of snow cover (November) in the years 2018–2019.

We performed measurements at a hydrometric station located in a laterally constrained and paved river 
section (poorly mobile coarse bed, and nearly vertical banks protected with blocs, red point in Figure 1). 
This station is operated by EDF (French hydroelectricity company) and provides 1-min average water levels 
(with a 1-Hz frequency) every 10 min using a pressure sensor. Repeated gauging were performed during the 
survey period using salt dilution, current meter, or Acoustic Doppler Current Profiler techniques to build a 
(nonlinear) rating curve between the water level and the flow rate (Q).

A turbidity meter (Hach Lange Solitax) was installed approximately 50 cm above the bottom of the river 
bed, near the pressure sensor (Figure 1). This sensor has a detector aligned with an angle to the beam to 
measure the scattered light. It also has an automatic cleaning system preventing the development of biofilm 
on the sensor which was regularly verified by the field team. Turbidity values (Tu, FNU) were recorded 
every 10 min, each of which being obtained by averaging a 1 min (1 Hz) continuous measurement. Turbid-
ity is a nonlinear function of SSC and suspended particle size (Landers & Sturm, 2013; Lewis, 1996). For 
a given SSC, a decrease in suspended sediment size would lead to an increase of the measured turbidity 
(Landers & Sturm, 2013). It is thus most often used in combination with direct sampling and liquid dis-
charge monitoring to estimate the suspended load (Landers & Sturm, 2013; Lewis, 1996; Mano et al., 2009; 
Navratil et al., 2011; Orwin & Smart, 2004). It is worth to note that turbidity measurements are not sensitive 
to coarse particle transport.

A seismic sensor (PE-6/B geophone) was installed 32 m from the left channel bank near the turbidity and 
water pressure sensors (Figure  1). This geophone records ground-motion vibrations in the range about 
5–200 Hz including frequencies expected for bedload transport (Bakker et al., 2020; Gimbert et al., 2019; 
Tsai et al., 2012) and flow turbulence (Gimbert et al., 2014). The data were recorded with a 400-Hz fre-
quency on a DiGOS DATA-CUBE3. The seismic signal of vertical ground vibrations (m/s), obtained after 
correcting the digital signal (in counts) for geophone response and data logger settings, was analyzed in 
the time frequency domain as described in Bakker et al. (2020). Spectrograms with a 3s temporal resolu-
tion were obtained using the method of Welch (1967) and were aggregated to a 10-min resolution, using 
a median value to minimize anthropogenic noise. We used the seismic power (Pb, m2/s2) at a frequency of 
50 Hz, providing a maximum sensitivity to bedload transport (Bakker et al., 2020). This frequency range 
associated with bedload was determined directly by comparing seismic measurements with cross-section 
bedload samples and indirectly by scaling discharge (Bakker et al., 2020). Seismic power caused by bedload 
transport (Pb) results from impacts exerted by the transported material on the river bed. It is expected to be 
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a function of the bedload flux and to scale with the coarsest fraction (approximatively the 95% percentile of 
the GSD) of the transported material to a power of approximately 3 (Bakker et al., 2020; Tsai et al., 2012). 
Because of the large sensitivity of the seismic sensors to the impacts of the coarsest grains, it follows that 
seismic measurements are not expected to be sensitive to fine particles transported in suspension.

Air temperature and rainfall data were also provided by the EDF company with a temporal resolution of 
6  min. These measurements were taken from a meteorological station located approximately 5  km up-
stream from the outlet of the catchment (green point in Figure 1). The snow cover of the catchment was 
determined using satellite images (four-band PlanetScope Scene) with no cloud cover and spread over the 
monitoring period (seven dates for each year). These images were downloaded from the Planet website 
(www.planet.com), classified with a semiautomatic algorithm to extract snow areas. Classified images are 
provided as supplementary material.

3.  Results
From the data analysis, two periods are identified for both years. The first period is characterized by increas-
ing air temperatures (from 0 to 20°C on average), decreasing snow cover (from 70% to 10%) and high flow 
discharge (higher than 10 m3/s on average) (Figure 2). This period takes place during the snowmelt from 
mid-April to the end of June. The second period is characterized by decreasing air temperatures (from 20°C 
to nearly 0°C on average), low snow cover (less than 10%) and, on average, low-flow discharge (less than 
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Figure 2.  Time series of the measurements conducted in the Séveraisse catchment.
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10 m3/s). The river hydrology in this second period, from early-July to the end of October, is driven by short 
events, typically orogenic, convective storms that take place in the summer and autumn.

