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Abstract:

The vertical position of the streambed-water boundary fluctuates during
the course of sediment transport episodes, due to particle
entrainment/deposition and bedform migration, amongst other hydraulic
and bedload mechanisms. These vertical oscillations define a topmost
stratum of the streambed i.e. the ‘active layer or active depth’, which
usually represents the main source of particles entrained during long and
high-magnitude bedload transport episodes. The vertical extent of this
layer is hence a capital parameter for the quantification of bedload
volumes and a major driver of stream ecology in gravel-bed rivers.
However, knowledge on how the active depth scales to flow strength and
the nature of the different controls on the relation between the flow
strength and the active depth is still scarce. In this paper we present a
meta-analysis over active depth data coming from ~130 transport
episodes extracted from a series of published field studies. We also
incorporate our own field data for the rivers Ebro and Muga
(unpublished), both in the Iberian Peninsula. We explore the database
searching for the influence of flow strength, grain-size, streambed
mobility, and channel morphology on the vertical extent of the active
layer. A multivariate statistical analysis (stepwise multiple regression)
confirms that the set of selected variables explains a significant amount
of variance in the compiled variables. The analysis shows a positive
scaling between active depth and flow strength. We have also identified
some links between the active depth and particle travel distances.
However, these relations are also largely modulated by other fluvial
drivers, such as the grain-size of the bed surface and the dominant
channel macro-bedforms, with remarkable differences between plane-
bed, step-pool and riffle-pool channels.
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Abstract

The vertical position of the streambed-water boundary fluctuates during the
course of sediment transport episodes, due to particle entrainment/deposition
and bedform migration, amongst other hydraulic and bedload mechanisms.
These vertical oscillations define a topmost stratum of the streambed i.e. the
‘active layer or active depth’, which usually represents the main source of
particles entrained during long and high-magnitude bedload transport episodes.
The vertical extent of this layer is hence a capital parameter for the quantification
of bedload volumes and a major driver of stream ecology in gravel-bed rivers.
However, knowledge on how the active depth scales to flow strength and the
nature of the different controls on the relation between the flow strength and the
active depth is still scarce. In this paper we present a meta-analysis over active
depth data coming from ~130 transport episodes extracted from a series of
published field studies. We also incorporate our own field data for the rivers Ebro
and Muga (unpublished), both in the Iberian Peninsula. We explore the database
searching for the influence of flow strength, grain-size, streambed mobility, and
channel morphology on the vertical extent of the active layer. A multivariate
statistical analysis (stepwise multiple regression) confirms that the set of selected
variables explains a significant amount of variance in the compiled variables. The
analysis shows a positive scaling between active depth and flow strength. We
have also identified some links between the active depth and particle travel
distances. However, these relations are also largely modulated by other fluvial
drivers, such as the grain-size of the bed surface and the dominant channel
macro-bedforms, with remarkable differences between plane-bed, step-pool and

riffle-pool channels.

http://mc.manuscriptcentral.com/esp

Page 8 of 127



Page 9 of 127 Earth Surface Processes and Landforms

43  Keywords: active layer, active depth, bedload, particle entrainment, bed scour,

44  flow strength, grain-size, river morphology.

http://mc.manuscriptcentral.com/esp



45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

Earth Surface Processes and Landforms

1. Introduction

Bedload transport is a major physical process in gravel-bed rivers, insofar as
bedload is behind the mechanisms governing river geometry and channel
morphodynamics (Parker, 2004; Church, 2006). Bedload also influences the
distribution and dynamics of the physical habitat for aquatic organisms and biotic
communities (e.g. Gibbins et al., 2007; Rice et al., 2012). Therefore, bedload
studies had been unavoidable for a list of scientific and applied questions, which
include river engineering (e.g. Kondolf and Wilcock, 1996; Batalla and Vericat,
2009; Kondolf et al., 2014; Liedermann et al., 2018), river restoration (e.g. Dépret
et al., 2019; Staentzel et al., 2020), fluvial ecology (e.g. Kondolf and Wolman,
1993; Gibbins et al., 2007; Tena et al., 2013; Haschenburger, 2017; Béjar et al.,
2020), and channel evolution (e.g. Liébault and Piégay, 2002; Comiti et al., 2011;
Liebault et al., 2013; Vazquez-Tarrio et al., 2019), amongst others.

Bedload is governed by the direct entrainment and deposition of sediment
particles from and into the riverbed (Shields, 1936; Parker, 2008; Pahtz and
Duran, 2016). Both mechanisms participate in the stochastic exchange of
particles between the streambed surface and the flow that defines bedload.
Consequently, the boundary between the riverbed and the flow vertically
fluctuates over time and space, as long as entrainment and deposition of
sediment particles produce an increase and a decrease in the elevation of the
alluvial streambed (Haschenburger, 1999; Pierce and Hassan, 2020). Vertical
fluctuations in the water-streambed boundary hence define the upper and lower
edges for the topmost part of the bed material that is more actively involved in
sediment transport, which constitutes the source from where mobile particles are

entrained. This topmost layer of the streambed has been often referred to as
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Earth Surface Processes and Landforms

‘active layer or disturbance depth’ (e.g. Haschenburger, 1999; DeVries, 2002;
Church and Haschenburger, 2017; Hassan and Bradley, 2017; Ashmore and
Leduc, 2018).

Sediment transport literature offers two main ways of understanding the
significance and dynamics of the active layer (Church and Haschenburger, 2017;
Ashmore and Leduc, 2018). The first approach defines the active layer as an
interface (or boundary) of continual particle exchange between the bed material
and the bedload (Hirano, 1972; Parker and Sutherland, 1990). This dynamic
concept is that commonly employed in sediment transport and morphodynamical
modelling and, very often, it is labelled as the ‘Hirano’s exchange layer’ (e.g.
Parker, 2004). The second approach offers a more geomorphological
conceptualization, and refers to the topmost stratum of streambed sediment that
is strongly disturbed (by scour and fill) during a bedload transport event, or during
the migration of bedforms such as dunes or gravel sheets (Ashmore and Leduc,
2018). Both approximations are somewhat equivalent, but they differ in the spatial
and time scale they address. Hereinafter, we will refer to the concept of ‘event-
based’ active thickness as active layer, i.e. the topmost layer of streambed
material that is actively implicated during a bedload transport episode, and from
which clasts are entrained and deposited (Church and Haschenburger, 2017).
The thickness or the depth of the active layer is one major dimension of the
bedload volumes, together with particle travel distances, active channel width and
the fraction of mobile particles (Wilcock and McArdell, 1997; Haschenburger and
Church, 1998; Liébault and Laronne, 2008). Thus, it is important in order to
understand and quantify how bedload volumes evolve with flow strength. Even

so, there are some contradictory field observations i.e. those that report that
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active depth evolves with flow strength (Carling, 1998; Wilcock et al., 1996;
Haschenburger, 1999), whereas there are others that suggest that its thickness
is mostly controlled by the size of the bed grains (DeVries, 2002; Bigelow, 2005).
In this regard, the role of surface grain-size appears to be crucial, so that coarser
streambeds may be associated with thicker active layers at high flows through
scaling the depth caused by particle entrainment (e.g. DeVries et al., 2002).
However, gravel-bed rivers are often armoured, which means that the surface
layer is coarser than the underlying substrate (Gomez, 1983; Parker and
Sutherland, 1990; Richards et al., 1991; Vericat et al., 2006; Hassan et al., 2006;
Venditti et al., 2017; Vazquez-Tarrio et al., 2020). At this stage, larger grains
prevent entrainment, increasing the chances of sediment by-pass and decreasing
the amount of vertical mixing during bedload (e.g. Gomez, 1983). In the same
vein, flume experiments by Wilcock and McArdell (1997) documented how active
depth increases with flow strength until approaching an upper limit of twice the
thickness of the surface coarser layer at full mobility conditions. This somewhat
supports the idea that active depth scales eminently with flow strength at low flow
conditions, and with surface grain-size at high flow conditions. Hence, the relative
mobility of the armour layer may potentially explain differences between different
sites in whether the active depth scales to flow strength or (and) to grain-size.

Moreover, sharp contrasts in cross-sectional shear stress distributions, diverse
paths of flow and sediment conveyances, and different patterns in grain-size
sorting feature distinct channel morphologies (e.g. Beechie, 1991; Ferguson,
2003; Pyrce and Ashmore, 2005; Francalanci et al., 2012; Recking et al., 2016;
Vazquez-Tarrio et al., 2019, Vazquez-Tarrio and Batalla, 2019). Consequently,

macro-bedforms can influence the spatial distribution of particle entrainment and
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the cross-sectional extent of mobile/non-mobile sediment patches (Laronne et
al., 2001; Garcia et al. 2007; Nelson et al., 2009). Thus, a given dominant channel
morphology may also exert a significant and non-negligible control on the way
active layer evolve with flow strength, by modulating the functional links between
both physical parameters. This is particularly relevant when the study is one-
dimensional and solely based on section averaged values of flow metrics and
active thickness, a common approach in bedload computation (e.g. Ferguson,
2003; Recking, 2013).

Nonetheless, uncertainties on how active depth scales to flow strength remain.
To the best of our knowledge, the work done by Haschenburger (1999)
represents the only attempt to develop a quantitative general model of scour and
fill depths and, apart from Bigelow (2005), no systematic validation has been tried
since then. Within this context, in this paper we seek to explore the links between
the depth or thickness of the active layer and flow discharge in relation to flow
stages (i.e. bankfull) in gravel-bed rivers. To that end, we compiled a database of
previous studies focused on the study of active depths in the field obtained by
scour chains and tagged stones in coarse-bed rivers. This large amount of data
helps to empirically explore the links between section-averaged flow parameters
and event-averaged active layer depths, hence accomplishing a systematic
analysis of the different sources of variance in the compiled field data. The main
goal is thus to shed light on the controls on active depth in gravel-bed rivers.
Accordingly, the three specific objectives of this work are: i. to outline how flow
strength and armour mobility control active thickness or depth in gravel-bed

rivers; ii. to identify potential morphological signatures in the functional links
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144  between flow strength and active depth; and iii. to quantify the weight of those
145  variables, if significant, in controlling the active depth.

146

147 2. Material and methods

148  2.1. Data compilation

149  This research is based on a compilation of datasets on the thickness of the active
150 layer obtained from published field studies. The dataset is made up of results
151 extracted from 10 tracer studies in 31 streams and comprises information from
152 129 transport events (Table 1). In many of the study cases, data on the depth of
153 the active layer were obtained from scour chains. In other cases, active depth
154 information was obtained from the mean burial depth of tagged stones deployed
155  onthe streambed. In one of the studies (Brousse et al., 2018), active depths were
156  obtained from active-RFID columns, used as an alternative to classical scour
157 chains. In one last study (Schneider et al., 2014), authors made an indirect
158  estimation of event-averaged active depths based on the bed material volumes
159 retained in a sediment trap and the travel distances of tagged stones.
160  Additionally, we incorporated into the analysis our own unpublished dataset from
161 33 transport episodes monitored in the Rivers Muga and Ebro. A detailed
162  description of the Rivers Ebro and Muga can be found in the supplementary files
163  (Document 1) included in the present manuscript, but some general information
164  of these two study cases is also presented here below:

165 i) The Muga is a 758 km? catchment located in the NE of the Iberian Peninsula.
166  Riverbed mobility was monitored in an unregulated gravel-bedded reach with a
167 mean slope of 0.008 located in the upper part of the catchment from October

168 2013 to April 2015. Surface Grain Size Distributions (GSD) were obtained in

http://mc.manuscriptcentral.com/esp
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exposed bars using the pebble count method (Wolman, 1954). A total of 842
particles were measured in two sampling campaigns. Subsurface material was
sampled once following the volume-by-weight method (Church et al., 1987), in
three different bar locations. Particle travel length was measured from two
painted areas located at the head of an exposed river bar, and from 50 RFID-
tagged particles placed in the mainstem river. The depth of the active layer was
measured by means of four scour chains also installed at the head of the bar.
Overall, six flood episodes were monitored, and riverbed mobility was observed
in five of them. For more information on sediment transport studies in the Muga
see Piqué et al. (2017).

i) The River Ebro drains an area of ca. 85,000 km? in the NE of the Iberian
Peninsula. Riverbed dynamics were studied from October 2002 to September
2004 at ten study sites in the lowermost part of the river, below two large dams.
The mean slope of the study reach is 0.00085. Riverbed materials were
characterised on three occasions. Surface GSD was measured in open gravel
bars by means of the pebble count method (Wolman, 1954) and the area-by-
weight method (Kellerhals and Bray, 1971). Subsurface materials were measured
in each study site by the volume-by-weight method (Church et al., 1987). When
an armour layer was not present, surface and subsurface material were sampled
together, as a bulk sample, using the volumetric method. Particle size varied
greatly between sites and over time. Particle travel length was measured by
means of painted areas and painted pebble lines at the ten study sites and,
additionally, with magnetic tracers in two of the sites. The thickness of the active
layer was measured using two different methods: differences in the exposed

length of installed scour chains and metallic rods, and the burial of magnetic-
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tagged particles. Riverbed mobility was observed on four occasions during the
study period (i.e. high flows between floods often hampered fieldwork in bars).
For more information on bed-material and entrainment in the Ebro see Vericat et
al., 2006 and Vericat et al., 2008, respectively.

