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Abstract

Conceptual models suggest that the mobility of fluvial gravel bars is mainly controlled by
sediment discharge. Here we present field observations from streams in the Swiss Alps and the
Peruvian Andes to document that for a given water runoff, the probability of bedload transport
also depends on the sorting of the bed material. We calculate shear stresses that are expected
for a mean annual water discharge, and compare these estimates with grain-specific thresholds.
We find a positive correlation between the predicted probability of transport and the sorting of the
bed material, expressed by the Dyy/Dy, ratio. These results suggest that besides sediment discharge,

the bedload sorting exerts a measurable control on the gravel bar mobility.

1 Introduction

The dynamics and the mobility of gravel bars in coarse-grained streams exert a strong control on the
channel form, where a large gravel bar mobility is commonly found in braided rivers, while a low
mobility is associated with more stable channels (Church, 2006). Flume experiments (Dietrich et al.,
1989) and numerical models (Wickert et al., 2013) have shown that sediment flux is one of the most
important parameters, which controls the dynamics of these bars (Dade and Friend, 1998; Church,
2006) and which leaves a measurable impact in fluvial stratigraphies (Allen et al., 2013).
Accordingly, a large sediment flux would increase the mobility of gravel bars and promote streams
to adapt a braided pattern. In contrast, a low sediment flux is predicted to result in an armoring of
the channel floor (Carling, 1981; Aberle and Nikora, 2006) through selective entrainment of finer-
grained sediments (Whiting et al., 1988; Dietrich et al., 1989), thereby resulting in a better sorting
of the channel bed material and in a stabilization and confinement of the channel-bar arrangement
(Church, 2006). If this hypothesis was correct, one would also expect that well-sorted gravel bars
should be less frequently reworked than poorly sorted one (Whiting et al., 1988), and that braided
streams host gravel bars with a higher mobility probability than confined rivers. Here, we test this
hypothesis with a focus on gravelly streams in the Swiss Alps where flow is confined in
artificial channels, and in the Peruvian Andes where streams are braided. We selected gravel
bars close to water gauging stations, determined the grain size distribution of these bars and
calculated the probability of sediment transport for a selected water runoff, which in our case

corresponds to the mean annual water discharge for comparison purposes. We explored whether
1
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these flows are strong enough to shift the clasts that build the sedimentary framework of these
bars. We thus considered the mobilization of these clasts as a condition, and thus as a threshold,
for a change in the sedimentary arrangement of the target gravels bars. The braided character of
streams in Peru complicates the calculation of the sediment transport probability mainly
because of the large variability in channel widths and the occurrence of multiple active
channels within a reach. For these streams, we therefore focused on a segment where all water
flows in one single channel with a constant width over a c. 100 m-long reach. The research sites
therefore offered conditions that are similar, or close, to a laboratory flume experiment (e.g.,
Dietrich et al., 1989) where channel metrics (width and gradient) are nearly stable, and where
sediment transport, conditioned by grain size specific thresholds, mainly depends on water

runoff and the related flow strength.

2 Methods and datasets

2.1 Entrainment of bedload material, and probability of sediment transport

Sediment mobilization occurs when flow strength T exceeds a grain size specific threshold 7, (e.g.,
Paola et al., 1992):

T> T, (1).
Threshold shear stress 7. for the dislocation of grains with size D, can be obtained using Shields

(1936) criteria ¢ for the entrainment of sediment particles:

= ¢(p,-p)gD
7. =¢(p,-p)gD, ),

where g denotes the gravitational acceleration and p, and p the sediment and water densities,
respectively. Assignments of values to ¢ vary and diverge between flume experiments (e.g.,
Carling et al., 1992; Ferguson, 2012; Powell et al., 2016) and field observations (Mueller et al.,
2005; Lamb et al., 2008). We employ the full range between 0.03 and 0.06 (Dade and Friend, 1998),
which considers most of the complexities including hiding and protrusion effects that are associated
with sediment transport of coarse-grained material (e.g., Buffington and Montgomery, 1997;
Whitaker and Potts, 2007; Wickert et al., 2013; Powell et al., 2016). It also accounts for the slope
dependency of ¢ for most of the cases particularly where energy gradients are flatter than c. 0.01
(Bunte et al., 2013), as is generally the case here with a few exceptions (Table 1). Among the
various grain sizes, the 84" percentile Dy, has been considered to best characterize the sedimentary
framework of a gravel bar (Howard, 1980; Hey and Thorne, 1986; Grant et al., 1990). Accordingly,
flows that dislocate the Dy, grain size are strong enough to alter the gravel bar architecture (Grant et
al., 1990). We thus selected this threshold to quantify the minimum flow strengths 7, to entrain the
bed material. The use of the D, (e.g., Paola and Mohrig, 1996) would yield in a lower threshold and
thus in a greater transport probability.