For the entire measurement period, turbidity varies over 3 orders of magnitude while seismic power var-
ies over nearly 4 orders of magnitude. During the snowmelt period in both years, daily fluctuations are 
observed in turbidity and seismic power. Also, one can note that both signals are evolving more or less 
concomitantly. On the contrary, during the July–October period, turbidity and seismic power evolve in a 
very different way. Short-duration and high-magnitude turbidity events are observed while seismic power 
remains relatively low. It is clear from this first-order analysis that different sediment regimes are acting 
during the two different hydrological periods. Using calibration curves presented in previous studies for the 
melting period (Bakker et al., 2020; Misset, Recking, Legout, Valsangkar, et al., 2019) and assuming these 
curves are constant through time, we can estimate that the suspended load fraction is on average 67% during 
the melting period (72% for 2018% and 62% for 2019) and 64% during the summer period (75% for 2018% and 
53% for 2019, see time series of sediment partitioning in the supplementary information S15). This indicates 
that both loads are significant in terms of transported volume in the Séveraisse catchment.

A more detailed analysis of the relationships between turbidity (Tu), liquid discharge (Q), and seismic 
power (Pb) for each year and each period is shown in Figure 3. Measurements during the snowmelt period 
show that the relationship between turbidity and flow rate is highly variable through time. On one hand, 
Tu-values show a well-marked seasonal variation, with a Tu–Q relationships decreasing from April to June 
similar to observations in previous studies (Guillon et al., 2018; Mano et al., 2009; Mao & Carrillo, 2016; 
Navratil et al., 2011). On the other hand, despite some variability, the relationship between suspended load 
and bed mobility, inferred through the Tu–Pb relationship, is much more stable through time. This rela-
tionship is similar for 2018 and 2019 and nearly linear in the log–log space (Tu∼ 0.7

bP , blue line in Figure 3), 
which is consistent with previous observations by Cook et al. (2018). Consequently, during this period, the 
seismic signal appears to provide a better means to predict turbidity than the liquid discharge. We obtain 
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Figure 3.  Relations between turbidity (Tu), flow rate (Q), and seismic power at 50 Hz (Pb) during the 2018 and 2019 seasons for both the melting period (April–
late June) and the summer period (July–October). A partitioning between bed-related suspended load (  35 2.2

bTu 10 P ) and a hillslope-related suspended load (
 35 2.2

bTu 10 P ) is derived for the Tu–Pb plots. The blue lines for Tu–Pb plots during the melting periods correspond to the power law fitted between these two 
variables considering 2018 and 2019 together. Spearman correlation coefficients are indicated at the top left of each plot. Point color is a function of time.
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spearman correlation coefficients of 0.75 for 2018 and 0.77 for 2019 (Tu–Pb) and 0.52 for 2018 and 0.64 for 
2019 (Tu–Q). In contrast, measurements during the summer storm period show a markedly different be-
havior. Both the Tu–Q and Tu–Pb relationships are highly variable through time and weak correlations exist 
between these signals, with spearman correlation coefficients of 0.62 for 2018 and 0.35 for 2019 (Tu–Pb) and 
of 0.5 for 2018 and 0.41 for 2019 (Tu–Q).

These two types of behaviors corresponding to Tu being well correlated with Pb during snowmelt and weak-
ly correlated with Pb during summer can be well distinguished in the Tu–Pb relationship by using the func-
tion  35 2.2

bTu 10 P  (black line in Figure 3), obtained with a discriminant analysis (mathematical optimiza-
tion of the separation line between the two groups by using the R-package MASS). On the contrary, it is not 
possible to split the Tu–Q data with such a simple threshold function. We interpret these two different types 
of behavior as the result of different processes supplying fine particles to the flow. Tu coevolving with Pb at 
high Pb-values (Pb > 10-15 and Tu < 1035 2.2

bP ) is consistent with the supply of fine particles being mainly con-
trolled by the river bed, as was demonstrated by Misset, Recking, Legout, Valsangkar, et al. (2019). In con-
trast, the high variability of Tu when Pb is low (Pb < 10-15 and Tu > 1035 2.2

bP ) is interpreted as the supply of 
fine particles being mainly controlled by sources distinct from the river bed, which could correspond either 
to upstream tributaries or to hillslopes. We should stress that because we do not have SSC measurements 
during the July–October period we cannot conclude whether the higher turbidity for a given seismic power 
is solely due to a much higher SSC or to a significant decrease in the suspended sediment size. However, 
both possibilities support the above interpretation of two distinct sediment supply processes controlling fine 
sediment dynamics during the two periods. Our findings give further support that suspended load partition-
ing as proposed by Einstein et al. (1940) varies through time in such a system.