The final database is made up of active depth data for a total number of 171
transport episodes in 33 rivers from eight countries (Belgium, Canada, France,
Great Britain, Italy, Spain, Switzerland, and USA) with a wide range of slopes
(ranging over 0.0009 to 0.15) and channel widths (spanning from 2 to 250 m).
Data also cover several hydrological regimes (rainfall-dominated, snowmelt
dominated, and glacial-fed). With regard to channel morphology, 78% of data
correspond to riffle-pool channels (7 studies, 26 rivers), 24% to step-pool (2
studies, 3 streams), 9% to plane-bed streams (2 studies, 2 streams) and 3% to
multi-thread rivers (1 study, 2 rivers). In terms of the methods used to measure
the active depth in the field, 44% of points correspond to scour chains/scour
monitors (6 studies, 22 rivers), 42% to average tracer burial (6 studies, 9 rivers),
11% points come from an indirect estimation of active depth (1 study, 2 streams),
and 3% of points were obtained from using (buried) active RFID columns (1 study,
2 streams). Thus, the database comprises a wide diversity of channel
morphologies and experimental conditions, incorporating all the field data that we
could identify in the scientific literature concerning active depths in gravel-bed
rivers.

2.2. Data analysis

2.2.1. Data preparation

Information on GSD, event-averaged (tracer) travel length and (tracer) burial

depth, event averaged scour-and-fill thicknesses from scour chains and peak
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discharge (Q) for each study case were compiled and grouped according to the
main channel morphology i.e. step-pool (SP), riffle-pool (RP), plane-bed (PB) and
multi-thread (MT), following Montgomery and Buffington (1997) classification.
The ratio between peak Q for the transport episode and the bankfull Q
(hereinafter called dimensionless flow intensity) was designated as the
dimensionless flow parameter used to characterize and quantify flow strength.
Due to the difficulty to define the bankfull discharge in the two braided/wandering
study cases (Rivers Drac and Vénéon), we took the ~1-year return-period flood
as reference discharge in these two cases. There are three advantages of using
the dimensionless flow intensity as flow parameter: i. Q is the flow descriptor most
widely reported in the compiled papers, so this ratio is easy to compute; ii. the
bankfull Q is commonly considered as the dominant channel-forming discharge
and it has been traditionally associated to 1.5-2 year return period flood (Leopold
et al., 1964), although the exact recurrence of the bankfull flow differs with the
hydroclimatic setting and the use of partial vs full duration series (Van Campehout
et al., 2020); and iii. the bankfull Q has been consistently related to a near-
threshold discharge for bed sediment movement in gravel-bed rivers (e.g. Phillips
and Jerolmack, 2019). Hence this ratio provides at the same time an idea of flow
magnitude, frequency and strength.

Additionally, bedload transport in gravel bed rivers is largely controlled by the
relative mobility of the streambed surface, which is often armoured (Vazquez-
Tarrio et al., 2020). Thus, we could expect some covariation between the relative
mobility of the streambed surface and the depth of the active layer. In principle,
we can imagine that bed surface mobility is driven by the entrainment of the

coarser particles in the streambed (MacKenzie and Eaton, 2017; MacKenzie et

http://mc.manuscriptcentral.com/esp



244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

Earth Surface Processes and Landforms

al., 2018), so the ratio between the peak shear stress (1) and the critical threshold
stress (1) (transport stage ratio) for incipient motion of coarse bed particles may
provide an idea of bed surface mobility. We considered a value of the computed
transport stage equal to 1 as an approximation to a situation when the coarse
clasts in the riverbed start to be entrained and the bed surface becomes to
destabilize; values <1 may represent stable riverbeds with intact or quasi-intact
armour layers, whereas values >1 approximate transport events capable of
incorporating the coarser particles within the riverbed, thus breaking the surface
layer.

Due to limitations in the data available within the compiled papers (usually only
Q and an average bankfull width), it was not possible to know the true 1 for each
study case, so we were obliged to approach it through hydraulic computations
based on the available information. We used the peak Q information and the
Rickenmann and Recking (2011) friction equation to estimate peak 1. To estimate
the value of the critical Shields parameter (17) for the 84t percentile (Dg4) and the
median size (Dsp) of the surface grain-size distribution we used the slope-
dependant relation proposed by Recking (2009). More details on how we
estimated these ratios from a range of Q can be found in the appendix of the
manuscript. Limitations inherent to this approach should be kept in mind. Shear
stress show a large variability within the same channel, both in time and space
(Ferguson, 2003; Recking, 2013; Francalanci et al., 2012; Recking et al., 2016).
Thus, rather than the actual absolute transport stages, our estimations should be
considered as relative transport stages for comparing between streams.

In the analysis, we have also normalized the active depths by the D5y of the

surface grain-size distribution with the aim of establishing the active depth scaling
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caused by particle entrainment. On this point, it is true that the active layer, in
general, has historically been described in terms of the Dgy. For instance, it is a
common assumption that the active depth is ~ 2 Dy, in gravel-bed rivers (e.g.
Andrews and Erdman, 1986; Wilcock et al., 1996; Haschenburger and Church,
1998). However, the value of the Dgy was not available for all the selected study
cases, but the Dsp was. This is the main reason why we finally decided to use the
Dso as scaling parameter. Nevertheless, in order to have an idea on how the
active depth scales to the coarser particles of the streambed, we have also
normalized the active depth by the Dg,(value available for almost all the selected

study cases) and added this analysis as supplementary materials (Document 2).

2.2.2. Statistical analysis

As pointed out above, the main aim was to analyse the dataset to seek empirical
relations between active depths, flow strength/intensity and channel morphology.
To do this, we searched for the best power regression fit between event-averaged
active depths and several flow metrics. We also used quantile regression analysis
in order to define the upper and lower envelopes of the data as well as the

probability of a given active depth occurring under a certain flow Q.

Simple regressions allowed to discriminate and discuss which parameters played
a role driving active depths in gravel-bed rivers. However, we were also interested
in quantifying the influence of the different parameters relative to the others.
Consequently, a statistical test combining all the different variables together was
performed. Our main aim was identifying which physical parameter (or subset of

parameters) is the dominant one in explaining the variability in active-depth in the
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compiled database. To do so, we used stepwise multiple linear regression on the

selected variables. We started by testing the following model:

1ogH=A+a-log(;)+b-logDSO+c-zog(Q%) +d-dRP +e-dSP+e-dBR + f - dTR + g - dSCR Eq. 1

where H is the active depth, Quris the bankfull discharge, 7" is the estimated peak
Shields stress, 1. is the critical Shields stress for incipient sediment motion, A is
the model intercept and a, b, ¢, d, e, f and g are empirical coefficients. To
incorporate channel morphology into the regression analysis, we defined a set of
three dummy variables (dRP, dSP and dBR) that take the value 1 in case of RP,
SP and BR rivers, respectively, and 0 in the other cases, i.e. the three are 0 in
case of flatbed channels with no macroforms (PB streams). Similarly, we defined
two other dummy variables (dTR and dSCR) taking a value of 1 in case of tracer
data and scour-chain (and active RFID columns), respectively, and 0 in case of
other conditions. We decided to take logarithms for some of these variables,
accounting for the large range of variability spanned by these variables within the
raw data. The Variance Inflation Factor (VIF) was computed to assess how much
the variance of R?in the model is inflated due to collinearity between the predictor
variables, using as a rule of thumb that a value of VIF is acceptable if it is less
than 10 (James et al. 2014). Lastly, with the aim of assessing the relative size of
each one of the independent variables, we used the method proposed by
Lindeman et al. (1980) (LMG metrics), which assigns shares of the relative weight
of predictors to R?, while also accounting for the sequence of how predictors

appears in the regression model.

3. Results and discussion

3.1. Active layer and flow strength
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Results show a statistically significant (p-value < 0.001) positive correlation
between flow strength and event averaged active depth (Figure 1). Other authors
also found positive trends between the depth of the active layer and flow metrics.
For instance, Gottesfeld et al. (2004) observed that burial depth of tagged stones
increased with Q; Houbrechts et al. (2012) showed that the depth of the active
layer was positively correlated to the specific (peak) stream power (w) of the flow
event; Mao et al. (2016) found a positive relation between the dimensionless 1
and the thickness of the active layer, though data showed considerable scatter
(up to one order of magnitude at certain shear stress values); and Brousse et al.
(2018) also documented some kind of increase in the active depth with increasing
Q. However, other authors did not find a clear trend between active layer depth
and increasing Shields stress (De Vries, 2002). Papangelakis (2015) and
Papangelakis and Hassan (2016) observed no relation between flow and burial
in East Creek and indicated grain-size as the main control on burial. In this regard,
according to the quantile regression analysis, the performance of the regression
model is better when using active depths normalized by surface grain-size:
roughly 90% of data spans over a range of one order of magnitude around the
mean regression line, while ~70% of data does so in the case of non-normalized
active depths. This suggests that data scatter reduces when normalizing active
depth by surface D5y and highlights the role of surface particle size on the vertical
extent of the active layer. Moreover, Wilcock et al. (1996) and Haschenburger
and Church (1998) reported how the thickness of the active layer increases
asymptotically with Q until approaching a limiting value of ~1.7-2 Dg,, which is
coherent with results obtained by Wilcock and McArdell (1997) in the flume. Our

results do not show such limiting value, but quantile regression analysis indicates
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that the different quantile curves tend to converge at high flow intensities (Figure
1A). In addition, when active depths are normalized by Ds,, the 95-quantile
curve and the mean regression curve tend to concentrate in a short range of 2-4
times the D5 at very high flows (Figure 1B). In summary, our results point to the
importance that both the flow strength and the surface grain-size have on
controlling the depth of the active layer. Results also show that active depth
(normalized by surface grain-size) increases with flow strength, despite the
important scatter displayed by the compiled data. In the following sections, we
explore the potential sources for such variance.

3.2. Active layer and sampling method

Some of the observed scatter in Figure 1 can be related to methodological
aspects. Differences between methods used to measure the thickness of the
active layer may introduce scatter and may bias the observed trends. In this study
we treat data from scour chains and tracer burial information together. We are
aware, however, that tracers need to experience some flows of a certain
magnitude before they are representatively mixed throughout the entire
potentially movable bed layer, and this normally requires 5 to 7 years after they
are deployed (Ferguson et al., 2002). Tracer data compiled for the purpose of
this work come, in general, from studies with shorter times of deployment (Table
1), and this is likely to introduce a degree of bias, i.e. tracer depths are expected
to be smaller than in well-mixed conditions. In addition, scour chains (and similar
scour indicators) provide net scour and fill depth observations at a fixed location,
thus delineating the maximum extent of the active layer (Laronne et al., 1994;
Haschenburger and Church, 1998). Nonetheless, burial depths associated with

deposited tracers indicate the net fill since the time of deployment
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(Haschenburger and Church, 1998). Therefore, these methods may provide
different estimates and all of them are considered isolated observations, i.e. do
not represent a cross-section average value. The detection range of tracking
devices (e.g. iron detectors, RFID-antenna) is in many cases of 0.5 to 1 m, which
may establish an upper boundary of the fill depths that can be recorded from
tracer burial. Nonetheless, it is true that the insertion depth of scour chains is
often ~1 m (Table 1), hence both methods show a comparable limit of the
maximum scour depth they can provide. Additionally, it should be noticed that the
use of tracers and scour chains to approach the active thickness is limited by the
tracer size (usually larger than ~20 mm) and the length of the scour chain links.
This may underestimate the importance of finer particles such as the sand and

small gravel on river’s load.

In order to explore the potential influence of the sampling strategy in the active
depth measurements, we compared the data grouped in relation to the method
employed to estimate the active layer (Figures 1 and 2). Figure 1 shows
comparable trends in the relationship between flow strength and active depth.
Even so, it is worth mentioning that the number of observations per method is not
the same, which may affect the observed trends. Even though flow intensity is
very variable, no large differences between methods are observed (i.e.
differences between median values are minimum in Figure 2A). Conversely,
some differences are observed in terms of the active depth between the different
methods, i.e. data from indirect estimations and active RFID columns report
overall larger active depths with equivalent (or even lower) flow intensities (Figure
2B). The differences are statistically significant at a 95% confidence level

(Welch’s t-test, p-value <0.05) between the RFID columns and the rest of

http://mc.manuscriptcentral.com/esp



393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

Earth Surface Processes and Landforms

methods, but not amongst the scour chain, tracer burial and indirect estimations.
In principle, this may suggest some effect of the sampling methods on the active
depth observations. However, the different groups of data are not well balanced
in terms of dominant channel morphology (Table 1). Active depth data from tracer
burial and scour chains correspond mainly to riffle-pool rivers while data from
indirect estimations come from step-pool streams (Erlenbach, Rio Cordon;
Schneider et al., 2014), and data from active RFID column come from a single
study in two highly dynamic braided alpine rivers (Drac and Vénéon, French Alps;
Brousse et al., 2018). Consequently, thicker active depths observed in active
RFID data may reflect higher active depths in braiding morphologies rather than
a methodological bias. Similarly, the different slope in data trends observed
between active depth and flow strength from indirect estimations (Figure 1) could
also point to different behaviour in step-pools compared to other morphologies,

rather than a methodological issue.

