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Abstract

A new data set of bed load measurements in a cross-section at the exit of a river bend is
presented. Data are analyzed to identify processes that contribute to the morphodynamic
stability of gravel bed meanders. It is shown that boundary shear stress and bed material
texture are strongly coupled, resulting in an almost equal mobility at incipient motion over
the bend point bar in relation to channel flow stage. Conversely, for conditions above
bankfull an excess of fine sediment towards the inner-bank, likely related to more intense
crosswise flux and grain size sorting, results in size selective transport in relation to the
local bed material. We suggest that bed armoring and structuring, as well as crosswise
sediment flux, add stability to the outer-bank pool, while the point bar is eroded by large
floods and restored by moderate flows. Results reveal the strong feedback of processes at

different scales promoting stability at bends of gravel bed rivers.

1. INTRODUCTION

A requirement for the morphology of a meander to remain stable is that the sediment
supplied upstream must be expelled at the same pace downstream at the exit. If different
grain sizes follow different pathways as they move through the bend, some processes and
channel adjustments must act to promote the movement of all grain sizes at the same rate as
they are supplied upstream, for varying flow conditions (Clayton & Pitlick, 2007).
Identification of these processes and adjustments, with their relative significance, is of

special importance in the context of anthropogenic climate change and the likely changes
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on the hydrological regimes (e.g., Kundzewicz et al., 2007) and sediment yield at the
catchment scale (Goode et al., 2012). The question arises, then, whether a change in the
frequency and magnitude of river run-off and sediment supply would lead to channel

instability in gravel-bedded river meanders.

Recent advances in physical and numerical modeling of meandering rivers have given
valuable insight on the conditions needed to sustain meander dynamics. These advances
have contributed to understand the controlling mechanisms in meander migration rate,
sinuosity, floodplain formation and planform morphodynamics (e.g., Braudrick et al., 2009;
Parker et al.,, 2011; Van Dijk et al., 2012; Schuurman et al., 2015). Nevertheless,
knowledge gaps remain, particularly for recognizing whether meander dynamics for sand
beds can be extended to non-uniform sediment beds, or in this case, if the dynamics is
affected by different sediment sorting and mobility conditions. For instance, in gravel bed
rivers changes in sediment supply exert a control on the surface structure of the river bed
(e.g., Nelson et al., 2009; Ferrer-Boix & Hassan, 2014). Therefore, it is not clear if the
dynamics of gravel bed meanders is affected by sediment supply in the same way as it has
been observed in sand-bed streams, where high sediment supply is related to larger

meander cutoff and migration rates (Constantine et al., 2014).

In meander bends the flow is characterized by a cross-stream motion, often described as
a three-dimensional helical flow (Engelund, 1974; Smith & McLean, 1984). This helical
flow is related to the curvature of the channel and the width-to-depth ratio (Lanzoni et al.,
2006; da Silva et al., 2006; Termini & Piraino, 2011). For high width-to-depth ratios
convective accelerations have a predominant influence on the velocity field (Dietrich &
Smith, 1983; Termini, 2015), while for small width-to-depth ratios it is the cross-circulation
that mostly determines the characteristics of the downstream velocity pattern and shear
stress distribution (Blanckaert & Graf, 2001; da Silva, 2015). Due to this, the pattern of
flow in bends is strongly linked to flow stage, with the morphological adjustments
associated to an equilibrium flow condition (Dietrich & Whitting, 1989). Although field
studies have confirmed this dependence on flow stage for morphological changes over
point bars (e.g., Kasvi et al., 2013; Lotsari et al., 2014), the combined role of flow stage,

bend geometry and the history of flow conditions on bar formation still needs to be
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clarified, especially in gravel bed rivers where coarse and fine material contribute to bar

construction.

As fine and coarse materials move through a bend they are segregated, resulting in the
consistent pattern where coarse material is directed to the pool and fine material outwardly
toward the point bar (Parker & Andrews, 1985; Bridge, 1992; Julien & Anthony, 2002).
This process overlaps with other sorting processes that are also common in straight reaches,
such as armouring and hiding-exposure. A response of a straight channel to achieve
stability can be through selective lateral bed load transport and changes in surface texture,
as reported by Nelson et al. (2010) in flume experiments with alternate bars. Varied shear
stress driving sediment sorting in straight reaches, however, may not be as strong as in
meanders (Lisle et al., 2000), where channel curvature and bed topography force strong
spatial divergences in shear stresses, fractional sediment transport rates and bed material
size (Dietrich & Smith, 1984; Clayton & Pitlick, 2007). A common sequence in the
mobility of sediment mixtures reported for straight reaches considers that sediment
transport evolves with flow stage from partial mobility, when only a portion of the grains
on the bed surface are in motion (Wilcock & McArdell, 1993); to size-selective transport,
when coarser sizes are in a lower proportion in the transport rates than in the bed (Parker,
2007); and finally to equal mobility, when the proportion of each size in the transport is
equal to its availability in the bed material (Parker et al., 1982). Clayton & Pitlick (2007)
recognized that analogous stages of sediment mobility occur spatially across the bed of a
gravel bed river bend, from partial transport of coarser particles at the inner region of the
bend, to full mobility at the outer region. Clayton & Pitlick (2007) argued that this
crosswise transition leads to dynamic stability at the bend reach scale over long timescales,
through a roughly equivalent bed load volume being transported by the inner, middle and
outer regions of the channel. Furthermore, they suggested that armouring of the outer
region of bends (the pool) would increase with bend curvature, so that coarse grains are
more available to transport during high flows. This same feature has been recognized in
recent field measurements at a river confluence (Martin-Vide et al., 2015). Nevertheless,
differences in grain size mobility at different flow stages across a large gravel-river bend
have not been thoroughly described.
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The aim of this study is to identify at both local and cross-section scale, the sediment
transport processes that contribute to the morphological stability of a large river bend with
poorly-sorted material. We assume that the same processes acting in straight reaches are
also fundamental for the stability at the local, cross-sectional and reach scales of a river
bend. Analyses are based on intensive field observations of bed load and bed material
collected at three sampling verticals placed at the exit of the bend section. Of particular
interest are the incipient motion, derived from the maximum collected size, and the
selective transport, derived by comparing bed material and fractional transport rates. The
new data set provides a particular opportunity to analyze the spanwise variation in
boundary-shear stress, bed material texture, and sediment mobility for a large range of
discharges in a large gravel-bed river bend. Previous studies on sediment transport
dynamics in river bends have been mostly focused on sand bed channels with relatively
small width-depth ratios (Dietrich, 1987). Bed material is composed of sand and gravel in
the study reach here, with width-to-depth ratios larger than 30. Thereby, the new data give
an insight on conditions not investigated previously.