Bed shear stress T is computed through (e.g., Tucker and Slingerland, 1997):

T = pgRS 3).
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Here, S denotes the energy gradient, and R is the hydraulic radius, which is approximated
through water depth d where channel widths W > 20xd (Tucker and Slingerland, 1997), which
is the case here. The combination of expressions for: (i) the continuity of mass including flow
velocity V, channel width W and water discharge Q:

Q=VWd )

(ii) the relationship between flow velocity and channel bed roughness n (Manning, 1891):
V= ld2/3S1/2 (5);
n

and (iii) an equation for the Manning’s roughness number n (Jarrett, 1984):
n=0.328"%q"" (6);
yields a relationship where bed shear stress 7 depends on gradient, water flux and channel width

(Litty et al., 2017):

0.55
T= 0.54pg(%) §09%
(7).

This equation is similar to the expression by Hancock and Anderson (2002), Norton et al.
(2016) and Wickert and Schildgen (2019) with minor differences regarding the exponent on the
channel gradient S and on the ratio Q/W. These mainly base on the different ways of how bed
roughness is considered. The results, however, are similar.

We propagated the uncertainties in the variables (Table 1) using Monte Carlo simulations.
Simulations were repeated 10’000 times, and the results are reported as percentage where 7> 7,
during these iterations. These values then represent probabilities of sediment transport for a given

water discharge.

2.2 Datasets

We collected grain size data from streams where water discharge has been monitored during the
past years. These are the Kander, Liitschine, Rhein, Sarine, Simme, Sitter and Thur Rivers in
the Swiss Alps (Fig. 1a). The target gravel bars are situated close to a water gauging station. At
these sites, digital photographs were taken along or across a gravel bar with a Canon EOS PR.
Grain sizes were measured with the Wolman (1954) method using the free software package

ImageJ 1.52n (https://imagej.nih.gov). Following Wolman (1954), we used intersecting points

of a grid to randomly select the grains to measure. A digital grid of 20x20 cm was thus placed
on each photograph with its origin placed at the lower left corner of the photo. The intermediate
or b-axis of approximately 250 — 300 grains situated beneath an interception point was
measured at each location (gravel bar). In cases where more than half of the grain is buried, the
neighboring grain was measured instead. If the same grain lay beneath several interception
points, then the grain was only measured once. Only grains larger than a few millimeters could
be measured. We complemented these data sets with published information on the Ds, Dy, and

Dys grain size (Litty and Schlunegger, 2017; Litty et al., 2017) for further streams in
3
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Switzerland and Peru (Figs. 1a and 1b; Table 1). These authors used the same approach upon
collecting grain size data, which justifies the combination of the new with the published
datasets.

For the Swiss streams, channel widths and gradients (Table 1) were measured on orthophotos
and LiDAR DEMs with a 2-m resolution provided by Swisstopo. We complemented this
information with published values for channel width estimates for 21 Peruvian streams and for
additional 5 streams in Switzerland (Table 1, please see references there). We added a 20%
uncertainty on the morphometric variables, which considers the natural variability in gradients
and channel widths along the study reaches. We likewise assigned an uncertainty of 20% to the
grain size dataset, which considers a possible bias that could be related to the grain size
measuring techniques (e.g., sieving in the field versus grain size measurements using the
Wolman method; Watkins, 2019). It also considers a mean estimate for the temporal variability
in the grain size data, as a repeated measurement on selected gravel bars in Switzerland has
shown (Hauser, 2018). We considered that the Shields variable ¢ is equally distributed between
0.03 and 0.06 during the 10’000 iterations.

The Federal Office for the Environment (FOEN) of Switzerland has measured the runoff values
of Swiss streams over several decades. We employed the mean annual discharge values over 20
years for these streams and calculated one standard deviation thereof (see Table 1). For the
Peruvian streams, water discharges reported by Litty et al. (2017 and Reber et al. (2017) were

used.