In addition to the uncertainties given by the method used to measure the active
layer, the way in which flow metrics are estimated may also be relevant. For
example, we have linked active depth to flow metrics estimated based on the
peak Q; however, active depth might better relate to time-integrated flow metrics,
as happens with travel lengths of tagged stones (Haschenburger, 2013; Phillips

and Jerolmack, 2014; Schneider et al., 2014; Papangelakis and Hassan, 2016).

Unfortunately, the general lack of data on cumulated streamflow in the compiled
papers do not allow us to explore in depth this question for the complete dataset.
Nevertheless, some of the selected studies do provide time-integrated flow
metrics, which allowed us to estimate the cumulated streamflow over the critical

discharge for a few case studies (Figure 3A).
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We observe a large scatter between the different streams when using the time-
integrated flow metrics (R? is 0.36 when using the peak discharge, while in case
of cumulated discharge R?is 0.12), which contrasts with the tendency of the data
to converge into a common trend when using the peak flow intensity (compare
figure 3A to 3B). Even though a good positive covariation could be observed
between cumulated competent flow and active depth at the scale of each single
study case, the peak Q appears as a more adequate metric when describing the
overall trends in active depths in the compiled data as a whole. In truth, we could
expect active depths to be related to competent sizes, through the scaling
between active thickness and particle entrainment. That said, a clast of a given
size would not move until the value of its entrainment 7 is reached, independently
of the flow duration. In this regard, Hassan et al. (1992) also reported how the
virtual velocity of travel was better correlated to the first peak of the flow event
rather than to the total time for which the flow is larger than that needed to initiate
clast movement. Hence, the larger competent particle-size during floods should
be more driven by the attained peaks of discharge, rather than by the total
competent flow duration; the latter being more influent on other aspects such as

bulk bedload volumes or particle transport distances.

3.3. Active layer and channel morphology

Data were grouped according to channel morphology (PB: plane-bed, RP: riffle-
pool, SP: step-pool and MT: multi-thread) in order to then re-analyse how the
active depth correlates with flow strength. We applied an ANCOVA test and we
observed some statistically significant effects (p-value<0.05) of channel
morphology on the regression between active depth and flow intensity. In this

regard, several trends according to dominant channel morphology were identified
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(Figure 4A, 4B and Table 2). PB and RP show comparable scaling between active
depth and flow metrics, whereas SP values tend to plot above the other
morphologies, altogether suggesting that active layer tends to be thicker in SP
than in RP and PB streams for equivalent flow strengths, especially in floods
larger than bankfull discharge. Furthermore, SP streams scale steeper with flow
strength, indicating a larger difference between low flow and high flow episodes
in terms of active depth compared to RP and PB. The differences between MT,
RP/PB and SP are statistically significant at 95% confidence level, but not the
differences between PB and RP (Student’'s-Newman-Keuls posthoc test).
Despite scarce data from MT streams, they tend to plot closer to the upper
envelope of data and above RP and PB. It is also worth noting that at relatively
low flow intensities, observations from the different channel morphologies tend to
converge, while at higher flow intensities SP and RP display clearly separated
trends.

Different geomorphological processes controlling active layer depth in gravel-bed
rivers have been described (e.g. Bigelow, 2005), which include uniform
entrainment of the armour layer during bedload transport (Wilcock et al., 1996;
DeVries, 2002), localized scour and fill caused by secondary flows around
boulders and obstructions (Lisle, 1986; Rennie and Millar, 2000), stage-
dependent variations of 1 in pools and riffles (Keller, 1971; Lisle, 1979), bedform
and gravel sheet migration that cause net aggradation or degradation over one
or a few events (DeVries et al., 2002), and large-scale channel aggradation and
or degradation (Grifits, 1979; Madej and Ozaki, 1996). The relative influence of
these factors can vary between sites and settings (Bigelow, 2005) and this may

help to explain the different trends reported here. The SP configuration is defined
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by an accumulation of jammed cobbles and boulders that are transverse or
oblique to the channel (Zimmerman and Church, 2001), alternating with pools
containing finer materials. During low flow conditions, active layer depth should
be mainly controlled by the exportation and recharge of the relatively fine bed-
material (Piton et al., 2016; Piton and Recking, 2017) stocked in pools and around
large immobile boulders; then, a relatively thin active layer could be expected.
With high flow conditions, a breakup and rearranging of the SP structure could
otherwise be expected (Church and Zimmerman, 2007; Zimmerman et al., 2010),
thus a sudden increase in the depth of the active layer. This may explain larger
differences in active depth between low-flow and high-flow conditions in SP
streams and consequently, the steeper scaling between active depth and flow
intensity reported here. Additionally, this also explains the convergence of the
trends for low intensities. Conversely, in RP and PB streams, the thickness of the
active layer is hypothetically controlled mostly by the disorganization of the
streambed surface i.e. this may involve a more progressive increase in active
depth with flow strength, which may account for the gentler scaling observed with
flow strength. Also, grain-size tends to be coarser in SP than in RP and PB
channels, so this may explain why SP channels show an overall coarser active
layer than RP and PB streams. Finally, in the case of MT channels, the migration
of large gravel-sheet bodies might control active depths rather than grain
entrainment; this could be the reason for the relatively larger active depths
observed in MT channels in comparison to RP and PB channels. When the active
depth is normalized by median grain-size (Figure 4B), SP, PB and MT data plot
in the same area as RP observations. This again indicates some influence of

grain-size on the scaling of the active depth to flow strength, and shows that in
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SP rivers the D5y entrains with Q close to the bankfull, while larger flow intensities
are required for the PB and RP. Apart from this, the slope in SP is steeper (as
shown in Figure 4A), involving larger differences between low- and high-
magnitude flows in SP compared to RP/PB streams and illustrating again the

importance of channel configuration in the thickness of the active layer.

In this regard, the differences observed in the goodness-of-fit between the
different group of data could be also partially related to a different behaviour of
active layer according to channel morphology, although the differences in the
number of studies available for each group of data should not be disregarded:
available data is particularly low in case of MT and PB (5 and 9 points,
respectively). When active depths are normalized by D5y, the strength of the
correlation decreases in case of RP and PB channels, whereas we observe a
slight increase in SP streams; in case of PB, the correlation is even not
statistically significant when normalizing by D5, Perhaps in PB streams the cross-
sectional component of the bedload and the increase in the bed surface particles
recruited into the bedload is more important in controlling the extent of the active
layer, rather than the size of the bed particles in itself. On the other hand, in SP
channels, it could happen that the larger scale of protruding keystones and
boulders involve a more important control of grain-size on active depth compared
to RP and PB. Additionally, results from the simple regression analysis (Table 2)
show some moderate and significant positive power correlation between active
depth and flow intensity in case of RP, SP and PB channels, but not in case of
MT. In laterally unstable MT rivers, surface-exchange of particles could not be
the most important mechanism in driving active depth, but the changes in channel

form, as suggested by Ashmore and Leduc (2018). In this case, flow intensity
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would not be a relevant control of active depth in MT rivers, bust mostly flow
duration; this may help explain the poorer goodness-of-fit observed in this group

of data.
3.4. Active layer and bed surface (in)stability

Here we compared active depth to grain-size, accounting for differences in

streambed mobility and bed surface stability (Figure 5).

To characterize streambed mobility conditions, we used the ratio between the
computed 1 at the peak Q and 7. for inception of motion of the surface Dgy, (i.e.
transport stage ratio), assuming that entrainment of the coarser particles in the
streambed drives bed surface destabilization. According to Wilcock and McArdell
(1993), bed surface mobility evolves from entrainment to full-mobility conditions
with the progressive increase in T from 1 to 2 times 1., with the transition from one
stage to the other being governed by the progressive increment in the fraction of
mobile particles (partial mobility). Then, we considered that a transport stage
equal to 1 defines a bed-averaged threshold between stability and entrainment,
whereas a transport stage equal to 2 defines an average threshold between
partial- and full-mobility conditions within the compiled data, following Wilcock
and McArdell (1993) and MacKenzie et al. (2018). The comparison shows a
conspicuous difference between those transport events with more ability to
destabilize the bed surface layer (7/7.>1) and the episodes where the coarse
grains would, in principle, remain static (7/7,"<1), i.e. the thickness of the active
layer tends to be greater than the D5, in the former, whereas it tends to be less
in the latter. Indeed, the active layer tends to approach 1 to 5 times the Dsp when
transport stages are between 1 and 2, and tends to be finer than the D5, when

transport stages are below 1 (no bed surface destabilization). Differences are
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statistically significant at a 95% confidence level (one-way ANOVA, p-value <
0.05). This finding highlights the importance of coarser-grain entrainment and the
armour break-up in defining the depth of vertical exchanges during bedload. In
this regard, Houbrechts et al. (2012) reported relatively low thicknesses for the
active layer in comparison to other published values (e.g. DeVries, 2002; Lenzi
et al., 2006; Rovira and Kondolf, 2008). They attributed this to the flatness of the
schist pebbles present in their research, and to the consequent imbricated and
armoured bed surface. Similarly, Reid and Frostick (1984) and Church and
Hassan (2002) previously reported how particle arrangements could increase the
thresholds for incipient motion. More recently, Perret et al. (2020) have observed
similar trends in a flume. These previous field and flume observations are in the
same vein as the results reported here and outline the importance that bed
surface destabilization may have on the active layer depth, i.e. coarser
streambed surfaces prevents bed scouring and limits the depth of the active layer

for low flow intensities.

River morphologies also show differences when plotting the relation between
active depth and D5y and accounting for streambed mobility conditions. RP rivers
display along the whole range of D5, particle sizes, and also registered a wide
range of active depths. In fact, this morphology is the only one for which active
layer depth data is available for streams with relatively small D5, i.e. all river
reaches with Dsp < 40 mm display in the upper left part of the graph (Figure 5).
PB observations with transport stage ratios <1 show small values of active layer
thickness (< 80 mm) and also large D5, (> 60 mm). Conversely, PB observations
with transport stage ratios between 1 and 2 show very similar values of active

layer thickness and Dsy. Data for SP rivers correspond in all cases to rivers with
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Dso > 50 mm. When SP observations correspond to transport stage ratios where
the bed surface layer was destabilised (larger than 1), active depth is again
coarser than the D5y. However, when transport stages are lower than 1, the depth
of the active layer is close to the D5y, and thicker compared to PB and RP
observations. MT data have D5y between 35 and 80 mm and no clear trends are
observed between bed surface destabilization, active depth and grain-size. Data
for MT morphologies are scarce and they do not allow to further explore this
issue, but the dynamic and complex morphological patterns of MT channels
introduce a large cross-section variability, not adequately grasped with a section

averaged transport stage ratio.

Haschenburguer (1999) already related the average scour and fill depth of a
gravel bed reach to the streambed mobility quantified through the transport stage

ratio. This author proposed the following expression:

*
750

h=a-e ™ Eq. 2

where h is the average scour and fill depth (in mm), 7 is the Shields’ stress
(estimated for the Dsg), T is a reference threshold stress for incipient motion.
Haschenburger (1999) followed the common practice of using 0.045 as 7.
Concerning a and B, these are the empirical intercept and exponent, for which
this author proposed the values of 3 and 1.52, respectively. We compared the
compiled data with Haschenburger’s (1999) model (Figure 6). In general, RP and
PB data plot close to the curve defined by Eq. 2 (Figure 6A). Conversely, data
from SP fall well below the model estimation. Since Haschenburger (1999),
several authors have shown how the threshold stresses for the D5, in gravel-bed

rivers may vary with bed slope (example, Mueller et al., 2005; Lamb et al., 2008;
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Recking, 2009); with data tending to get closer and collapse around the curve
defined by Eq. 2 when using a slope-dependent threshold stress (Figure 6B)
(based on Recking, 2009). However, there are again differences between the
different channel morphologies (Table 3). Specifically, SP and MT data tend to
plot over RP. Differences are statistically significant at a 95% confidence level
between MT and SP/RP/PB, but not between SP, RP and PB (ANCOVA
Student’s-Newman-Keuls posthoc tests, p-value<0.05). In addition, comparison
between different shapes for the regression equations suggest that a power-law

provides a similar or slightly better description of active depths (Table 4).