2. STUDY AREA

The study has been carried out in the lowermost parts of the Ebro River during the
hydrological period 2007-2015. The Ebro river basin (85,530 km?) is located in the
northeast Iberian Peninsula (Fig. 1). It covers the south-facing slopes of the Cantabrian
Range and the Pyrenees (in the northern part of the basin), and the north-facing slopes of
the Iberian Massif in its southern part. At present, 57% of the total annual runoff of the
Ebro river basin is impounded by close to 200 dams. This is a much higher rate of
impoundment than that typically encountered in more humid regions and for catchments of
similar size (i.e., 5 to 18% in the river Rhine, Elbe and Wessem [Vericat & Batalla, 2005]).
Virtually, all dams were built during the twentieth century, especially in the period 1950-
1975 when 67% of the total storage capacity was constructed. The largest system of dams
(formed by the Mequinensa-Riba-Roja-Flix dams, Fig. 1), is located 100 km from the river
mouth. Downstream of the reservoirs water is used for hydropower production and the

cooling of a nuclear plant, but the main water use is for agricultural purposes. Almost one-
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half of the mean annual water yield of the river basin is extracted from the streams and does

not return to the water system (Tabara et al., 2008).

Mequinensa dam

Flow direction

\

Riba-Roja dam
/LQLF\”X dam

( Méra d’Ebre

Point bar ~. ) Tortosa bridge

Figure 1. Location and characteristics of the study site.

The study section was located in Tortosa (drainage area 83,093 km2), in a cross-
section placed 170 m downstream of the apex of a moderately sharp river bend (radius of
curvature/channel-width =4) (Fig. 1). The river there is channelized preventing both the
lateral mobility of the riverbanks and the overflow on the alluvial-plain. At the right-bank a
point bar is well-developed, mainly composed of unconsolidated coarse and medium gravel
with a median bulk particle size Dsop computed at 16 mm. Bed material is extremely poorly
sorted. The mean hydraulic-channel slope is estimated at 0.0005. Bankfull discharge
(=1,100 m%/s, based on 1.5 years return period) is equaled or exceeded 3.5% of the time
(period 1968-2004) (Batalla et al., 2004). For the post-dam period, maximum peak
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133 discharge recorded in Tortosa was 3,300 m®s (25 years return period), while during the
134  study period the maximum peak discharge was 2,025 m®/s (4 years return period) (see Fig.
135 2).
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137
138  Figure 2. Average daily water discharge during the study period.

139

140 3. METHODS

141 3.1 Sampling verticals

142 Four sampling stations (or verticals) were set in the studied cross-section. Verticals were
143  placed at 25, 59, 74 and 108 m from the left-bank (outer or concave bank), respectively
144  designated as: Outer-bank (Ob), Central-channel (Cc), Inner-bank - Central-channel (1b-
145  Cc), and Inner-bank (Ib) (Fig. 3). These locations correspond to 19%, 45%, 57% and 83%
146  of the 130 m channel width defined by the left and right vertical walls, which encroach the
147  reach for flows larger than roughly 700 m®/s. The sampling verticals were meant for an
148  even distribution over the cross-section, while avoiding the potential effects of the bridge
149  piers located 25 m upstream. The influence of the 5 m-wide piers was negligible, since the
150  sampling verticals were more than 14 m away from them, and the downstream distance was
151  far enough from their wake (the wake of rectangular piers with rounded nose, as in the

152  study site, is limited to a distance of one pier width in shallow flow, e.g., Lima, 2014).



153
154
155
156
157
158
159

160
161

162
163
164
165
166
167
168
169
170
171
172
173
174
175
176

177

178
179
180
181
182
183

Besides, there was no evidence of abrupt changes in the bed elevation at any of the
verticals, which could be related to local scour effects from the piers.

The cross-section was surveyed in June 2008 and August 2013. In the first field
campaign, four extra cross-sections distributed along the bend were also surveyed (Fig. 3).
Data were obtained by means of a digital eco-sounder model BioSonics DT-X (in the wet
area), and a topographic total station (in the dry area). In order to link both data sets, a
minimum of 3 coincident (overlapped) points were measured with both devices.

3.2 River bed material and bed load

River bed material was annually sampled from 2012 to 2015, mostly during summer season
before the rainy period (see Fig. 2). Bed samples were taken by scuba divers since water
depths in the sampling verticals ranged from almost 1 m in the Ib-Cc to up to 5 m in the Ob
vertical. No standard methods are available for underwater sampling in gravel bed rivers.
Thus, for the bed-surface material pebble counts were applied as it is normally
recommended in wadable streams (e.g., Bunte & Abt, 2001). At each vertical, a minimum
of 200 pebbles were collected from the bed surface. The sampling interval was large
enough to avoid serial correlation (Church et al., 1987). For the bed-subsurface material
bulk samples were collected within the area covered by the pebble counts. Accordingly,
bed surface particles were removed to a depth of about the Dgg of surface grains, and then
the material below the surface was sampled to a depth of about two particle diameters.
Subsurface material was taken using a scoop sampler, following Billi & Paris (1992), who
reported the collection of river bed particles in deep water by divers with that method.
Sample weight ranged between 15 and 48 kg, with the coarsest particles making up no
more than 1% of the total weight of the sample (Church et al., 1987). Particles below 32
mm were dry-sieved in the laboratory and analyzed for 1¢ intervals, while material greater
than 32 mm was measured in the field by means of a template.

Bed load was sampled during 4 floods recorded from 2008 to 2013. Samples were
taken during 19 days: 6 in 2008; 7 in 2009; 4 in 2010; and 2 in 2013 (see Fig. 2). The
highest flood sampled was that of 2008 when sampling included the peak discharge of
2,025 m®/s. Direct observations in the field revealed that the incipient motion of riverbed

particles occurred at a discharge of around 620 m3/s.
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185  Figure 3 Cross-section of the study site for years 2008 and 2013 (above), and cross-sections
186  along the bend for year 2008 (below). Qw refers to water discharge. Photo taken from
187  GoogleEarth.

188

189 Bed load samples were taken at the Ib, Ib-Cc and Cc verticals. Unfortunately,
190 sampling at the Ob was not possible because of the extreme flow conditions (e.g., mean
191  flow velocities recorded for a discharge of 770 m3/s were as high as 2.5 m/s), and because
192  the massive floating litter (e.g. woody debris and macrophytes) prevented us to carry out
193  the sampling under safety conditions. In addition, the Ib vertical was only sampled in 2008
194  since it was active (in terms of bed load transport) at discharges above 1,700 m?/s.
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Samples were collected by means of a Helley-Smith sampler (29 kg weight, 76.2
mm inlet, expansion ratio [exit area/entrance area] 3.22, and mesh size diameter 0.45 mm).
Although some bias has been recognized for Helley-Smith samplers toward
overrepresentation of sand and fine gravel (e.g. Sterling & Church, 2002; Bunte et al.
2008), it is still a good option for sampling sand and gravel loads according to the high
sampling efficiencies found by several authors (e.g., Hubbell, 1987; Emmett, 1979), and
due to the lack of other reliable samplers to be used in relatively deep waters. Nonetheless,
for our study site, it must be expected that the load of the coarsest sizes of the river bed
could be undersampled (Dgo=53 mm for the coarsest grain size distribution of bed
material), and that the size of the inlet would set a cutoff size, so that the least frequent
coarse particles in the bed would be eliminated from the load (size of the coarsest particle
found on the bed surface was 85 mm, i.e., larger than the sampler inlet).