3 Results

The grain sizes range from 8 mm to 70 mm for the D5, 29 mm to 128 mm for the Dg,, and 52 mm
and 263 mm to the Dy, The smallest and largest Dy, values were determined for the Maggia and
Rhein Rivers in the Swiss Alps, respectively (Table 1). The grain sizes in the Swiss Rivers also
reveal the largest spread where the ratio between the Dy, and Dy, grain size ranges between 2.2
(Sarine) and 17.7 (Maggia Losone I), while the corresponding ratios in the Peruvian streams are
between 2.1 (PRC-ME9) and 5.8 (PRC-ME17). In the Swiss Alps, the critical shear stresses T,
(median values) for entraining the Dg,grain size ranges from c. 20 Pa (Emme River) to c. 90 Pa
(Rhein and Simme Rivers). In the Peruvian Andes, the largest critical shear values are <80 Pa
(PRC-ME39). The shear stress values related to the mean annual water discharge (Q,,.) range from
c. 15 Pa to 100 Pa in the Alps and from 20 Pa to >400 Pa in the Andes. Considering the strength of
a mean annual flow and the Dy, grain size as threshold, the probability of sediment transport
occurrence in the Peruvian Andes and in the Swiss Alps comprises the full range between 0% and
100%.

Rivers that are not affected by recurrent high magnitude events (e.g., debris flows) and where
the grain size distribution is not perturbed by lateral material supply are expected to display a self-

similar grain size distribution (Whittaker et al., 2011; D’Arcy et al., 2017; Harries et al., 2018),
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characterized by a linear relationship between the Dg,/Ds,and Dys/Ds, ratios. In case of the Maggia
River, the largest grains are oversized if the Ds, and the grain size distribution of the other streams
are considered as reference (Fig. 2). This could either reflect a response to the high magnitude
floods in this stream (Brénnimann et al., 2018), or to the supply of coarse-grained material by a
tributary stream where the confluence is <1 km upstream of the Maggia sites. If we exclude the
Maggia dataset, then the probability of sediment transport occurrence scales positively and linearly
with the Dy/Ds, ratios (Fig. 3). The observed relationship appears stronger for the Swiss rivers (R =
0.74, p-value = 2E-4) than for the Peruvian stream (R*> = 0.33, p-value = 4E-3). These correlations
suggest that gravel bars with a poorer sorting of the bedload, here expressed by a high D,/D5, ratio,
have a greater probability for the occurrence of sediment transport than those with better-sorted
material. Figure 3 also shows that for a given material sorting, the mobilization probability is

greater in the Peruvian than in the Swiss rivers.

4 Discussion and Conclusions

The sediment transport calculation is based on the inference that floods are strong enough to entrain
the frame building grain size Dyg,. Therefore, the relationships between the mobilization probability
and the D,y/Ds, ratio could depend on the selected grain size percentile (e.g., the Dy, versus the Ds,),
which sets the transport threshold. However, this variable linearly propagates into the equation (2)
and thus into the probability of 7>17,. Therefore, although the resulting probabilities vary depending
on the threshold grain size, the relationships between the Dy/Ds, ratio and the mobilization
probability will not change. For the case where different discharge estimates are considered, here
expressed as the ratio A of a specific runoff to the mean annual discharge O,.,, then the
corresponding probability of sediment transport will change by ~ \/Z (equation 7), but the
dependency on the Dys/Djs, ratio will remain. This suggests that the sorting of the bed material has a
measurable impact on the mobility of gravel bars and thus on the frequency of sediment
mobilization irrespective of the selection of a threshold grain size and the choice of a reference
water discharge. We note that while the data is relatively scarce and scattered (i.e., the same
transport probability for c. twofold difference in the Dy/Djs, ratio), the relationships observed
between the probability of transport occurrence and the degree of material sorting are significant
with p-values <<0.01. We explain the scatter in the data by the natural stochastic nature of
processes that are commonly encountered in the field.