The degree of correlation between the active depth and the transport stage
increases when active depth is normalized by surface D5y (Figure 6C). Again, this
fact highlights the influence of bed sediment size on the thickness of the active
layer. Differences between different morphologies persist: at low transport
stages, step-pool streams tend to show lower active depths than RP. However,
once the bed surface layer starts to destabilize (/1. >1), SP data tend to plot
in the upper envelope of RP values. Similarly, MT tend to show larger active
depths than the other channel configurations for equivalent transport stages. PB

data again display in the same zone as RP.

Moreover, it should not be neglected that some of the observed differences
between the different channel morphologies could be related to the way we
computed the transport stage ratios. First, we assumed a rectangular uniform
channel. We proceed like this because this was the only possible way to treat
homogeneously all the compiled data with the available information contained
within the original papers. However, as the irregularity of channel cross-sectional

geometries adds significant variation to hydraulic radius compared to rectangular
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cross-sections, this inevitably introduces bias (particularly in case of MT and RP
rivers with well-developed channel morphologies). Also, our estimations
represent section-averaged computations of transport stages. Therefore, it is
probable that 1D averaged 1 have different meaning in MT and RP streams
compared to SP and PB channels in terms of cross-sectional variability in T,
distributions (Recking et al., 2016). Despite this, the previous findings still
represent a good empirical confirmation on how the increase in mobility of the
bed sediment and the progressive recruitment of increasingly larger grains
controls the vertical extent of the active layer, despite the dominant channel
morphology largely nuancing the links between bed remobilization and active

depths.
3.5. Active depth and particle transport distances

The event-based bedload volume equals the dimensions of the active layer
(active width times depth) times the mean distance of transport of individual
particles (e.g. Haschenburger and Church, 1998; Liébault and Laronne, 2008).
Consequently, bedload accommodates increasing volumes with increasing
discharges through deeper active depths, wider active widths, longer particle
transport distances and also with a higher fraction of mobilized particles (F;) and
so a relation can be expected between these four distinct bedload dimensions.
Figure 7A shows the relation between two of these dimensions: active depth and
mean travel distance i.e. an overall linear correlation between mean transport
distances and active depths exists (p-value <0.05), which suggests that both the
active depth and the transport distances increase linearly with the rise in flow
intensity. In this regard, DeVries (2002) suggested that bedload transport rate in

coarse streambeds increases primarily with the mobile fraction of bed surface
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and the grain velocity, rather than with the active layer thickness. However,
Schneider et al. (2014) documented the opposite trend in the Erlenbach and
Cordon rivers, where they observed that bedload volumes scale steeper with w
than transport distances. This led them to suggest that larger bedload volumes
arise primarily from deeper bed scouring and only secondarily from longer
transport distances. Some of these differences may result from geomorphic
controls on bedload transport processes. Indeed, in our database, we can
observe a different behaviour between the different channel morphologies in the
way the active depth and travel lengths scale together (Figure 7B; Table 5), with
SP plotting in the upper envelope of data and showing a gentler slope than RP
and PB data. These differences between SP, RP and PB data are statistically
significant (ANCOVA and Student’'s-Newman-Keuls posthoc tests, p-

value<0.05).

Distinct channel morphologies and dominant macro-bedforms involve differences
in 3D water flow patterns and the cross-sectional T distribution (Ferguson, 2003;
Francalanci et al., 2012; Recking et al., 2016), which in turn influences bedload
fluxes, sediment sorting and particle trajectories (Recking et al., 2016; Vazquez-
Tarrio et al., 2018; Vazquez-Tarrio and Batalla, 2019). In this regard, macro-
bedforms influence travel distances in two contrasting ways. On the one hand,
gravel bars, transverse ribs and keystones can entrap sediment at low flow
intensities and slow down downstream particle transfer. On the other hand,
macro-bedforms concentrate flow and sediment particles into preferential paths,
which promote a faster sediment conveyance when particles ‘fall’ into them.
Similarly, causes for active depth fluctuations may differ according to channel

morphology. For instance, bed surface disorganization may be a major driver of
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active depth oscillations in PB and RP channels, while gravel sheet migration
could more likely control active depth in MT (and RP rivers well supplied in
sediment). In the case of SP streams, the removal/recharge of fine sediments
from pools would also influence the vertical extent of the active layer.
Furthermore, our PB data show how mean travel distances have a steeper power
scaling to flow intensity than active depths (~1.62 vs ~0.40 power exponents:
Figure 8A). This implies that increasing bedload volumes are accommodated
primarily by further travel distances in such streams, which may relate to the lack
of macro-bedforms entrapping travelling particles. In RP channels travel
distances still show a steeper scaling than active depth (Figure 8C). In addition,
active depths scale steeper to flow strength in RP than in PB rivers, and at the
same time mean travel distances show a gentler scaling than in PB data. Thus,
the rise in bedload volumes with Q is still primarily accommodated by larger
transport distances in RP rivers, but the vertical component of the bedload gains
in importance compared to PB, altogether outlining the influence of particle
trapping in gravel-bars and pool-riffle units. Conversely, in the case of SP
channels we observe the opposite trend (Figure 8B). Active depths show a
steeper scaling with flow intensity than transport distances; thus, the increase in
active depths has a relative greater importance when accommodating increasing
bedload volumes in this type of channels when compared to RP and PB streams.
The lower importance of mean travel distances for bedload volumes may be
related to the trapping of traveling particles in pools or behind boulders and
keystones, which temporally cease their movement until step-pool configuration
is disorganized by a major flood, notably extreme and rare floods (Lenzi, 2004;

Lenzi et al., 2006).
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In summary, our analysis confirms that a linear correlation exists between
transport distances and active depths, considering that the event averaged
bedload volumes constitute some kind of irregular polyhedron defined by three
dimensions in space, represented by the active thickness, the active channel
width and the downstream distance encompassed by the travelling particles.
Apparently, the exact shape of this polyhedron is largely controlled by the
dominant channel morphology, which influences how sediment particles are
conveyed (Vazquez-Tarrio et al., 2019; Vazquez-Tarrio and Batalla, 2019), the
kind of mechanism involved in active depth fluctuations (Haschenburger, 1999;
Bigelow, 1999) and the amount of sediment that is mobilized during floods
(Recking et al., 2016). This explains the observed ‘morphological imprint’ that
blurs and introduces scatter over the general linear scaling between transport

distances and active depths (Figure 7).
3.6. Active depth and the fraction of mobile tracers

In all the previous analysis we are not considering the changes in active width
(as a major component of channel geometry) and the fraction of mobile tracers
with flow strength, two another major dimensions of the active layer. Fluctuations
in active width and particle mobility can be a key control on bedload volumes and
fluxes (Wilcock and McArdell, 1997), particularly at low flow intensities, i.e., those
conditions close to thresholds for entrainment, where slight changes in flow
strength may involve a large variability in the amount of bed surface involved in

bedload motion, and in particular to MT channels.

Unfortunately, data on active width are in general lacking in the compiled papers,
so as of yet it has not been possible to explore in depth this issue. Nevertheless,

there was available information on the fraction of mobile tracers for some of the

http://mc.manuscriptcentral.com/esp

Page 36 of 127



Page 37 of 127

717
718
719
720

721

722
723
724
725
726
727

728

729
730
731
732
733
734
735
736
737
738
739

740

Earth Surface Processes and Landforms

compiled studies, so we decided to explore these data. On this point, we should
highlight how tracer data are limited by the tracer size, i.e. in general only multi-
centimetre pebbles can be tagged, as already stated above. This means that the
finer portions of the bedload, such as the sand and small gravel, are unfortunately

disregarded from our analysis.

We documented a very weak (but still statistically significant at a 95% confidence
level, p-value < 0.05) exponential correlation between active depth and the
fraction of mobile tracers (Figure 9). Hence, although there is a very slight
increase in active depth with the mobility of bed particles, apparently, both
parameters evolve one relatively independent to each other, i.e. they may
represent two different ‘degrees of freedom’ through which gravel-bed rivers

could accommodate increasing bedload volumes.

On the other hand, the fraction of mobile tracers represents somewhat a proxy
for the ‘pickup’ or entrainment probability of bed particles. Bearing this in mind,
the product of the fraction of mobile particles times the active depth and bankfull
channel width provides an approximation to the cross-sectional active layer
surface. Then, we based on this product to explore how active surface evolves
with flow intensity in the compiled data. In general, we observe a moderate
positive power correlation between flow intensity and active surface (Figure 10A).
The observed trends are comparable between the different channel
morphologies, although SP data shows a larger scatter and a slightly gentler
slope (PB data as well). Nevertheless, differences are only statistically significant
between PB and SP/RP, but not between SP and RP (ANCOVA and Student’s-

Newman-Keuls posthoc tests, p-value<0.05).
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Moreover, when the data are segregated according to the dominant channel
morphology, the mean tracer travel distances also show a moderate positive
correlation with cross-sectional active surface in SP and PB, but not in case of
RP (Figure 10B). The differences are statistically significant (at a 95% confidence
level) between the SP/RP and PB groups of data (ANCOVA and Student’s-
Newman-Keuls posthoc tests, p-value<0.05). SP data plot in the upper envelope
of the point cloud, which involves larger travel distances in SP streams for
equivalent cross-sectional active surfaces. We also observe differences in the
slope-coefficient. In PB data, mean travel distance increases with the ~1.4 power
of active surface, a scaling considerably steeper than that observed in SP
channels, i.e. mean travel distances increase faster as progressively more
particles are liberated from the streambed in PB channels than in SP channels.
Conversely, in RP group of data, there is large scatter in data and no clear
correlation between the mean travel distances and the areal extent of the active
layer (R>=0.05; p-value>0.05). Yet again, these differences point at the distinct
control exerted by the different channel morphologies on bed load transport. For
instance, the steeper increase in mean travel distances with the extent of the
active layer, observed in PB compared to SP/PB streams, may outline the
importance of the increase in the cross-sectional extent of the active layer,
involving a larger amount of particles set into motion, promoting a steep increase
in mean travel distances. Conversely, the gentler scaling observed in case of SP
streams and the lack of a clear correlation in RP rivers indicates that channel
macroforms blunt the links between mean travel distance and the extent of the
active layer observed in flat riverbeds. In this regard, the different behaviour

observed in SP compared to PB may relate to the concept of travelling bedload
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in SP streams, as proposed by Piton and Recking (2017). Whereas in RP and
PB streams, the transported bedload is mainly fed by the bed itself, in SP streams
it is very common to observe how sediment supplied by external sources can be
efficiently transported during floods, with marginal morphological activity and
without the breaking up of coarse armoured surfaces. This situation is close to
that of a tracer experiment, so the behaviour in terms of bedload transport of SP
streams may explain the observed gentler co-variation of mean travel distances
with the surface of the active layer in these streams, i.e. an increase in the extent
of the active layer with rising flow strength does not reflect in an equivalent
increase in mean travel distances. Finally, the lack of a clear covariation between
mean travel distances and active surface in RP streams may likely relate to
sediment trapping in bars, with the increase in particle mobility with increasing

flow strengths being balanced by sediment trapping of travelling gravels in bars.
3.7. Multiple regression model

Simple regressions allowed to discuss how active depths in gravel-bed rivers co-
vary with each considered variable separately. Following this first exploratory
analysis of each factor separately, we accomplished a stepwise multiple
regression analysis to understand the relative importance of each variable

compared to the others.

After applying stepwise regression procedures, the obtained multiple regression

model was (Table 5):

log H = 0.556 + 1.878 - log( | +1.287 - logDsy +0.126 - log 2) 4+ .1.367-dBR Eq. 3
. Qbr,

The multiple regression analysis shows a strong and statistically significant

relationship between the active depth and the predictor variables (adjusted-R? =
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0.58, p-value < 0.05). The fitted model coefficients are shown in Table 5. All
values of VIF are well below 10, which indicate that multicollinearity can be

dismissed.

The analysis of the relative weight of each predictor in explaining data scatter
indicates that flow intensity and transport stage are the two variables explaining
the larger amount of data variance (23% and 48% of R?, respectively), followed
by the D5, of the bed surface (19% of R?) and channel morphology (10%). The
influence of sampling methods is not significant in explaining the variance in data.
Although the multiple regression model explains a significant amount of variability
in the compiled field data, it remains an important amount of unexplained
variance (~40%). We think this is likely related to three potential sources: i.
methodological bias inherent to field measures; ii. the use of section- and time-
averaged values for parameters (grain size, shear stress, active depths, flow
discharge) that are intrinsically unsteady and heterogeneous in natural gravel-
bed rivers; and iii. the configuration of the bed surface in terms of protrusion,
imbrication, packing, particle shapes, etc. that may be highly variable across the

different study sites.