For discharges lower than 1,500 m%/s bed load sampling was performed from a boat.
At each sampling vertical the boat was moored to an anchor with a buoy tied at the end of a
rope. The anchor was kept fixed at the same location for the whole sampling day. This
procedure ensured that samples were always taken approximately at the same verticals of
the cross-section. Once the boat was moored, the bed load sampler was carefully lowered
by means of a small crane. When the sampler was placed over the riverbed, the crane cable
was kept loose enough to avoid lifting of the sampler from the bed surface.

For flows larger than 1,500 m®/s, the bed load sampler was lowered from the bridge
using a mobile crane placed at 8 m above the water level. Especial care was taken to locate
the sampler at the same positions as for measurements carried out from the boat. Either for
sampling from the boat or from the bridge, there were no means to check that the sampler
was lying on the stream bottom without any gap effect, or that shoveling was avoided.
Since the direct deployment of the sampler on the channel bed represents one of the largest
sources of bias of Helley-Smith samplers (Vericat et al. 2006; Bunte & Abt, 2009), the
collected data may contain some added scatter due to these drawbacks. Accurate estimates
of the bed load size distribution in gravel bed rivers require very long sampling times
(Dietrich & Whiting, 1989). Thus, in order to obtain representative samples, bed load
measurements during each sampling day were repeated from 6 to 10 times in a given

vertical. Not all the samples were obtained consecutively in the same vertical, but in



226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245

246
247
248
249

250
251

sequences of two consecutive measurements on each vertical, and in series of sequences
over the verticals of the entire cross-section (traverses). Three series were measured for the
highest discharges (> 2,000 m3/s), and four series for discharges lower than 2,000 m%/s,
except for one sampling day for which five traverses were carried out. Sampling was
always performed from the right- to the left-bank. Once the first traverse was finished, the
second series started from the first vertical again. Approximate duration times of the
different stages of a traverse are shown in Table 1. Each sampling day and before starting
the first traverse, a suitable sampling duration was estimated to ensure that no more than
50% of the sampler bag would be filled. With that purpose, the bed load sampler was
placed over the streambed during 2 minutes, and then consecutive time increments of one
minute were carried out to know when the bag would be filled up to 50%. Thereby,
sampling durations ranged from 2 to 5 minutes. A total number of 288 individual bed load
samples, 14 from Ib, 144 from Ib-Cc and 130 from Cc, were dried, weighted and sieved at
1 ¢ intervals for grain size analysis at the laboratory, as described by Bunte & Abt (2001).
Unit total bed load rates were obtained from qs= ws/ [tsbsn], where bs is the width of the
sampler, ts is the sampling duration, ws is the dried weight of the sample, and n is the
efficiency of the sampler, considered as m=1. Similarly, fractional transport rates were

obtained from gsi= wsi/ [tsbsn], where the subscript i denotes a specific grain size class.

Table 1. Main features of the bed load sampling

Sampling features Duration
Total sampling duration 2-3 hours
Sampling interval between verticals @ 15-30 minutes
Sampling interval between samples ©) 4-8 minutes
Sampling time @ 2-5 minutes
Number of series (traverses) 3-5 times

(1) Total sampling duration per day
(2) Interval that elapses between consecutives samples from one vertical to another vertical
(3) Interval that elapses between consecutive two samples taken at the same vertical

(4) Total time that the sampler remains over the bed

10
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3.3 Estimation of hydraulic parameters
Water discharge was obtained from the gauging station located 130 m upstream from the
cross-section. The station uses a stage-discharge rating curve. In general terms, no
significant water discharge variations were observed within each sampling day (variations
were 4 m®/s on average, with a maximum value of 11 m?/s), due to the flow regulation from
the upstream reservoirs. For discharges lower than 1,250 m®s, water depth and flow
velocity were measured at least three times at the same verticals of bed load sampling
(measurements were not possible for higher discharges for safety reasons). Flow velocity
was measured at 60% of the water column depth by means of a current-meter (model
Valeport Braystoke BFMO001). Water depth and flow velocity measurements were also
carried out during the same period for some discharges below incipient motion (i.e., <=620
m3/s).

Bed shear stress has been computed assuming a logarithmic distribution of flow

velocity and no influence of channel walls, so that Ry= h:

2
14
To=p <m> 1)

Kk kg

where h is the water depth; ks is the equivalent roughness, considered as ks= 2Dgosur, being
Doosur the grain size for which 90% of the particles on the surface layer are finer; V is the
measured mean flow velocity; « is the von Karman constant considered as 0.4; and p is the
water density. Bed shear stress computations were also performed with the single-velocity
method suggested by Dietrich & Whiting (1989), using near-bed velocity measurements (30
to 40 cm from the bed level) available for a number of limited days. Stresses computed
with this method were systematically higher, in average from 8 to 20%, and the trends with
respect to water discharge exhibited a larger scatter. Therefore, this data were not used
further. Results obtained from Eq. (1) were used to compute the Shields stress for each
sampling vertical as follows:

T, % (2)

"~ pg(Ss—1)Ds

where Dso is the median diameter of the bed material; g is the acceleration of gravity; and
Ss is the relative density of the sediment taken as equal to 2.65.

11
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3.4 Largest-grain method

The incipient motion of grain size fractions was calculated at each vertical (except for Ib
where the short number of samples made this method unfeasible) by means of the largest-
grain method (or competence method) (Andrews, 1983), using the maximum grain size
trapped in all samples collected during a single day. This method associates the critical
shear stress and the largest grain Dmax in the mixture collected (Andrews, 1983; Carling,
1983), by assuming that the flow of the day was at the threshold of motion for that grain
size. In this analysis, the dimensionless critical shear stress (t=) is usually plotted against

the relative particle size (Dmax/Dso) to obtain the expression (so-called hiding function):

_ A
Twci = Txcs0 (D_so) (3)

where D is grain size, t= is the critical Shields stress for inception of motion, and
subscripts i and 50 denote a given grain size fraction and the median particle diameter,
respectively. The exponent b ranges from 0, in case of size-selective entrainment as defined
by Shield’s relation, to 1 for equal mobility of all grains found on the bed (Andrews &
Parker, 1987). Common values of b obtained from measurements by different authors range
from 0.65 to 1.0 (Parker et al. 1982; Andrews, 1983; Komar, 1987; Ashworth & Ferguson,
1989).