To explore the mechanisms behind the identified suspended sediment dynamics, we analyzed the hydro-
meteorological conditions corresponding to each period for 293 events characterized by a significant peak 
discharge and selected using an objective automatic procedure detailed in Misset, Recking, Legout, Poirel, 
et al. (2019). Results indicate that the events in the snowmelt period, which mainly correspond to bed-re-
lated suspended load, are characterized by a relatively lower air temperature, a higher average flow rate, 
a much higher snow cover, and a lower turbidity–seismic ratio (Figure 4). On the contrary, the events in 
the summer period, which mainly correspond to a hillslope-related suspended load, are characterized by a 
relatively higher air temperature, a lower average flow rate, a much lower snow cover, and a higher turbidi-
ty–seismic ratio. Both periods have similar maximum rain intensity distributions (no statistical differences), 
but further analysis shows that 75% of the significant turbidity peaks (i.e., Tu > 500 FNU) occurred during 
the summer periods and that these peaks correspond to high rain intensity (see supplementary information 
S16 for more details). This analysis of the hydrometeorological conditions is consistent with the partitioning 
into two production mechanisms indicated by turbidity and seismic data. On one hand, river bed produc-
tion, that is, the release of fine subsurface material due to the surface armor layer disturbance is likely to 
govern suspension for high flow rates when the catchment slopes are protected by the snow. On the other 
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Figure 4.  Hydrometeorological conditions corresponding to the two different hydrological periods for the 293 events of the 2018–2019 survey period. Note: The 
snowmelt period mainly corresponds to bed-related suspended load while the summer period mainly corresponds to a hillslope-related suspended load. pvalues of 
nonparametric Mann–Whitney tests comparing the statistical distributions of both periods are indicated.
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hand, hillslope production is likely to govern the transport of suspended particles when the river bed mobi-
lization is limited and when the slopes are not protected by snow.

4.  Discussion and Conclusion
This study illustrates the synergy that arises when combining novel seismic measurements and commonly 
used turbidity measurements. The monitoring approach developed here may be easily applied in remote 
environments over long time scales, allowing transport interactions between fine and coarse sediments 
to be efficiently tracked at high temporal resolution. This observation can be used to detect the activation 
of sediment sources and improve our understanding of sediment transport processes. We further stress 
that, more than being a bedload flux proxy as commonly considered in the literature (Bakker et al., 2020; 
Burtin et al., 2011; Tsai et al., 2012), seismic observations are a relevant mean to study the general river bed 
mobility.

We demonstrate that combined turbidity and seismic measurements allow studying suspended load par-
titioning between bed-related suspension (bed-material suspended load) and hillslope-related suspension 
(wash load). Our observations show that the degree of river bed mobility controls the release of fine parti-
cles during high flow periods, a mechanism often neglected when studying suspended load while widely 
accepted when studying bedload transport (Lenzi et al., 1999; Pitlick et al., 2008; Recking, 2013). The ob-
served suspension-gravel bed interactions are consistent with several flume and scarce field results. Previ-
ous studies show that fine particles infiltrate in the gravel matrix even for very low Rouse numbers and stay 
in the subsurface until the surface coarse bed particles are mobilized (Diplas, 1994; Frostick et al., 1984; Kr-
ishnappan & Engel, 2006), so that a relationship between suspended load and bedload is observed in gravel 
bedded streams (Meunier et al., 2006; Misset, Recking, Legout, Valsangkar, et al., 2019; Misset, Recking, 
Navratil, et al., 2019; Park & Hunt, 2017; Turowski et al., 2010). Also, in addition to the strong relationship 
between turbidity and seismicity, a weak relationship during the summer periods, when most high turbidity 
peaks occur, provides an indication of the origin of suspended sediment (bed related vs. hillslope related). 
During convective storms in this period, fine sediment may be rapidly delivered to the river by debris flows 
(Pavlova et al., 2014) or due to rainfall-runoff processes (erosion of marls and Schists in our case) (Navratil 
et al., 2012).

Finally, our observations show that the provenance of fine sediment changes concomitantly with the snow 
cover, suggesting a strong control of snow on suspended load dynamics in Alpine environments, as also 
suggested in other recent studies (Comiti et al., 2019; Costa et al., 2018). We postulate that, due to a decrease 
in snow cover area and duration under climate warming, a shift in sediment origin is expected in the near 
future in such environments, with an increase in fine sediment delivery from hillslopes.

Data Availability Statement
Data supporting the content of this paper will be available in a Mendeley data repository (http://dx.doi.
org/10.17632/nxvhnjmg8j.1). More details can also be obtained by contacting C. Misset or A. Recking.
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