4. Concluding remarks

This paper analyses the relation between the active depth, the flow intensity and
the bed grain size dynamics for a variety of channel morphologies. The depth of
the active layer is a major component of the bedload and constitutes a major
driver in stream ecology by the creation and maintenance of physical habitat for
aquatic biota. The work is accomplished through a meta-analysis of published

and unpublished field data.
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There were some contradictory previous observations in the geomorphological
literature, some suggested that active depth is mostly controlled by flow strength,
while others reported how active depths scale mainly with particle size. We
believe that the large database here compiled, and the subsequent analysis, put
us in a position to comment on what the dominant controls on the active depth in
gravel-bed rivers are. Our results outline a compelling control of flow strength on
active depths, but they also indicate the large influence that surface grain-size
and particle entrainment exert on the vertical extent of the active layer.
Furthermore, we have shown how dominant channel morphologies modulate the
links between the flow strength and the active depth, documenting the existence
of an important ‘morphological imprint’ on such fundamental geomorphic relation.
Additionally, dominant macro-bedforms seem to control the way flow intensity

scales to active depths and particle transport distances.

Our study also highlights the scarcity of data from braided rivers, probably linked
to the difficulties inherent to sampling in this type of highly dynamic and often
inaccessible rivers. This is due to the fact that multithread channels tend to be
wide, with a large active surface, and this poses problem linked to the
complexities when surveying tagged stones, and difficulties when retrieving
scour-chains after floods. New methods based on passive (Papangelakis et al.,
2019; Cain and MacVicar, 2020) and active RFID tracking (Brousse et al., 2018)

appear to be promising for monitoring active depth in such complex systems.

By comparing field data for such a wide amount of rivers in this paper, we believe
that we are teasing out relevant lessons on how bedload transport behaves in
natural gravel-bed rivers, which in turn provides a wonderful example of how field

observation can provide very interesting information about sediment transport

http://mc.manuscriptcentral.com/esp



840

841

842

843

844

Earth Surface Processes and Landforms

processes in gravel-bed rivers. The strength of the ‘field approach’ increases
when data from very different settings and streams can be ensembled and jointly
analysed. However, this kind of analyses require the availability of good data,
once more outlining the importance of field studies for the progress of fluvial

geomorphology.
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Appendix: computing hydraulic parameters from water discharge data

Discharge was the most widely available information used to characterize flow
magnitude in the compiled papers. For this reason, we based our meta-analysis
on discharge as reference flow metrics. Nevertheless, for some of the analysis it
was necessary to estimate transport stages, hence shear stress was estimated
from flow Q. We followed a workflow based on Rickenmann and Recking’s fit
(2011) to Ferguson (2007) flow resistance equation in order to compute flow

depth from event discharge data:

g+ 06317 —0.4930
U™ =1.5471-q" 07062 [1 +(3631) ] Eq. 4
where:
U** —_ U
T \Jg'S Dgs
Eq. 5

o @ Eq. 6

T T oS o 4

where g is the gravity acceleration, S the bed slope, w the channel width, Dg, is
the 84t percentile of the surface grain-size distribution, U the average water
velocity and Q the water discharge. This formulation was tested against a wide
database of field data from gravel-bed rivers with satisfactory results
(Rickenmann and Recking, 2011). Then, based on this set of equations and Q,

we first estimated U and then derived section average flow depths (d) from:

Q
d=ﬂ Eq.7

Later, and assuming a rectangular shape for channel cross-section, we computed

the hydraulic radius (R):
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w-d

R=2-d+w

Eq. 8

Subsequently, we estimated section averaged bed shear stresses using the

classical ‘hydraulic radius-slope’ product:
T=p-g'S'R Eq. 9

Once estimated the section averaged bed shear stresses, we also computed the

dimensionless Shields stresses (17):

% T

T = 1650%g-D

Eq. 10

where D is the grain-size. In this regard, we computed Shields stresses based on

both the median size of surface sediment (D5y) and the Dg,.

Finally, we estimated the critical Shields number for incipient motion, in order to
compute the transport stage ratio, based on the slope-dependent critical Shields

relation proposed by Recking (2009):

Teso = 1.32-S 4+ 0.037 Eq. 11
. _ (Den, 093
Tc84=Tc50'(7m) Eq. 12

where 1.5 and 1.4 are the critical Shields for Ds, and Dg, entrainment,

respectively.
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; Qur Dsos Dsoss o 3 . Duration tracer
River Source S W (m) (m¥ls) (mm) (mm) Morph H (mm) Method L (m) %o Q (m3/s) Observations deployment
Great
Eggleshop  Carling (1987) 0.010 55 5.6 63 27 RP 15 - 45 Scour Noinfo ~ O  gg_74 Scourandfil were treated
Beck chains info separately and averaged
Up to 4 years, but after
. _ _ _ Tracer burial averaged over ~ each survey, tracers
Lainbach Gintz et al. 0.020 10.0 30.0 120 50-65 SP 50 - 910 Tracer 150 23 43 ~500 - 1000 initially seeded  were collected, carried
(1996) burial 271.0 92 165.0 L
tracers and relocated at initial
positions
Tracer S;:oured and d:apotsitgd
: racers were treate:
Carnation ::j%]::rzl;rger 0.006- 11.7 - ~ 40 47 29 RP 44 - 240 bSu;i:r/ 25.8 - 9-70 17.7 - separately, and averaged / Up to 3 vears
Creek 1998 0.012 18.3 ’ hains (1 125.9 36.3 Several scour indicators p y
( ) chains (1 m placed across the cross
depth) section
Tracer burial averaged over Up to 5 years. Buried
Forfar creek ~ oottesfeldetal.—0.005- 4, 5 \oinfo  40-50 29 RP 0-180 Tracer 06— 60- 59 95 ~200-300intially sceded [r20CrS weredug
(2004) 0.010 burial 26.7 100 tracers during recovery, which
disturbs the bed
Tracer burial averaged over Up fo 5 years. Buried
O’ne-ell Gottesfeld et al. . Tracer 49— 46 — 11.1 - L tracers were dug
Creek (2004) 0.020 12.0 No info 40-50 31 RP 0-80 burial 75.1 97 177 200 — 30t0 initially seeded during recovery, which
racers .
disturbs the bed
Two reaches. Upper reach:
67 scour chains installed
Freshwater . 0.007- 12.0- 14.2 - 39— Scour . 171 - across 16 cross-sections.
Creek Bigelow (2005) 0.011 13.0 216 465 ) RP 9%-104  hains Noinfo 90 25.9 Lower reach: 98 scour
chains installed across 15
cross-sections
Ardenian Scour 5-6 scour chains were
. Houbrechts et 0.002- 20- 1.3- 30 - . 49— No 11—
rivers (17 - RP /PB 9-80 chains (1 m ) placed transversally at each
streams) al. (2012) 0.010 24.0 300.0 95 length) 297.0 info 153.5 cross-section
. . Active depth was back
Schneider et al. Indirect 24 - 0.5-
Erlenbach (2014) 0.150 3.5 2.0 64 20 SP 4 -570 estimation 6.9 -161 o1 100 calculated from tracer travel ~ Up to 2 years

distance and bedload data

http://mc.manuscriptcentral.com/esp



Earth Surface Processes and Landforms

Page 60 of 127

. Qps Dsos Dsoss o 3 . Duration tracer
River Source S W (m) (m¥ls) (mm) (mm) Morph H (mm) Method L (m) %o Q (m3/s) Observations deployment
. . _ R _ Active depth was back
Rio Cordon Szci)h&elder etal. 0.130 5.7 3.0 90 ~30 SP 7 -550 Ir;.?:et(.:tn 114% 0 ??JO 9134 calculated from tracer travel ~ Up to 5 years
( ) estimatio ’ ’ distance and bedload data
Vazquez-Tarrio Tracer T burial d
Pigliefia and Menéndez- 0.007 45.0 70.0 56 28 RP 100 : 6.0 77 107.5 racer burial averaged over - _ ¢ vear
burial ~180 initially seeded tracers
Duarte (2014)
Vazquez-Tarrio Tracer Tracer burial averaged over
Coto and Menéndez- 0.010 30.0 17.0 88 70 RP 80 . 15 30 25.6 — 9 ~1 year
burial ~130 initially seeded tracers
Duarte (2014)
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Papangelakis 23 _ 4 _ . years. Buried tracers
EastCreek  and Hassan 0.002/0. 20 5549 20B0 pgiRp g7-79  TrACer 02— gg44 o947 Tracerburialaveragedover ot Tgyq gyring
020 /2.8 40 burial 35.7 ~730 initially seeded tracers B
(2016) recovery, which
disturbs the bed
1-m active
. Brousse et al. . 55 - . 53.0 - Two 1-meter columns of
Vénéon (2018) 0.016 141.5 80.0 38 - MT 1220 RFID No info 1135 active tags were deployed
columns
1-m active
Brousse et al. 0.008- 81.4 - . . Eight 1-meter columns of
Drac (2018) 0.010 109.4 21.2 61 . MT 228-330 D No info 85.1 active tags were deployed
columns
: . Four scour chains installed
Unl.verS|ty of Scour 0.2 - 20 - 16.8 — in a gravel bar. Painted and
Muga Lleida, ICRA 0.008 19.2 8.9 53 37 RP 29-196 chains (1 m 1 year 7 months
blished lenath 125.0 92 164 RFID tagged stones were
(unpublished) ength) used to track travel distance
Scour
chains (1 m Scour and fill were treated
University of 12.- length), 07— 685.0 — separately and averaged.
Ebro Lleida 0.00085 250.0 1100.0 68 12-32 RP 6-537 metallic 3'1 2 249-8 0 Tracer burial was averaged
(unpublished) sticks and ’ ’ over 69 initially seeded
tracer magnet-tagged stones
burial

Table 1. Sources of data and information about the field experiments compiled for the present study. S: Bed slope. W: Channel width. Q,: Bankfull discharge. Dsgs:
Median size of surface sediment. Dsyss: Median size of subsurface sediment. Morph: Channel morphology. H: Active depth. L: Mean tracer travel distance. Q:
Discharge. %: Tracer recovery. PB: Plane-bed. SP: Step-pool. RP: Riffle-pool. MT: Multi-thread. *1-year discharge.
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Morphology Intercept? Exponent® R2?2  p-value* | Intercept® Exponent® R?® p-value® N
Plane-bed 46.89 0.40 0.49 0.03 0.80 0.28 0.32 0.1 9
Step-pool 118.98 1.12 0.58 0.00 1.50 1.16 0.63 0.00 24
Riffle-pool 36.81 0.63 0.40 0.00 0.82 0.79 0.27 0.00 124
Multi-thread 131.98 0.98 0.26 0.38 3.34 0.57 0.10 0.60 5

Table 2. Results of the regression analysis shown in figure 4. Data were grouped according to

channel morphology and fitted to a power law, after log transforming the dependent (active depth)

and independent (flow intensity) variables. N: number of data. 2Results obtained using the non-

normalized active depths. PResults obtained using the active depth normalized by the median

grain size of the surface sediment.
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Morphology a B R? p-value N
Plane-bed 20.98 0.73 0.25 0.17 9
Step-pool 7.02 1.90 0.53 0.00 24
Riffle-pool 21.52 0.57 0.26 0.00 124
Multithread 46.45 1.13 0.11 0.58 5

Table 3. Results of the regression analysis fitting active depth to transport stage ratio (Eq. 1).
Data were grouped according to channel morphology and fitted to an exponential law, after log

transforming the dependent (active depth) variable. N: number of data.
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Power Exponential
Morphology
R? p-value R? p-value
Plane-bed 0.25 0.17 0.25 0.17
Step-pool 0.56 0.00 0.53 0.00
Riffle-pool 0.32 0.00 0.26 0.00
Multi-thread 0.07 0.67 0.11 0.58

Table 4. Comparison between a power and an exponential regression fit between active depth

and transport stage ratio. Data were grouped according to channel morphology. See main text for

details and discussion
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Standard

Variable Coefficient t p-value VIF! LMG?
error
Intercept 0.556 0.757 0.465 0.234 - -
log Dso 1.287 0.157 8.184 0.0007* 2.012 0.195
log T'/1; 1.878 0.197 9.536 0.0007* 2.753 0.475
dBR 1.367 0.308 4.435 0.000"* 1.001 0.098
log Q/Qus 0.126 0.079 8.184 0.000** 1.577 0.232

Residual standard error: 0.626 on 97 degrees of freedom. Multiple R?: 0.621. Adjusted R 0.601. F-statistic: 31.79 on
5 and 97 degrees of freedom. p-value = 2.2 x 10-6.

Tabla 5. Summary results of the stepwise multiple regression analysis. ' Variance Inflation

Factor. 2 Relative fraction of R2? explained by each variable. ** Variable statistically significant at

a 95% confidence level.
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Figure 1. A: Active depth plotted versus dimensionless flow intensity. B: Active
depth (normalized by the surface Ds5y) plotted versus dimensionless flow intensity.
In this figure, data have been grouped according to field methodology. Grey
dashed lines represent (from up to down) the 99-th, 95-th, 75-th, 25-th, 5-th and
1-st quantile regression lines. Number of data: i) Average tracer burial: 69; ii)

Scour chains/monitors: 71; iii) Indirect estimation: 17; iv) Active RFID: 5.