We chose the largest-grain method instead of the reference transport method (Parker
et al., 1982; Wilcock & Southard, 1988) because of the limited range of low discharges
sampled (that could introduce some bias in the results when applying the reference
transport method), and because we are confident enough about the representativeness of the
Dmax from the samples, since it was obtained from a relevant number of collected samples
(in average, 8 samples per day and vertical). As previously indicated, water discharge
remained relatively steady during each sampling day. This allowed the association of all

samples collected during one day to a single discharge.

Several studies (e.g., Wilcock, 1992; Batalla & Martin-Vide 2001; Church & Hassan,
2002) have pointed out two weak points, at least, of the largest-grain method: i) results are
based on the largest trapped particle, which does not necessarily reflect the maximum

mobilized particle in the bed because coarse size fractions might be poorly sampled; and ii)

12
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the intercept parameter of the hiding function is very sensitive to the characteristic size used
in the coefficient of Eqg. (3). To minimize the effects of i), long sampling durations are
required to increase the chance for coarse size fractions to be trapped by the sampler
(Whitaker & Potts, 2007). By considering a unique grain size per day, we indeed increased
the sampling duration to enhance the chance of trapping the coarsest grains in motion. In
addition, there is some added bias related to i) due to limitations of the sampler opening.
Notwithstanding, this represents a very small fraction of the bed material in our case, since
for the bed material grain size distributions (GSD) of all the verticals Dgs > 64 mm, while
the Helley-Smith opening was 76.2 mm. In relation to ii), the analysis was first performed
using the surface median diameters in Eq. (3), but it was then repeated using the subsurface
diameters; the effect was negligible regarding exponent b, while for =50 some differences

were found, as described in Section 4.5.1.

4. RESULTS

4.1 Bed level adjustments

Figure 3 shows that between 2008 and 2013 the point bar located at the study cross-section
aggraded ca. 0.8 m in average. Bed level rose up to 1.2 m at the lateral edge of the bar
(where the Cc vertical is located), while at the middle parts (in the 1b-Cc vertical) the
increment was ca. 0.8 m. Water depth measurements revealed that these bed level changes
took place during the 2009 and 2013 floods. In the Ib-Cc the bed level aggraded between
0.4-0.5m in 2009, and between 0.3-0.4 m during the large event recorded in 2013. This
pattern was also observed in the Cc vertical where the river bed aggraded 0.5 m in the 2009
flood, and 0.7 m in the 2013 event. In contrast, during the large 2008 flood the point bar
was scoured between 0.7-1.0 m. This result is based on the diachronic analysis of the
relationship between water depth and water discharge (analysis not shown here), plus field
evidences from visual inspections. From this analysis it was found that, for the same water
discharge and sampling vertical, recorded water depths were lower before the 2008 flood
than after this large event. Consequently, it might be inferred that in the study section a
general cycle of erosion-aggradation of the point bar exists, with a similar return period as
the large flood of 2008 (4 years).

13
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4.2 Bed material

Particle sizes found in bed material samples ranged from 0.045 to 85 mm. The bed surface

was, in general terms, gravel dominated, with the presence of small irregular sand patches.

Altogether, no imbrication or structuring of the superficial particles over the point bar was

noticeable. This could probably be related to the aggradation of the bar between 2008 and

2013, leading to the recent formation of the deposit and the short exposure of the particles

to a varied range of competent discharges.

Table 2. Main parameters of the superficial and subsuperficial grain size distributions of the

river bed particles in the studied cross-section. Dg and o4 are the geometric mean size and

standard deviation, respectively; Dy is the grain size diameter for which x% of the particles

are lower by weight.

Sample Vertical Sand content Dyg Oy D1s Dso Dsa Doo
(% <2 mm) [Mm] [mm] [mm] [mm] [mm] [mm]
Ib - 126 1.7 6.9 123 237 275
Ib-Cc - 140 1.8 8.2 143 26.2 29.2
Surface
Cc - 252 1.6 16.6 248 440 51.2
Ob - 239 16 154 239 422 50.1
Ib 27.5% 5.1 5.2 0.5 9.1 239 28.9
Ib-Cc 10.5% 9.0 3.1 3.3 115 249 286
Subsurface
Cc 1.8% 211 2.2 112 228 442 528
Ob 0.0% 19.7 1.6 11.0 20.2 311 394
Surface/Sub- Ib - 0.88 092 097 088 084 0.86
surface Ib-Cc - 1.05 095 115 1.03 0.99 0.99
(truncated at Cc - 111 087 139 107 099 0.96
4 mm) Ob - 1.21 099 140 118 136 1.27

The analysis of the GSDs of the surface and subsurface material revealed no

significant differences between the four sampled years. The median diameters were quite

14
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stable, and no clear trends over time were evident. Hence, samples obtained at each vertical
for all the sampled years (from 2012 to 2015) were combined into two unique averaged
GSDs (one for the surface layer and another for the subsurface particles), and hereafter

used for analysis. The main parameters of the obtained GSDs are shown in Table 2.

The comparison between bed surface and subsurface material is presented in the last
four columns of Table 2. For their comparison, the minimum size class of bed material was
truncated at 4 mm in order to avoid bias due to the limitations of the pebble-count method
used for sampling the superficial bed material. Results show that at the Ib vertical the bed
surface was finer than the subsurface (yielding an armoring degree lower than 1). In
contrast, at the ODb this relation is reversed; the bed surface was coarser than the subsurface
layer exhibiting, albeit subtle, a certain degree of armoring (estimated at 1.3). Finally, the
Ib-Cc and Cc verticals appear as transitional points in which both distributions (surface and

subsurface) only match for the coarser grain sizes.
4.3 Hydraulic variables

In spite of the aggradation of the point bar observed between 2008 and 2013, no significant
changes in the relation between flow velocity and water discharge were observed over time.
As expected, maximum values of water depth, flow velocity and bed shear stress occurred
at the Ob vertical with a progressive decrease toward the inner bank, where minimum

values were recorded.

Figure 4 shows the variation of the bed shear stress to and Shields stress t= with
increasing water discharge. Shields stress was computed based on the median diameter of
the surface material Dsosurr. Results show that for the same water stage, Shields stress
values in the Ob vertical (that is, at the outer part of the river bend) are, in average, 19%
larger than in the Ib-Cc and Cc verticals. Conversely, t= in the Ib vertical is one order of
magnitude lower than in the other analyzed points. In addition, we observe that Shields
stress values in the Cc and Ib-Cc verticals collapse into a single trend. The similarity
between both sampling verticals (the Ib-Cc and Cc) is explained by the coinciding ratios

to/Dso surf. Hence, it is fulfilled that:

15



383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401
402
403
404
405
406

200 400 600 800 1000 1200 1400
Q,, [M3/s]

@ |b: Inner-bank < Cc: Central-channel

O lb-cc: Inner-bank central-channel X Ob: Outer-bank

200 400 600 800 1000 1200 1400
Q,, [m3/s]

Figure 4 Variation of (a) bed shear and (b) Shields stress with water discharge. Continuous
lines are the best-fit lines to the data of each measuring vertical (parameters shown in Table
3). Dashed lines indicate the critical stress of the median diameters in the Ib-Cc and Cc
verticals; and dashed-dot lines in (a) indicate the conditions for suspension of grain size D
when shear velocity u* equals the settling velocity w of grains, according to the criterion of
Dietrich (1982).
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where the subscripts Cc and Ib-Cc indicate the Central-channel and Inner-bank Central-

channel verticals, respectively.