For a given D,s/Dj, ratio, the probability of material transport is greater in the Peruvian than in the
Swiss rivers. We explain this by the differences in the geomorphic conditions and sediment supply
processes between both mountain ranges, and by the anthropogenic corrections of the Swiss streams.
In the Swiss Alps, the channel network, the processes on the hillslopes, and the pattern of erosion
and sediment supply has mainly been conditioned, and thus controlled, by the glacial impact on the
landscape and the large variability of exposed bedrock lithologies (Salcher et al., 2014;

Stutenbecker et al., 2016). In contrast, the erosion and sediment supply in the western Peruvian

5
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Andes is mainly driven by the combined effect of orographic rain (Montgomery et al., 2001; Viveen
et al.,, 2019) and earthquakes (McPhilips et al., 2014). Because the patterns, conditions and
mechanisms of sediment supply largely influence the grain size distribution of the supplied material
(Attal et al., 2015), and as consequence, the downstream propagation of these grain size signals
(Sklar et al., 2006), we do not expect identical relationships between grain size parameters and
probability of sediment transport in both mountain ranges. In addition, all streams in Switzerland
are confined in artificial channels with a limited possibility for lateral shifts of gravel bars. The
confinement of runoff in artificial channels could thus enhance the armoring effect (Aberle and
Nikora, 2006), with the consequence that the sediment transport probability for a given flow
strength is likely to decrease, also because armoring results in a successive coarsening of the
material and in larger thresholds. Accordingly, the low sediment transport probability in the Alps
might have an anthropogenic cause, but a confirmation warrants further research. In Peru, channels
are braided within a broad channel belt. Therefore, the probability of a change in the bar-channel
arrangement is expected to be higher than in the confined Swiss streams. Despite these differences,
we predict that the sorting of coarse-grained bed sediments has measurable impacts on the mobility
of the bedload material. We therefore suggest that besides grain size, channel gradient, sediment
flux and transport regime (Dade and Friend, 1998; Church, 2006), the sorting of the bed material
represents an additional, yet important variable that influences the mobility of the gravel bars and

thus the stability of channels.

Figure 1
A) Map showing the sites where grain size data has been measured in the Swiss Alps. The research
sites are close to water gauging stations; B) map showing locations for which grain size and water

discharge data is available in Peru (Litty et al., 2017).

Figure 2
Relationship between ratio of the Dyy/Dsy and Dy,/Ds,, implying that the Dy grain sizes of the
Maggia gravel bars are too large if the Ds, is taken as reference and if the other gravel bars are

considered.

Figure 3
Relationships between the probability of sediment transport occurrence and the D,y/Dj5, ratio, which

we use as proxy for the sorting of the gravel bar, in the Swiss and Peruvian rivers.

Table 1
Channel morphometry (width and gradient), grain size and water discharge measured at the research
sites. The table also shows the results of the various calculations (critical shear stress 7, shear stress