Figure 2. A: Differences in flow intensity according to field methodology in the
compiled database. B: Differences in the active depth / D5, ratio. The boxes
represent the range between the 25th and 75th percentiles, the dark lines the
50th percentile and the whiskers the upper and lower values corresponding to
1.5 times the interquartile range. Number of data: i) Average tracer burial: 69; ii)

Scour chains/monitors: 71; iii) Indirect estimation: 17; iv) Active RFID: 5.

Figure 3. A: Active depth (normalized by the median size of bed surface) plotted
versus the time-integrated dimensionless flow intensity, i.e. the cumulated flow
discharge divided by the bankfull flow discharge. B: Active depth (normalized by
the median size of bed surface) plotted versus the peak dimensionless flow
intensity. For figure 3A, cumulated discharge was estimated based on our own
data (for Coto, Pigliefia and Muga), and the information provided by the original
papers. In case of East Creek (Papangelakis and Hassan, 2015), authors
provided information on total excess energy expenditure. Schneider et al. (2014)
provided information on excess specific stream power (Erlenbach data). Both
excess energy expenditure and specific stream power were inverted to get the
information on the cumulated stream power. For Lainbach data, Gintz et al.
(1996) provided information on flow duration and peak discharge, so cumulated

flow was approached as the product of peak discharge times flow duration.
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Figure 4. A: Active depth plotted versus dimensionless flow intensity. B: Active
depth Active depth (normalized by the surface Ds) plotted versus dimensionless

flow intensity. Data have been grouped according to channel style.

Figure 5. Active depth plotted versus the median size of the surface sediment
(Dsp). Data were grouped according to streambed mobility conditions, quantified
using the transport stage ratio (7% / 1.84*). 7 is the peak Shields stress estimated
based on the 84-th percentile of the surface sediment (Dg4). Tcgs™ is the critical

Shields stress for the surface Dg4, computed based on Recking (2009).

Figure 6. Active depth plotted versus the transport stage ratio and compared to
Haschenburger's (1999) active depth model. A: Transport stage estimated
assuming a 0.045 value for the critical Shields stress. B: Transport stage
estimated using a slope dependent critical Shields for the median size (Ds) of
surface sediment (1.50*), computed following Recking (2009). 1 is the peak
Shields stress estimated based on the D5y of the surface sediment. C: Active
depth, normalized by the median size of the surface sediment (Ds), plotted

versus the transport stage ratio.

Figure 7. Mean particle travel distance plotted versus the active depth. A: Plot
for the ungrouped data. Upper and lower grey dash lines represent the 95-th and
5-th quantile regression lines. Dark line represents the mean regression line,
which was accomplished only on the data plotting between the 95-th and 5-th
quantile lines. B: Data grouped according to channel morphology. Multi-thread
channel data are absent because there are no data available on particle travel

distances for this group of data. Number of data: i) PB: 9; ii) SP: 22; iii) RP: 91.
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Figure 8. Comparison between the mean particle travel distance and the active
depth scaling to flow intensity. A: Plane-bed data. B: Step-pool data. C. Riffle-
pool data. Data for multi-thread channels (MT) are absent, because there was no

information on particle travel distances for MT rivers.

Figure 9. Active depth (normalized by the median size of bed surface), plotted
versus the fraction of mobile tracers (Fi). Number of data: i) PB: 8; ii) SP: 17; iii)

RP: 64.

Figure 10. A: Active surface plotted versus the dimensionless flow intensity. B:
Mean tracer travel distance plotted versus active surface. Active surface was
estimated as the product of the active depths, times the channel width times the

fraction of mobile tracers. Number of data: i) PB: 8; ii) SP: 17; iii) RP: 55.
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SUPPLEMENTARY MATERIAL TO “THE ACTIVE LAYER IN GRAVEL-BED

RIVERS: AN EMPIRICAL APPRAISAL”. DOCUMENT 1.
1. RIVER EBRO DATA

The River Ebro is located in the NE of the Iberian Peninsula, and drains an area
of 85,530 km2. It is regulated by almost 190 dams that impound >60% of the
annual runoff of the basin (Batalla et al., 2004). Mean annual precipitation in the
basin is around 600 mm, with high temporal and spatial variability. Rainfall ranges
from 900-2000 mm at the headwaters, to 300 mm and 500 mm at the central

depression and Mediterranean zone, respectively.

This study focuses on the lowermost reach of the River Ebro, from the Flix dam
to the mouth in the Mediterranean Sea (Figure S1.1). This reach is located
immediately downstream the dam chain composed by Mequinenza (1534 hms3,
built in 1966), Riba-roja (207 hm3, 1969), and Flix (11 hm3, 1948), which impound
the 97% of the catchment. These dams have altered the magnitude and
frequency of floods downstream, being reduced in 25% (Batalla et al., 2004).
Sediment transport processes have been also altered due to the high trapping
efficiency of the reservoir (90% for fine sediments and 100% for bedload), which
translates in a reduced sediment supply to the study reach (Vericat and Batalla,
2005). Mean annual discharge at the lowermost gauging station (Tortosa) is 438
m3/s, and the annual water yield is 13,810 hm?3 with a SD +5474 hm?3 (Tena and

Batalla, 2013).
Study Sites and Methods

Riverbed dynamics were studied in ten study sites (Figures S1.2 and S1.3)

downstream the mentioned dam chain from October 2002 to September 2004.
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- Grain size distribution (Figure S1.4): When an armour layer was present,

surface and subsurface sediments were sampled separately. Surface grain size
distribution was measured by the pebble count method (Wolman, 1954) and the
area-by-weight method (Kellerhals and Bray, 1971). Subsurface material was
sampled by the volumetric method (Church et al., 1987). Where there was no
armour layer, surface and subsurface sediments were sampled together with the

volumetric method.

- Particle travel length: Measured by painted areas and painted lines in the ten

study sites, and by magnetic tracers in two of the sites (Tables S1.1 and S1.2).

- Active layer depth: Measured by the scour chain method, by the exposure of

metallic rods, and by the burial of tracers (Tables S1.1 and S1.2).

Figure S1.3 and S1.4 present the cross sections and grain-size distribution,
respectively, of the study sites in the lower River Ebro, while tables S1.1 and S1.2
summarise the papers where part of the data used in this manuscript has been
published. It is worth to mention that most of the data on riverbed mobility (based

on tracers) and active layer (based on scour-chains) were not published before.
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Figure S1.1. a) Location map of the River Ebro and b) location of the study sites in the

lower Ebro.
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Figure $1.2. Photographs the study sites.

Flix dam - 27/07/2004
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Flix meander — 27/07/2004

Flix — 18/07/2003

Pas de I’Ase — 18/07/2003
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Méra 1.1 — 24/07/2003

Moéra 1.2 — 24/07/2003

Moéra 2 — 23/12/2002
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Méra 3 - 25/07/2003

Tivenys — 28/07/2003

Tortosa — 28/07/2003
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Figure S1.3. Cross-sections of the study sites.
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Moéra 1.1
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Figure S1.4. GSD of river bed material in the study sites. Measurements were done in

July 2002, July 2003, and July 2004 (except for Tortosa in 2004, which were carried out

in August).

Flix dam

100
le
90 "iA 7

a
80 i Surf
urface

70 b

5 ,4"// — — Subsurface
50 i — 2002
40 e = 2003
30 437/ /4/ 2004
20 _ L4kl
10 ” ’.-—— sl - ’ //

s£HHA- 7 27T

10 100

Percentage finer than (%)

0.01 0.

—_
—

Particle size (mm)

Flix meander — Combined surface and subsurface material

100 —
90

0 /)
0 74
o0 /) — 0
50 // / — 2004
1o N/

o || AY |

D =
0 # =1

0.01 0.1 1 10 100
Particle size (mm)

Percentage finer than (%)

http://mc.manuscriptcentral.com/esp



Page 87 of 127

Flix

100

Earth Surface Processes and Landforms

90

80

70

Surface

60

,’:7/ = = Subsurface

50

40

! ’ﬂ — 2002

IhE II/ —— 2003

30
20

i "'"'l/ — 2004

Percentage finer than (%)

10

0

s
= -

- [T =
= T |4 Z e

-=

0.01

Pas de I’Ase

100

0.1 1 10 100
Particle size (mm)

90

80

70

Surface

60

K ,/ — = Subsurface

50

40

-~ 2003

- 2004

30
20

Percentage finer than (%)

10

0

] i 1
Fe
T /, V
. | 1
s
5 s

— -

0.01

Mobra 1.1

100

0.1 1 10 100
Particle size (mm)

90
80

70

Surface

60

/s ,// = = Subsurface

50

40

30

IZdmy i 2003

— 2004

NS
[\
~

20

A
N
R
S

Percentage finer than (%)

10

- =

0.01

0.1 1 10 100
Particle size (mm)

http://mc.manuscriptcentral.com/esp



Méra 1.2

100

Earth Surface Processes and Landforms

90

80

70

60

50

40

30

20

Percentage finer than (%)

10

L\
W
Y

0.01

Mébra 2

=
o
o

1
Particle size (mm)

100

[{e]
o

o
o

~
o

(o2
o

(&)
o

~
o

w
o

N
o

Percentage finer than (%)

—_

o o

0.01

Mora 3

100

1
Particle size (mm)

100

90

80

70

60

50

40

Surface

= = Subsurface

— 2003
— 2004

Surface

- = Subsurface

— 2003

Surface

= = Subsurface

30

20

Percentage finer than (%)

10

0.01

Particle size (mm)

100

http://mc.manuscriptcentral.com/esp

2003
— 2004

Page 88 of 127



Page 89 of 127

Earth Surface Processes and Landforms

Tivenys — Combined surface and subsurface material
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Table S1.1. Previous works published in the study river reaches and their main

highlights. Only the articles related to bedload transport and riverbed material have been

included.

Reference

Objectives / Methods

Highlights

Vericat et al. 2006

e To describe the breakup and
reestablishment of the armour
layer in a large regulated river.

Methods:

- GSD samplings (pebble count for
surface material and volumetric
method and area-by-weight for the
subsurface material)

- Bed load samplings (Helley Smith
sampler 152 mm intake).

Study period: 2002-2004

Page 90 of 127

Break-up of the armour layer and
riverbed incision by large floods.
Reestablishment of the coarse surface
layer by small floods.

Increment of the bedload transport after
armour layer (partial or total) disruption.
Lower Ebro river channel was still active
40 years after dam construction.

Methods:

- Flow discharge (water stage and
conversion to discharge).

- Bedload transport (Helley Smith
sampler 152 mm intake).

- GSD samplings (pebble count for
surface material and area-by-weight
for the subsurface material).

Study period: 2003-2004

Vericat and e To analyse the sediment transport |e Upstream the dam, most of the sediment
Batalla, 2006 through the lower River Ebro was transported in suspension (99.5%),
during two consecutive while downstream the dam the transport
hydrological years. was 60% in suspension and 40% as
bedload.
Methods: e Specific sediment yield upstream the
- Flow (from official gauging stations dams was three to four times higher than
and routed by the Muskingum downstream the dams.
method. e The sediment trapping by the dams was
- Suspended sediment transport around 90% of suspended load and
(collection of depth integrated water 100% of bedload.
and suspended sediment samples | e Sediment load upstream the dam mainly
with a US DH74 during low flows provided by tributaries, and downstream
and floods) the dam it came mainly from bank
- Bedload transport (Helley Smith erosion.
samplers of 76 mm and 152 mm
intake).
Study period: 2002-2004
Vericat and e To analyse the behaviour of |e Under limited sediment  supply
Batalla, 2007 different bedload fractions. conditions, partial transport controls the

coarsening of the riverbed surface.

The reestablishment of the armour layer
changes particle entrainment due to
hiding and reduction of dimensionless
critical shear stress.

The reestablishment of the armour layer
causes a reduction in bedload transport
rates due to the lower availability of fine
fractions on the surface.

The reestablishment of the armour layer
causes a progressive reduction of the
sediment net export from the reach.

| ...continued in the next page
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1 ...continued from previous next page

Vericat et al.,

of the river.

GSD.

Methods:

and lines).

method for the
material).

e To examine the bed material
2008 mobility in the River Ebro on the
adjustment phase (to attain a
post-dam quasi-equilibrium state)

-To assess the effects of
partly—competent flows on the

- To assess the effects of partly-
competent flows
changes of the armour layer.

- Bedload transport (painted areas

- Active layer (scour chains).

- GSD samplings (pebble count for
surface material and volumetric
subsurface

- Surface GSD changes (i.e.
photography comparison).