Table 3. Parameters for the best-fit lines to=b’+mQuw, shown in Figure 4a, and obtained by

regressing local boundary shear stress against water discharge.

Ib Ib-Cc  Cc Ob
b> -0.10 -134 -242 -2.95
m 0.0012 0.0106 0.0187 0.0223
r 067 086 092 091

4.4 Bed load transport rates
4.4.1 Total bed load

Figure 5 shows the relationship between water discharge and unit bed load transport rates
for samples collected during the period 2008-2013. The obtained plot shows the typical
degree of scatter due to the pulsing and unsteady nature of the bed load processes in gravel
bed rivers; yet some general trends can be traced. Bed load transport rates at the Ib vertical
are two orders of magnitude lower than at the Ib-Cc and Cc verticals, while transport rates
at these two latter locations are roughly of the same order of magnitude following similar
trends. Figure 5 also reveals the existence of a small group of discordant data, located at the
lower range of sampled discharges (see shadowed data points on the left part of Fig. 5).
These values are exceptionally high for the magnitude of the corresponding discharges,

lying outside the main cluster of data.
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Figure 5 Relationship between water discharge and total bed load transport rate. Samples
were collected from years 2008 to 2013. Data points within the shaded region indicate

outlying behaviour.

Bed load rates have been plotted against bed shear stress in Figure 6. In the upper
panels of this figure, points identified as outliers in Figure 5 have been linked to the
sampling day when bed load samples were collected. It should be recalled that for safety
reasons, the hydraulic variables were only measured for flow discharges lower than 1,250
m3/s. Hence, the number of data points drawn in Figure 6 is lower than in Figure 5. The
obtained plots show that the anomalous bed load transport data were collected in the
sampling days 6 (year 2008), 13 (year 2009) and 17 (year 2010), for the Ib-Cc vertical, and
in the sampling days 6 and 17, for the Cc vertical. For the Ib-Cc vertical, samples collected
during day 6 (year 2008) and day 13 (year 2009) clearly fit within the main data cluster.
Revision of the raw data revealed that flow velocities related to these latter samples, and
thus bed shear stresses, were unusually larger than the average trend for the Ib-Cc. In
consequence, for these points a change in the relation between channel-discharge and local
flow conditions, possibly triggered by morphological changes, might explain their
separation from the main cluster in the graphic. For data corresponding to day 17 in Ib-Cc
and for the outliers in Cc, a likely reason for their departure from the main trend may be
hysteretic phenomena related to the falling limb of the hydrograph.
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Figure 6 Bed load transport rates as function of bed shear stress. Data points with
anomalous behavior are shown by colors in the plot. Upper panels show the location of
these data points in the flood hydrograph. Crosses indicate days when bed load was

measured.

4.4.2 Fractional transport rates

The largest particle captured in the sampler had a diameter of 75.7 mm, while the minimum
size range considered for sieve analysis was from 0.25 to 0.5 mm. For the fractional
transport rates analysis, the individual bed load samples were combined into seven classes
of water discharge. Grouping served to eliminate the natural variability inherent to the
transport processes in gravel beds (Reid & Frostick, 1986; Kuhnle, 1992; Powell et al.,
1999), and enabled a straightforward identification of the average changes in bed load
texture for the whole range of analyzed discharges. Water discharge was chosen over bed
shear stress as a hydraulic variable in order to allow a direct comparison between sampling
verticals, but also because bed shear stress was only available for discharges lower than
1,250 m3/s. Samples pertaining to the days indicated in the upper panels of Figure 6, i.e.,
sampling days linked to the eccentric points in Figure 5, were analyzed apart, i.e., each as a

class in itself.
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Figure 7 Frequency distribution of transported material grain sizes (left), and fractional

transport rates for each grain size related to the relative abundance of each size fraction in

the subsurface (right). Median diameters correspond to the subsurface material and water
discharges correspond to the center of class discharge.

The GSDs for the combined bed load samples are shown in the left-hand side panels

of Figure 7, where fi is the fractional content of size i in each sample, calculated as fi=(si/gs.

For comparison, distributions of local average subsurface material are also drawn, as well
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as the distributions for combined samples of each of the three days with anomalous data
(see Fig. 6; days 6, 13 and 17). Overall, in the Ib-Cc and Cc verticals and for the whole
range of sampled discharges, the mode of the subsurface material was conserved on the
corresponding bed load distributions, with the exception of the low discharges
corresponding to days 6, 13 and 17. In detail, we observe that at the 1b-Cc vertical almost
all grain size fractions of the riverbed were mobilized for all of the competent discharges;
except the grain sizes larger than 32 mm (equivalent to Dgs of the bed material).
Furthermore, for water discharges roughly exceeding 1,000 m?/s, the distributions become
strongly bimodal, with one mode in the sand fraction and one mode in the gravel range.
This abrupt fining trend is striking, given that the most abundant size fractions in the fine
mode correspond to those that are supposed to be transported in suspension for flow stages
roughly larger than 1,000 m%s, i.e., Di=0.35 mm and Di=0.71 mm, as shown in Figure 4a.
An effect of suspended material being captured when lifting the sampler is discounted,
since the fine material was always evenly distributed in the mesh of the sampler. A
superabundance of the same fine size fractions as in 1b-Cc was recorded in the Ib vertical as
well, which is only active (in terms of bed load) for discharges larger than roughly 1,700
m3/s. In this location the amount of fines in the two sampled flows exceeds by almost a
factor of three the fines content in the subsurface material. In the Cc vertical fine material
only represents a very small fraction of the bed load, and as such, the GSDs of the sediment

in transport replicate to a great extend the GSD of the bed material.

Panels on the right-hand side of Figure 7 show the relative mobility of each grain
size fraction in relation to its relative abundance in the bed material, for the same water
discharge classes as in the panels on the left-hand side. The relative mobility is defined by
the ratio gsi/Fi, where Fi is the relative frequency of the corresponding grain size fraction in
the bed material. Subsurface samples were used for graphics in Figure 7. Nevertheless, no
important changes resulted in the interpretation of the results whether using the surface or
the subsurface sediment since superficial populations are, in part, reflected in the
subsuperficial strata as previously indicated. Yet the use of the bulk material was preferred
over the surface material due to the lack of the whole spectrum of grain sizes on bed
surface samples, as a consequence of the intrinsic limitations of the pebble-count sampling

method. For interpretation of the relative mobility curve for a given discharge class, an
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almost constant value of gsi/Fi for all grain size fractions would mean equal mobility, i.e.,
that bed load has the same size distribution as bed material. Deviations upwards or
downwards would describe an overrepresentation or underrepresentation, respectively, of
the given size fraction in transport (that is selective-transport); and gsi/Fi=0 for any of the
grain sizes would mean partial-mobility, i.e., that not all the grain sizes in the bed material

take part in the transport.