7 of a flow with a mean annual runoff Q,,.,, and probability of sediment transport occurrence related
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to this flow).
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TABLE 1. GRAIN SIZE, CHANNEL METRICS, SHEAR STRESSES AND RELATIVE TRANSPORT TIME
Id River Site. Site. Channel  Reach Qmed:  Standard __ Unit 0 D96/D50  D84/D50  Critical  Critical _ Critical Sheer Sheer Sheer Relative
coordinates coordinates  width gradient  Mean  deviation discharge (m)  (m) (m) Sheer Sheer Sheer  stressin  stressin  stressin transport
Latitude  Longitude along (m/m) annual  ofQmed  (Q/W; (median)  (16th%)  (84th%) response response  response  time for
(DD (DD reach water (m3ls)  m2ls) (Pa) (Pa) (Pa)  toQmed toQmed toQmed  Qmed
WGS84)  WGS84) (m) discharge (Pa) (16th%)  (84th%)  and the
(m3/s) (Pa) (Pa) 84
threshold
1 Emme* 4696 775 30 0.007 119 25 04 0009 0020 0052 58 32 2 15 29 20 2 39 1%
2 Landquart* 46.98 961 32 0018 241 5.1 08 0025 0083 0135 54 33 60 2 82 102 79 130 90%
3 Waldemme Litaw vy oo 7 0011 155 28 06 009 0050 008 o e % o - P o P e
i Reussr prost oo P 007 29 a7 09 009 007 008 ya o et - o - - o o
5 Maggia Losone II* 4617 877 84 0.005 227 108 03 0011 0046  0.127 113 41 33 23 46 19 12 2 11%
6 Maggia Losone I" 4617 877 22 0.005 227 10.8 10 0008 0033  0.140 177 a1 2 17 33 39 2 53 83%
7 Rhein 4701 930 92 0.002 1675 245 18 0070 0.128  0.169 24 18 @2 65 127 2 20 32 %
8 Sarine 46.36 705 2 0.004 210 39 09 0049 0080  0.108 22 16 58 7 80 27 2 35 %
o Latschine pros i P 007 190 7 06 005t 0111 0 oo e ot o b . . - -
0 Tr P . 52 ooz 39 o8 07 00w 0085 0009 oy . ot bt s - o p -
o simme P o s oote 120 18 08 002 0119 0263 4o o ps o o o - o o
w o sitr piot o 2 0005 102 6 04 00 0064 009  ga It e o P o o ps T
13 Kander 4639 740 2 0.009 200 23 08 0054 0.116  0.193 36 21 81 59 115 58 a6 72 19%
14 Sense* 46.89 735 2 0.005 87 17 04 0024 0060  0.096 40 25 a3 31 60 2 7 28 &%
15 PRC-ME1# 1812 7033 6 0015 34 08 06 0023 0062  0.100 43 27 45 32 62 76 58 o7 89%
16 PRC-ME3# 782 7051 6 0013 40 50 07 0025 0055 0110 m 22 40 2 55 8 % 126 86%
7 PRowESH roe Toge 7 0018 a4 0 05 o0 0051 008 5o e e s o o - o oo
18 PRC-ME6# 17.03 7169 26 0,051 38.1 378 15 0015 003 0075 50 24 2% 18 36 432 244 643 100%
19 PRC-ME802# 16.34 7213 15 0019 30.1 217 20 0020 0060  0.100 50 30 a3 31 60 193 116 278 98%
20 PRC-MET7# 1651 7264 100 0.005 68.4 52.7 07 0052 0087 0120 23 17 63 m 86 31 18 45 8%
21 PRC-ME9# 16.42 7312 70 0.004 911 822 13 0048 0.068  0.100 21 14 a9 35 68 37 2 54 20%
22 PRC-ME1402# 15.85 7426 3 0014 204 299 68 0013 0030  0.060 46 23 2 15 20 336 182 510 100%
23 PRC-ME15# 1563 7464 23 0.003 121 167 05 0029 0084  0.096 33 22 46 33 64 19 10 29 5%
24 PROME®:  1aya Tem 20 oos 136 s 07 00% 0066 010 45 e o b hs - pu b o
25 PRC-ME17# 1347 76.14 5 0010 101 148 20 0013 0038 0076 58 29 28 19 38 126 8 191 7%
26 PRC-ME19# 1312 7639 60 0010 264 259 04 0020 0046 0088 a4 23 3 2 46 a9 28 72 72%
27 PRC-ME20# 1267 76,65 22 0.008 82 98 04 0016 0.048  0.088 55 30 35 25 48 38 27 57 5%
28 PRC-ME22# 1225 76.89 5 0022 37 43 07 0030 0050  0.088 29 17 % 2% 50 141 78 212 96%
2 PROMESS:  rirg Tae s 0018 a0 51 01 00 0105 010 gp 2 bt s - - I . ol
W PROMEZE et e 20 0010 8o 78 04 005 0083 0120 5p e o - s - s b i
31 PRC-ME25# 1107 7759 5 0.012 38 46 08 0028 0077  0.130 45 28 56 39 77 82 a5 124 72%
32 PAT-ME# 1072 177 30 0014 309 243 1.0 0018 0.036  0.060 33 20 2 18 36 102 60 148 7%
33 PRC-ME38# 10,07 78.16 15 0.004 98 127 07 0017 0034 0052 31 20 25 7 3 28 15 42 56%
34 PRC-ME27# 897 7862 40 0.005 9.1 67.7 24 0020 0054  0.090 45 27 29 27 54 61 a7 87 77%
35 PROMESD: N © oo 254 o7 06 009 0063 0100 5o ot - o s .4 o o o

Italic=Swiss Rivers, plain=Peruvian Rivers
Water discharge data from the Swiss Rivers is taken from the Swiss Federal Office for the Environment (FOEN: www. hydrodaten.admin.ch). Reported values represent discharges monitored over the period 1990-2011; Except for the Rhein (1977-1990).

Water discharge and drainage basin size data from the Peruvian Rivers is taken from Reber et al. (2017) and Litty et al. (2017)
#The grain size data from the Peruvian streams is taken from Litty et al. (2017)
“The grain size data, channel width and gradient data from the Emme, Landquart, Reuss, Maggia and Sense Rivers is taken from Litty and Schiunegger (2017)
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