Study period: 2003-2004

o Existing disequilibrium between the rate

of sediment supply from upstream and
the ability of the flow to entrain and
transport these particles. Most medium
and coarse gravels were exported from
the sections, but larger particles were not
mobilised.

The riverbed surface coarsening
responded to the limited sediment supply
conditions combined with the frequent
occurrence of competent flows.
Sedimentary dynamics in the lower Ebro
are still evident at interannual scale 4
decades after dam closure.
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Table S1.2. Previous works published in the study river reaches and their main highlights

Mean active Mean painted Mean Mean painted
Study Discharge P magnetized P
. Survey Date 3 layer depth tracers travel tracers D5
site (m3/s) (mm) length (m) tracers travel travel length (m)
length (m)
03/12/2002 (tracers and scour chains installation)
05.12.2002 1408 0 30.14 - 50
P;ﬁ)s(a 06.02.2003 2133 77.67 147 - 1.97
08.12.2003 989 13.9 1.19 - -
29.01.2004 685 5.83 1.05 - -
29/11/2002 (tracers and scour chains installation)
05.12.2002 1407 37 5.12 - 12.8
Flix 06.02.2003 2130 242 ; ; -
meander
08.12.2003 987 108 - - -
29.01.2004 685 8 - - -
03/10/2002 (tracers and scour chains installation)
05.12.2002 1787.5 - 3.36 - 6.1
Flix 06.02.2003 2480 537 - - -
08.12.2003 1383 11.67 1.59 - 1.85
29.01.2004 1084.5 72.5 - - -
03/10/2002 (tracers and scour chains installation)
Pas de 06.02.2003 2434 90 9.44 - 9.7
IAse 08.12.2003 1367 68.33 1.31 - -
29.01.2004 1082 25 8.82 - 10.1
02-03/10/2020 (tracers and scour chains installation)
06.02.2003 2498 108.75 9.71 - -
06.02.2003 2498 59.75 31.24 - 37.95
Mora 1.1 0g.12.2003 1355 22.67 0.66 - -
and 1.2
08.12.2003 1355 17.4 0.89 - -
29.01.2004 1081 12.81 1.09 - -
29.01.2004 1081 13 1.34 - 1.4
Mora 2 06.02.2003 2498 - - - -
02/10/2002 (tracers and scour chains installation)
06.02.2003 2498 135 8.87 - -
Mora 3
08.12.2003 1355 51.67 6.45 2.86 5.65
29.01.2004 1081 13.75 3.31 3.85 1.93
04/10/2002 (tracers and scour chains installation)
Tivenys
06.02.2003 2451 521.67 - - -
19/10/2002 (tracers and scour chains installation)
Tortosa 06.02.2003 2422 138.75 9 - 9

08.12.2003 1296.5 55 - - -

a Painted area 1 = 70% particles mobilised; Painted area 2 = 75 % particles mobilised
b Magnetized tracers (no RFID)
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2. RIVER MUGA DATA

The Muga is a 758 km?2 catchment located in the NE of the Iberian Peninsula. It
ranges from 1443 masl at the headwaters to the sea level at the Mediterranean
Sea. The River Muga is regulated by a large dam (Darnius, 61 hm?3) since 1969,
which has completely changed the hydrological regime of the river and generated

a sediment deficit downstream the dam (Piqué et al., 2016; Piqué et al., 2017).

This study focuses on the Upper Muga (Figure S2.1), one sub-basin draining the
reservoir, thus not regulated. This sub-basin drains an area of 84.1 km? of
Paleogene and Cretaceous marls and conglomerates. The Upper Muga sub-
basin is under the domain of the Mediterranean climate, with mean annual
temperature around 11-14°C, and a mean annual precipitation of 850-1150 mm.
Main land use is forest (90% of the basin). Mean monthly flow at the sub-basin
outlet for the study years was 1.3 m3/s (SD £9.4 m3/s) in 2012-2013, 0.54 m3/s
(SD £1.4 m3/s) in 2013-2014, and 0.99 m3/s (SD +5.4 m3/s) in 2014-2015. Annual
maximum flow was 353 m3/s, 24.7 m3/s, and 164 m3/s for the three study years,

respectively (Piqué et al., 2017).
Study Sites and Methods

Riverbed dynamics were indirectly measured in one location close to the mouth
of the Upper Muga sub-basin (Figures S2.2 and S2.3) from October 2013 to April

2015.

- Grain size distribution (Figure S2.4): Surface material was sampled by the

pebble count procedure (Wolman, 1954), while subsurface material was sampled

using the volumetric method (Church et al., 1987).
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- Particle travel length: Measured from painted areas and RFID-tagged particles.

Tables S2.1 and S2.2.

- Active layer depth: Measured by the scour chain method. Tables S2.1 and S2.2.

Figure S2.3 and S2.4 present the cross sections and grain-size distribution,
respectively, of the study sites in the River Muga, while tables S2.1 and S2.2
summarise the papers where part of the data used in this manuscript has been
published. It is worth to mention that most of the data on riverbed mobility (based

on tracers) and active layer (based on scour-chains) were not published before.

Figure $2.1. a) Location map of the River Muga, and b) location of the study site in the

Upper Muga sub-basin.

a) -

Ri ver A4 rnerg

N

| o e — |
A 0 125 250  500km

Elevation ’ . . River Rimal

-— 150 masl

—600 masl . 3 J S '
/ Study site
1400 mas| Muga

0 100 200 300 400m

http://mc.manuscriptcentral.com/esp

Page 94 of 127



Page 95 of 127

Height from thalweg (m)

Earth Surface Processes and Landforms

Figure S2.2. Photographs the study site for 25/07/2013. a) General view of the reach,

and b) Detail of the bar and cross-section where measurements were carried out.

Figure S2.3. Cross-section of the study site and main channel characteristics.
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Figure S2.4. Grain size distribution of surface and subsurface material in the study site.
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Table S2.1. Previous works published in the study river reaches and their main

highlights. Only the articles related to bedload transport and riverbed material have been
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included.
Reference Objectives/Methods Highlights
Piqué et al. 2017 | e To construct the sediment budget | ¢ Flow patterns upstream and
of a highly regulated | downstream the dam differ due to

Mediterranean river.

e To determine the role of the
reservoir on the upper basin water
and sediment dynamics.

e To quantify the sediment deficit
downstream from the dam.

Methods:

- Dicharge (measurement of water
stage and transformation into
discharge).

- Suspended sediment transport
(turbidity probes installation and
calibration to obtain suspended
sediment concentration).

- Bedload transport (indirect
methods as painted areas, tagged
tracers and scour chains).

Study period: 2012-2015

reservoir operation.

» Upstream, sediment transport is
restricted to floods and occurs in short
periods of time.

* Downstream, suspended sediment
transport predominates; bedload is
negligible.

» Sediment trapping in the reservoir
reaches up to 95% of the total load.
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Table S2.2. Data used in the papers for the study sites.

Earth Surface Processes and Landforms

. Water Accumulated . . Mean painted Mean RFID
Flood . Duration Mean active Mean painted Mean RFID
Date flood Discharge volume water volume tracers D5, tracers D5,
event 3 competent . layer depth tracers travel tracers travel
number peak (m3/s) flood (min) competent since last flood (mm) length (m) length (m) travel length  travel length
flood (hm3) (hm?) 9 9 (m) (m)
01/10/2013 (tracers and scour chains installation)
23 19/11/ 2013 26.08 2930 2.58 3.90 146 1.27 0.94 0.98 2.9
3b 04/04/2014 16.97 1305 0.84 5.43 29 0.97 - 0.54 -
4¢ 29/09/2014 27.34 462 0.36 7.18 196.25 0.16 1.72 - 04
5d 29/11/2014 177.64 4392 10.04 12.14 - - 125.32 - 378.18
6° 21/03/014 101.07 2715 4.49 10.43 60 8.79 0.56 6.78 0.13

a From installation to survey 2.
b RFID were not looked for.
¢ RFID data for floods 3 a- 4.

d RFID data for flood 5.
¢ RFID data for flood 6.
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SUPPLEMENTARY MATERIAL TO “THE ACTIVE LAYER IN GRAVEL-BED

RIVERS: AN EMPIRICAL APPRAISAL”. DOCUMENT 2.

ACTIVE LAYER NORMALIZED BY THE SURFACE Dy,

With the aim to grasp how the vertical dimension of the active layer scales to
surface grain-size, we have normalized the active depth by the median size (Dsy)
of the surface grain-size distribution (GSD) for several analysis in the present
paper. However, the active layer has been often related to the diameter of the
coarse particles of the streambed surface, particularly to the 90-th percentile
(Dgo). Unfortunately, this information was not available for some of the case

studies compiled for the present research.

Thus, in order to evaluate how the active layer thickness scales to the coarser
grain-size fractions in the streambed, in the enclosed pages we are going to
repeat some of the analysis and graphs shown in the main body of the
manuscript, but this time normalizing the active depth by the 84-the percentile

(Dg4) of the surface GSD.

Nevertheless, for this analysis, we took the Dgg instead of the Dg, for some of the
datasets. This was the case of Belgium rivers, extracted from Houbrechts et al.,
2012, who provided information for the Dgg but not the Dg4. In case of data from
Carling (1987) and Gottesfeld et al. (2004), information on the Dgs was not
provided. Then, we approached the D84 as 2 times the Dsy, following
Rickenmann and Recking (2011) and Recking (2013), who observed that the Dg,4

is on average ~2 times the D5 in a large database of gravel-bed rivers.
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Figure S2.1. Active depth (normalized by the surface Dsp) plotted versus
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range between the 25th and 75th percentiles, the dark lines the 50th percentile
and the whiskers the upper and lower values corresponding to 1.5 times the
interquartile range. Number of data: i) Average tracer burial: 69; ii) Scour

chains/monitors: 71; iii) Indirect estimation: 17; iv) Active RFID: 5.
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Active depth, normalized by the Dg,, plotted versus the transport stage ratio.

http://mc.manuscriptcentral.com/esp



Earth Surface Processes and Landforms

10 T 1
0 =0.24 1.31x
E - yR2=OsIO ‘.. ... 0 ..'
0 O
%_ o g B __.__ !..— "!'i & E
@ B _$-5> P o m ]
o = A = EE 4 ®
> 041 3 ¢ Plane-bed 3
g - @ o N ® Step-Pool 1
i ® H Riffle-Pool T
0.01 1
0 0.5 1

Figure S2.7. Active depth (normalized by the median size of bed surface), plotted
versus the fraction of mobile tracers (Fi). Number of data: i) PB: 8; ii) SP: 17; iii)

RP: 64.

http://mc.manuscriptcentral.com/esp

Page 104 of 127



Page 105 of 127 Earth Surface Processes and Landforms

Variable  Coefficient  Standard t p-value VIF! LMG?
error
Intercept -1.407 0.261 -5.396 0.000** - -
log Dy 0.847 0.113 7.493 0.000*+ 1.432 0.182
log T/1." 1.405 0.170 8.282 0.000"* 1.943 0.432
dBR 1.564 0.320 4.894 0.000*+ 1.026 0.114
dTr 0.198 0.128 1.551 0.123 1.027 0.015
log Q/Qur 0.245 0.078 3.166 0.002* 1437 0.257

Residual standard error: 0.693 on 132 degrees of freedom. Multiple R%: 0.573. Adjusted R?: 0.557. F-statistic: 35.42
on 5 and 132 degrees of freedom. p-value =2.2 x 10-6.

Table S2.1. Summary results of the stepwise multiple regression analysis using
Dg, as grain-size metrics. ' Variance Inflation Factor. 2 Relative fraction of R?
explained by each variable. ** Variable statistically significant at a 95%

confidence level.
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SUPPLEMENTARY MATERIAL TO “THE ACTIVE LAYER IN GRAVEL-BED

RIVERS: AN EMPIRICAL APPRAISAL”. DOCUMENT 1.

1. RIVER EBRO DATA

The River Ebro is located in the NE of the Iberian Peninsula, and drains an area
of 85,530 km2. It is regulated by almost 190 dams that impound >60% of the
annual runoff of the basin (Batalla et al., 2004). Mean annual precipitation in the
basin is around 600 mm, with high temporal and spatial variability. Rainfall ranges
from 900-2000 mm at the headwaters, to 300 mm and 500 mm at the central

depression and Mediterranean zone, respectively.