In general terms, the right hand-side panels of Figure 7 show a widespread trend for
equal mobility in 1b-Cc and Cc, with the exclusion of data collected in days 6, 13 and 17.
Remarkable is the pattern already noticed in the panels to the left, for a sudden excess of
fines in Ib-Cc for discharges larger than 992 m?/s, so that an outstanding selective transport
of the fine size fractions is evidenced. For Cc there is a slight overrepresentation of grain
sizes between 2 and 16 mm, particularly for flows larger than 1,241 m3/s. On the other side,
in Ib selective transport of the fine fractions occurs for the two ranges of discharges
sampled, with an outlier for the coarsest size fraction.

Samples for days 6, 13 and 17 in Figure 7 show different trends with respect to the
rest of the data in Ib-Cc and Cc. Particularly, stands out that data pertaining to these three
days show some size-selective transport biased toward the coarser grains, even when the
related flow discharges and bed shear stresses were some of the lowest measured during

bed load sampling (Figs. 5 and 6).

4.5 Incipient motion
4.5.1 Hiding functions

The parameters for the hiding function given in Eq. (3) were obtained by regression
analysis based on data of maximum particle sizes in motion. This regression relationship is
highly sensible to the presence of outliers (Whitaker & Potts, 2007). To reduce this effect,
bed load data that showed an outlying behavior were excluded from the analysis (see
Section 4.4). These data correspond to samples collected during the falling stage of the
hydrographs (see Fig. 6) and, therefore, are not completely appropriate to analyze threshold

of motion conditions.

22



536
537
538
539
540
541
542
543
544
545

546
547
548
549
550
551
552
553
554
555

556
557
558
559
560
561
562
563
564
565

A requisite for the implementation of the largest-grain method is that particles
coarser than grains in motion have to be available for transport in the river bed (Wilcock,
1988), i.e., the method must be applied only to flows not competent to mobilize the coarsest
grain sizes in the bed. Therefore, for the incipient motion analysis we have only considered
the sampling days in which the bed shear stress was lower than the lowest shear stress that
would mobilize the maximum particle sizes caught by the sampler. The diameters of the
largest particles trapped at the 1b-Cc and Cc verticals are 67 and 76 mm, which are
entrained, respectively, at shear stresses of 8.5 and 15.6 Pa, corresponding to discharges of
950 and 864 m?3/s, respectively. Setting these values as an upper limit in the analysis, 9

maximum grain sizes were considered in the Ib-Cc and 8 for the Cc sampling vertical.

Shields stresses for the maximum grain sizes that meet the screening criterion
described above are shown in Figure 8a, along with the best-fit hiding functions using the
corresponding bed surface median diameter in Eq. (3). The resulting hiding functions for
both verticals are almost identical. The exponent b is close to one, giving evidence of a
trend toward equal mobility, i.e., bed shear stress for the threshold of motion is roughly
independent of grain size. In addition, results reveal that Shields stress values for the
median diameter in the verticals are highly similar (i.e., 0.029 and 0.031). Finally, the effect
of using the subsurface instead of the surface median diameter in Eq. (3) is subtle, with a
small increase of tcs0, being in this case 0.035 for Ib-Cc and 0.033 for Cc; but the exponent

of the hiding functions remains the same.

Figure 8b illustrates the reduced hiding-exposure relations as a function of the grain
size and the bed shear stress. For a direct comparison between both verticals, the Shields
curve for uniform sediment suggested by Parker (2007), has also been plotted. In the Parker
modified form of Shields’ curve, t= equals 0.03 for the limit of hydraulically rough flows.
In the obtained graph, the critical shear stress for the median diameters (interpolated and
extrapolated from the hiding functions in the Cc and Ib-Cc verticals, respectively), plots
over the corresponding values of the Shields’ curve suggesting that at the local scale the
median diameter controls the mobility of the entire sediment mixture. In addition, Figure 8b
points out that for a given particle size, the critical shear stress in the Cc vertical is about
twice the obtained for the 1b-Cc. Also, values of critical shear stress estimated for both
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Figure 8 Incipient motion relationships obtained by the largest-grain method. (a) Hiding
functions, i.e., the relation between critical Shields stress and the ratio i-th grain size
fraction to median diameter; (b) critical bed shear stress to i-th grain size. Shields curve for

uniform sediment is shown for comparison.

4.5.2 Critical water discharge

The results above showed that the hiding function in Eq. (3) is almost identical at the Cc
and Ib-Cc verticals. Hence, if the critical Shields stress for the median diameter and the
exponent b are considered to be approximately the same in both verticals, the ratio between

the critical boundary shear stresses for a given grain size in the two verticals equals to:

-b
Tuci Tci D _
ci(Cc) — ci(Cc) — ( 50,Sur(Ib Cc)) — 1.750.865 — 162 (5)

Tici(Ib-Cc)  Tci(Ib—Cc) Dso,sur(cc)
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Figure 9 Water discharges for incipient motion Quwc obtained from the largest-grain method.
The insert shows the variation of bed shear stress for the points in the main graphic at each

sampling vertical and for discharges < 1,000 m®s.

For a given water discharge, this value is in the same range as for the ratio between the bed
shear stress at the Cc and Ib-Cc verticals (Fig. 4), which has been found to be close to 1.75
(Eq.[3]). Therefore, the incipient motion for a given grain size would occur at very similar
discharges in the two analyzed verticals. This is well exemplified by plotting the grain sizes
obtained with the largest-grain method against the corresponding flow discharge for which
these diameters were sampled (Fig. 9). The resulting plot reveals the existence of a
relatively narrow region where incipient motion is most likely to occur. Indeed, data for the
two verticals (Ib-Cc and Cc) almost collapse displaying highly similar trends. Points
outside of this region correspond to the eccentric data related to waning flow conditions (as
illustrated in Section 4.4). Therefore, it can be stated that in both verticals incipient motion

for most of the grain size fractions in the bed is restricted to the same range of discharges,
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which is approximately between 700 and 900 m®/s. These values have been indicated in the
shaded area of Figure 4 where dashed lines correspond to the critical shear stresses for the
median diameters. These lines intercept the corresponding measured data points more or
less in the middle of the shaded region, at nearly the same flow discharges for the two

verticals, between 700 and 800 m/s.