This study focuses on the lowermost reach of the River Ebro, from the Flix dam
to the mouth in the Mediterranean Sea (Figure S1.1). This reach is located
immediately downstream the dam chain composed by Mequinenza (1534 hms3,
built in 1966), Riba-roja (207 hm3, 1969), and Flix (11 hm3, 1948), which impound
the 97% of the catchment. These dams have altered the magnitude and
frequency of floods downstream, being reduced in 25% (Batalla et al., 2004).
Sediment transport processes have been also altered due to the high trapping
efficiency of the reservoir (90% for fine sediments and 100% for bedload), which
translates in a reduced sediment supply to the study reach (Vericat and Batalla,
2005). Mean annual discharge at the lowermost gauging station (Tortosa) is 438
m3/s, and the annual water yield is 13,810 hm? with a SD +5474 hm?3 (Tena and

Batalla, 2013).
Study Sites and Methods

Riverbed dynamics were studied in ten study sites (Figures S1.2 and S1.3)

downstream the mentioned dam chain from October 2002 to September 2004.
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- Grain size distribution (Figure S1.4): When an armour layer was present,

surface and subsurface sediments were sampled separately. Surface grain size
distribution was measured by the pebble count method (Wolman, 1954) and the
area-by-weight method (Kellerhals and Bray, 1971). Subsurface material was
sampled by the volumetric method (Church et al., 1987). Where there was no
armour layer, surface and subsurface sediments were sampled together with the

volumetric method.

- Particle travel length: Measured by painted areas and painted lines in the ten

study sites, and by magnetic tracers in two of the sites (Tables S1.1 and S1.2).

- Active layer depth: Measured by the scour chain method, by the exposure of

metallic rods, and by the burial of tracers (Tables S1.1 and S1.2).

Figure S1.3 and S1.4 present the cross sections and grain-size distribution,
respectively, of the study sites in the lower River Ebro, while tables S1.1 and S1.2
summarise the papers where part of the data used in this manuscript has been
published. It is worth to mention that most of the data on riverbed mobility (based

on tracers) and active layer (based on scour-chains) were not published before.
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Figure S1.1. a) Location map of the River Ebro and b) location of the study sites in the

lower Ebro.
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Figure $1.2. Photographs the study sites.

Flix dam - 27/07/2004
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Flix meander — 27/07/2004

Flix — 18/07/2003

Pas de I’Ase — 18/07/2003
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Méra 1.1 — 24/07/2003

Moéra 1.2 — 24/07/2003

Moéra 2 — 23/12/2002
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Méra 3 - 25/07/2003

Tivenys — 28/07/2003

Tortosa — 28/07/2003
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Figure S1.3. Cross-sections of the study sites.
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Moéra 1.1

Channel morphology: Riffle-pool / Slope: 0.00085 m/m / Width: 161.6 m / Qpankru: 17100 m3/s
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Figure S1.4. GSD of river bed material in the study sites. Measurements were done in

July 2002, July 2003, and July 2004 (except for Tortosa in 2004, which were carried out

in August).
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Tivenys — Combined surface and subsurface material
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Table S1.1. Previous works published in the study river reaches and their main

highlights. Only the articles related to bedload transport and riverbed material have been

included.

Reference

Objectives / Methods

Highlights

Vericat et al. 2006

e To describe the breakup and
reestablishment of the armour
layer in a large regulated river.

Methods:

- GSD samplings (pebble count for
surface material and volumetric
method and area-by-weight for the
subsurface material)

- Bed load samplings (Helley Smith
sampler 152 mm intake).

Study period: 2002-2004

Break-up of the armour layer and
riverbed incision by large floods.
Reestablishment of the coarse surface
layer by small floods.

Increment of the bedload transport after
armour layer (partial or total) disruption.
Lower Ebro river channel was still active
40 years after dam construction.

Methods:

- Flow discharge (water stage and
conversion to discharge).

- Bedload transport (Helley Smith
sampler 152 mm intake).

- GSD samplings (pebble count for
surface material and area-by-weight
for the subsurface material).

Study period: 2003-2004

Vericat and e To analyse the sediment transport |e Upstream the dam, most of the sediment
Batalla, 2006 through the lower River Ebro was transported in suspension (99.5%),
during two consecutive while downstream the dam the transport
hydrological years. was 60% in suspension and 40% as
bedload.
Methods: e Specific sediment yield upstream the
- Flow (from official gauging stations dams was three to four times higher than
and routed by the Muskingum downstream the dams.
method. e The sediment trapping by the dams was
- Suspended sediment transport around 90% of suspended load and
(collection of depth integrated water 100% of bedload.
and suspended sediment samples | e Sediment load upstream the dam mainly
with a US DH74 during low flows provided by tributaries, and downstream
and floods) the dam it came mainly from bank
- Bedload transport (Helley Smith erosion.
samplers of 76 mm and 152 mm
intake).
Study period: 2002-2004
Vericat and e To analyse the behaviour of |e Under limited sediment  supply
Batalla, 2007 different bedload fractions. conditions, partial transport controls the

coarsening of the riverbed surface.

The reestablishment of the armour layer
changes particle entrainment due to
hiding and reduction of dimensionless
critical shear stress.

The reestablishment of the armour layer
causes a reduction in bedload transport
rates due to the lower availability of fine
fractions on the surface.

The reestablishment of the armour layer
causes a progressive reduction of the
sediment net export from the reach.

| ...continued in the next page
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1 ...continued from previous next page

Vericat et al., e To examine the bed material
2008 mobility in the River Ebro on the
adjustment phase (to attain a
post-dam quasi-equilibrium state)

of the river.

GSD.

Methods:

and lines).

method for the
material).

-To assess the effects of
partly—competent flows on the

- To assess the effects of partly-
competent flows
changes of the armour layer.

- Bedload transport (painted areas

- Active layer (scour chains).

- GSD samplings (pebble count for
surface material and volumetric
subsurface

- Surface GSD changes (i.e.
photography comparison).

Study period: 2003-2004

o Existing disequilibrium between the rate

of sediment supply from upstream and
the ability of the flow to entrain and
transport these particles. Most medium
and coarse gravels were exported from
the sections, but larger particles were not
mobilised.

The riverbed surface coarsening
responded to the limited sediment supply
conditions combined with the frequent
occurrence of competent flows.
Sedimentary dynamics in the lower Ebro
are still evident at interannual scale 4
decades after dam closure.
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Table S1.2. Previous works published in the study river reaches and their main highlights

Mean active Mean painted Mean Mean painted
Study Discharge P magnetized P
. Survey Date 3 layer depth tracers travel tracers D5
site (m3/s) (mm) length (m) tracers travel travel length (m)
length (m)
03/12/2002 (tracers and scour chains installation)
05.12.2002 1408 0 30.14 - 50
P;ﬁ)s(a 06.02.2003 2133 77.67 147 - 1.97
08.12.2003 989 13.9 1.19 - -
29.01.2004 685 5.83 1.05 - -
29/11/2002 (tracers and scour chains installation)
05.12.2002 1407 37 5.12 - 12.8
Flix 06.02.2003 2130 242 ; ; -
meander
08.12.2003 987 108 - - -
29.01.2004 685 8 - - -
03/10/2002 (tracers and scour chains installation)
05.12.2002 1787.5 - 3.36 - 6.1
Flix 06.02.2003 2480 537 - - -
08.12.2003 1383 11.67 1.59 - 1.85
29.01.2004 1084.5 72.5 - - -
03/10/2002 (tracers and scour chains installation)
Pas de 06.02.2003 2434 90 9.44 - 9.7
IAse 08.12.2003 1367 68.33 1.31 - -
29.01.2004 1082 25 8.82 - 10.1
02-03/10/2020 (tracers and scour chains installation)
06.02.2003 2498 108.75 9.71 - -
06.02.2003 2498 59.75 31.24 - 37.95
Mora 1.1 0g.12.2003 1355 22.67 0.66 - -
and 1.2
08.12.2003 1355 17.4 0.89 - -
29.01.2004 1081 12.81 1.09 - -
29.01.2004 1081 13 1.34 - 1.4
Mora 2 06.02.2003 2498 - - - -
02/10/2002 (tracers and scour chains installation)
06.02.2003 2498 135 8.87 - -
Mora 3
08.12.2003 1355 51.67 6.45 2.86 5.65
29.01.2004 1081 13.75 3.31 3.85 1.93
04/10/2002 (tracers and scour chains installation)
Tivenys
06.02.2003 2451 521.67 - - -
19/10/2002 (tracers and scour chains installation)
Tortosa 06.02.2003 2422 138.75 9 - 9

08.12.2003 1296.5 55 - - -

a Painted area 1 = 70% particles mobilised; Painted area 2 = 75 % particles mobilised
b Magnetized tracers (no RFID)
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2. RIVER MUGA DATA

The Muga is a 758 km?2 catchment located in the NE of the Iberian Peninsula. It
ranges from 1443 masl at the headwaters to the sea level at the Mediterranean
Sea. The River Muga is regulated by a large dam (Darnius, 61 hm?3) since 1969,
which has completely changed the hydrological regime of the river and generated

a sediment deficit downstream the dam (Piqué et al., 2016; Piqué et al., 2017).

This study focuses on the Upper Muga (Figure S2.1), one sub-basin draining the
reservoir, thus not regulated. This sub-basin drains an area of 84.1 km? of
Paleogene and Cretaceous marls and conglomerates. The Upper Muga sub-
basin is under the domain of the Mediterranean climate, with mean annual
temperature around 11-14°C, and a mean annual precipitation of 850-1150 mm.
Main land use is forest (90% of the basin). Mean monthly flow at the sub-basin
outlet for the study years was 1.3 m3/s (SD £9.4 m3/s) in 2012-2013, 0.54 m3/s
(SD £1.4 m3/s) in 2013-2014, and 0.99 m3/s (SD +5.4 m3/s) in 2014-2015. Annual
maximum flow was 353 m3/s, 24.7 m3/s, and 164 m3/s for the three study years,

respectively (Pigue et al., 2017).

Study Sites and Methods

Riverbed dynamics were indirectly measured in one location close to the mouth
of the Upper Muga sub-basin (Figures S2.2 and S2.3) from October 2013 to April

2015.

- Grain size distribution (Figure S2.4): Surface material was sampled by the

pebble count procedure (Wolman, 1954), while subsurface material was sampled

using the volumetric method (Church et al., 1987).

http://mc.manuscriptcentral.com/esp
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- Particle travel length: Measured from painted areas and RFID-tagged particles.

Tables S2.1 and S2.2.

- Active layer depth: Measured by the scour chain method. Tables S2.1 and S2.2.

Figure S2.3 and S2.4 present the cross sections and grain-size distribution,
respectively, of the study sites in the River Muga, while tables S2.1 and S2.2
summarise the papers where part of the data used in this manuscript has been
published. It is worth to mention that most of the data on riverbed mobility (based

on tracers) and active layer (based on scour-chains) were not published before.

Figure $2.1. a) Location map of the River Muga, and b) location of the study site in the

Upper Muga sub-basin.
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Figure S2.2. Photographs the study site for 25/07/2013. a) General view of the reach,

and b) Detail of the bar and cross-section where measurements were carried out.
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Height from thalweg (m)

Figure S2.3. Cross-section of the study site and main channel characteristics.
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Figure S2.4. Grain size distribution of surface and subsurface material in the study site.
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Table S2.1. Previous works published in the study river reaches and their main

highlights. Only the articles related to bedload transport and riverbed material have been

included.
Reference Objectives/Methods Highlights
Piqué et al. 2017 | e To construct the sediment budget | ¢ Flow patterns upstream and
of a highly regulated | downstream the dam differ due to

Mediterranean river.

e To determine the role of the
reservoir on the upper basin water
and sediment dynamics.

e To quantify the sediment deficit
downstream from the dam.

Methods:

- Dicharge (measurement of water
stage and transformation into
discharge).

- Suspended sediment transport
(turbidity probes installation and
calibration to obtain suspended
sediment concentration).

- Bedload transport (indirect
methods as painted areas, tagged
tracers and scour chains).

Study period: 2012-2015

reservoir operation.

» Upstream, sediment transport is
restricted to floods and occurs in short
periods of time.

* Downstream, suspended sediment
transport predominates; bedload is
negligible.

» Sediment trapping in the reservoir
reaches up to 95% of the total load.
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Table S2.2. Data used in the papers for the study sites.
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Water

Accumulated

Flood . Duration Mean active Mean painted Mean RFID Mean painted Mean RFID
Date flood Discharge volume water volume
event 3 competent . layer depth tracers travel tracers travel tracers D5y travel tracers Ds, trave
number peak (m>/s) flood (min) competent since last flood (mm) length (m) length (m) length (m) length (m)
flood (hm3) (hm3)
01/10/2013 (tracers and scour chains installation)
23 482%91/;1/ 39-12526.08 2930 4-472.58 5:333.90 146 1.27 0.94 0.98 29
3b 04/04/2014  29.9516.97 1305 4:430.84 5.436-94 29 0.97 - 0.54 -
4¢ 29/09/2014  35.227.34 462 6-5430.36 7.188-86 196.25 0.16 1.72 - 0.4
5d 29/11/2014 103.79177.64 43962 14-9410.04 12.1447.96 - - 125.32 - 378.18
6¢ 21/03/014  59.44101.07 2715625 6-084.49 10.4324-84 60 8.79 0.56 6.78 0.13

a From installation to survey 2.
b RFID were not looked for.

¢ RFID data for floods 3 a- 4.

d RFID data for flood 5.

¢ RFID data for flood 6.
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