The insert in Figure 9 shows the relation between the measured bed shear stress and
the corresponding discharge in Ib-Cc and Cc for discharges lower than 1,000 m®s. The
obtained plot points out a strong trend toward equal mobility in both verticals; even when
for a given discharge the bed shear stress in Cc is almost twice that in Ib-Cc. Consequently,
the movement of the same grain size in both locations would begin at nearly the same

moment.

5. RELATIVE MOBILITY BETWEEN VERTICALS

The previous results give evidence of a sharp symmetry between the Cc and Ib-Cc
sampling verticals for the incipient motion, resulting in a strong trend toward equal
mobility. Next, we analyze if this symmetry is conserved at higher flow stages. For that
purpose, the relative mobility between the measured verticals has been examined by means
of a formal definition of relative mobility similar to that introduced by Parker & Klingeman
(1982).

Consider two locations in the channel bed, A and B, that under the same water
discharge are subjected to different boundary shear stresses, toa and tog, respectively. If a
given grain size D;j is transported in A and in B at a volumetric bed load rate per unit width
gsia and gsis, then the relative mobility ri as of material Di in point A with respect to the

same grain size material in the point B is:

Tiap = qSl:A (6)
dsiB

Hence, the mobility of the particles Dj in A is larger than the mobility of Dj in B only if rias
> 1.
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In order to formally implement the Eqg. (6), a bed load function is required. We use
the Meyer-Peter & Muiller relation, which is often employed for bed load estimations in

gravel bed rivers. This formula is commonly cast in the form:

G = a(T*—1 *ci)ﬁ (7)

where g+ is the so-called Einstein number or intensity of transport for a given grain size i;
o and B are constants; t is the boundary Shields stress; and T is the critical Shields stress
for grain size i. Yalin (1992) provided fundamental arguments to consider the exponent in

Eq. (7) as equal to B=3/2. Finally, the intensity of transport is defined as:

Qi = ——— (8)
Fi|(ss-1)gD}
where F; is the fractional content of grain size i in the bed; g is the acceleration of gravity;
gsi is the volumetric bed load rate per unit width; and Ss is the relative density of the
sediment.
It can be shown, that using Eqgs. (7) and (8), Eq. (6) can take the form:
3

Fia (KOT*iB_KcT*ciB)E (9)

T; =
iAB
Fip T*iB—T*¢iB

where K, and K¢ are defined as:

_ Tha _ Toa
Ko - T*iB - ToB (10)
and

Kc — THcia _ Tcia (11)

T*ciB TciB

where 1. is the boundary shear stress for incipient motion of grain size i.

Now, consider the verticals Ib-Cc and Cc as locus A and B, respectively. From Eq.
(4), it is approximately fulfilled that :"—A = 25—"“. Similarly, the critical Shields stress of the
0B 50B

Txc50A4

median diameter in the two verticals is almost identical, i.e., = 1 (as observed in

T+c50B

Section 4.5.1). If additionally we consider that b=1 in Eq. (3), because the bed material in

both verticals is close to equal mobility as shown in Section 4.5.1, then Eq. (3) together
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with Egs. (10) and (11) results in: K, = K, = gs—"“. In this case, EQ. (9) can be reduced to

50B

the form:
3
_ Fia (Dsoa)2
Tiap = Fip (DSOB) (12)

which states that the difference in mobility between A and B is exclusively determined by
the median diameters as well as the relative abundance of the given grain size fraction in

the bed material in each location.

Eq. (12) has been applied to the different grain size classes in the sediment sampled
in the 1b and Ib-Cc verticals. For that purpose, the subsurface material Fi has been used
because the superficial material contains a narrower spectrum of grain sizes due to
limitations of the sampling method. Results are illustrated in Figure 10a, where values
obtained from measured fractional transport rates at different water discharge classes are
shown as well. The computed trend is consistent with the measured data. Particularly, for
the lowest discharge class (773 m®s) a quite good agreement between measured and
computed values is evident. These results reveal that grain sizes < 8 mm have a greater
mobility in the Ib-Cc vertical than in Cc, while particles > 8 mm are more mobile in the Cc
vertical than in the Ib-Cc. At flow stages higher than the 862 m®s discharge class, the
measured data in 1b-Cc reveal a strong increment of the mobility of size fractions lower
than 1 mm with respect to Cc, which is not captured by the computations. This trend is a
response to the abrupt change in texture in Ib-Cc, already evidenced in Figure 7. Similarly,
at the Cc vertical and for the two largest discharge classes, there is a strong disagreement
between the computed and measured curves of Figure 10a, likely related to an increase of

grain size fractions between 2 and 8 mm in the transported material in Cc.

Eq. (9) has been applied to compare the Ob and Cc verticals. Bed shear stress as a
function of channel discharge has been obtained from the relations given in Table 3, and the
critical shear stresses have been computed from Eq. (3) using b=0.87, i.e., assuming an
almost equal mobility of all size fractions. t«cso for the Cc was the value obtained in Section
4.5.1, while for the Ob different values were used in order to show the effect of this
parameter on the computations. Results for Qw=900 m%/s are shown in Figure 10b. The

computed values from the comparison between Ib-Cc and Cc are plotted in the same
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graphic as a reference. The results in Figure 10b give evidence of the key role that the
critical Shields stress of the median diameter would have on the mobility of sediment at the
Ob vertical. Very low 1«50 values, close to the lower limit between 0.01 and 0.03 reported
for poorly sorted sediment mixtures by different authors (e.g., Buffington & Montgomery,
1997; Ferreira et al., 2015; Petit et al., 2015) result in grain sizes roughly larger than 3 mm
being more mobile in the Ob than in the Cc. Conversely, for values of 1«5 larger than 0.04,
all the grain size fractions result to be more mobile in the Cc than the Ob, so that for these

conditions the total bed load would be larger at the Cc than at the Ob.
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Figure 10 Relative mobility of grain size fractions, in the Ib-Cc vertical with respect to the
Cc (a) for measured and computed values; and in the Ob vertical with respect to the Cc (b),
as a function of the critical Shields stress for the median diameter.

In summary, at low flow stages over the point bar the mobility of a given grain size
responds to its relative local abundance and the local median diameter, while at larger flow
stages local differences in the mobility of grain sizes occur, probably related to changes in
sediment supply. In the pool, if the critical Shields stress is of the same magnitude as in the
point bar, size fractions coarser than roughly 4 mm are more mobile than over the point bar.
Nevertheless, since the mobility of the bed material is strongly tied to the incipient motion,
bed structuring and armoring development could induce for some conditions a lower
mobility of coarse size fractions in the pool than over the point bar. In this latter case, the

locus of maximum total bed load would not match with the locus of maximum shear stress.
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6. DISCUSSION

Systematic bed load measurements at meander bends in gravel bed streams are scarce (e.g.,
Dietrich & Whiting, 1989; Julien & Anthony, 2002; Clayton & Pitlick, 2007), and as far as
we know, none of these pertains to a large gravel bed river. Practical difficulties imposed
by these environments in carrying out detailed measurements of hydraulic parameters and
sediment sampling are some of the main reasons for bends in large gravel bed rivers being
largely overlooked by researchers (Chapuis et al., 2015). Hence, the data set presented in
this study represents a great opportunity to give some insight to identify those processes
that promote morphodynamic stability at different temporal and spatial scales in this type of
cross-section. We believe that such processes, as for instance crosswise grain-size sorting,
would be more clearly defined in a large river, in comparison to small streams where local
processes might overlap and be overshadowed by larger scatter. Therefore, even though we
have only analyzed in detail two verticals in a cross-section, the large number of samples
and the range of sampled flows (from 0.6 to 1.8 bankfull discharge) have contributed to
reveal some well-defined patterns, which provide hints regarding the stability and the

sediment transport mechanics in meander bends with heterogeneous bed material.
6.1 Morphological changes in the cross-section

A remarkable feature of the cross-section morphology during the study period was the
vertical growth of the point bar while the adjacent pool remained mostly stable (Fig. 3).
Some evidence indicates that the bar was largely eroded during the 2008 flood (the first and
largest flood sampled). We suggest that the lateral confinement of the channel by vertical
walls along the bend reach may contribute to an enhancement of the erosive action. In the
study bend, floods larger than bankfull do not spill over the floodplain as is the case for
unconfined sections upstream and downstream. Hence, the bed shear stress might continue
increasing in pace with the channel discharge, and thus promote an excess in transport
capacity not counterbalanced by sediment supply from upstream reaches. The large flood of
2008 must have thus readjusted the morphology of the bar and established non-equilibrium

conditions for lower flow stages.

After the large event of 2008, the bar grew to almost recover, after 5 years, the bed
level as before the large flood. We were able to relate the bar growth mainly to two
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subsequent floods: the first not larger than bankfull (year 2009), and the second with some
peaks up to 30% larger than the bankfull discharge (year 2013). The significant role of
flows up to bankfull in point bar development has been highlighted by previous field
studies in meandering rivers (e.g., Legleiter et al., 2011; Kasvi et al., 2015). Also, in
observations of long term patterns of channel migration, Pizzuto (1994) reported on
intermediate discharges (1.2 to 2.7 year recurrence intervals) favoring deposition at the
inside of bends. Even for early stages of bar development, bar growth is enhanced by
topographic features that alter the direction of boundary shear stresses and sediment
transport (Legleiter et al., 2011). Dietrich & Smith (1984) suggested that the stability of a
point bar is strongly related to the convective accelerations that affect the direction of the
near bed flow velocity fields. Growth of the bar would occur due to a larger supply than the
flow capacity to remove sediment, up to a condition for which convective accelerations,
related to downstream shoaling over the bar, force the near bed flow direction toward the
outer bank. This reversing of flow would induce cross-stream sediment transport toward the
pool, and thus stabilize the point bar. An increase in stage, departing from the equilibrium
flow condition, would reduce the shoaling effect, allowing the development of an inward

flow component over the bar top (Dietrich & Whitting, 1989).

Growth of the point bar during flows lower than bankfull is indirectly confirmed by
fractional transport rates in the Ib-Cc vertical (shown in Fig. 7): for flows larger than
bankfull, bed load samples collected in this vertical showed a massive abundance of fine
material that was not evident either in the bed substrata or in bed load for lower flow stages.
In contrast, during low discharges, the subsurface material and bed load shared a similar
GSD. From this point of view, we suggest that the material rebuilding the point bar was
also related to flow stages lower than bankfull (when the shoaling effect described by
Dietrich & Smith [1984] was not relevant), and that fines in transport for discharges higher
than bankfull might thus have only been transferred through the 1b-Cc vertical on their way

to the bar front downstream or to the inner-bank.

The likely cyclic behavior on the point bar construction (for up to bankfull flows)
and degradation (during flow stages roughly exceeding 1.5 times the bankfull flow), gives

evidence of a tendency toward dynamic stability of the cross-section, but also, that the
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channel bed is still very active in spite of the retention of sediment by the extensive
damming of the river (Rovira et al., 2015), with the closest dam more than 70 km upstream
of the study site. In the river reach downstream of dams, Vericat & Batalla (2006) found
that the bed channel of the Ebro river was still active and relatively unstable, even after 40
years of damming with the resulting cutoff of bed load supply. They suggest that the period
for a large system like the Ebro river, to adjust to dam regulation, would be in the order of a
100 year time-scale. It may be expected that in our study bend, as sediment supply
decreases and a persistent armour layer is developed in the immediate reaches upstream, the

point bar will be less able to recover after being eroded by very large floods.
6.2 Incipient motion and sediment transport

Our results indicate that threshold conditions for sediment motion are uniformly met over
the point bar, since Cc and Ib-Cc verticals showed a strong equal mobility trend. A better
correlation between local boundary shear stress and local bed material in Cc and Ib-Cc was
found using the surface bed material, than using the subsurface particles. Thus, the
equalized mobility may not include the fine size fractions present in the latter (D<8 mm).
However, in the two verticals all particles would begin movement at a very narrow range of
flow discharges in the channel, since incipient motion of fine material was observed occurs
at flow discharges higher than 620 m®/s, and the threshold of coarse size fractions occurs at
flow discharges between 700 and 900 m®/s according to the largest-grain method. Hence, a
strong trend toward equal mobility is observed even when there is a two-fold difference
between median grain sizes and local boundary shear at the two verticals. This symmetry
allows the anticipation of the relative mobility of a given grain size, between the two
verticals, by a simple relation considering the median diameters ratio and the relative

abundance of the grain size fraction at each site (Eq. [12]) for low flow stages.

While the bar grew during the study period, the pool profile was approximately
conserved, giving evidence of a balance between sediment transport capacity and supply.
To achieve stability in gravel bed streams, spatially varied shear stress can be
accommodated through grain size sorting and sediment flux adjustments (Powell, 1998).
We suspect that the stability of the pool was related to a greater extend to the former, and

also to other effects acting on the surface material characteristics to increase the threshold
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for movement, such as armouring and bed surface structuring. The Ob vertical was the only
one of the sampled verticals that exhibited a certain degree of armouring (although subtle,
average ratio surface/subsurface for Dis, Dso and Das is 1.31), and we cannot rule out that
the bed could have gained in structuring through the passage of moderate floods with low
excess of Shields stress (Church et al., 1998). As shown in Figure 10b, the bed load
sediment transport rates in the Ob vertical are strongly linked to the critical Shields stress of
the median sediment diameter t=c50. Due to armouring and structuring, we believe that t=cso
in the Ob would have been much larger than in the recently deposited surface material in
the Cc and Ib-Cc verticals. Hence, even when the highest boundary shear stresses from the
four measuring verticals were measured at the Ob, if the pool region was characterized by
high values of 150 due to armouring and structuring, the zone of maximum bed load across
the section would not match with the locus of maximum shear (for t=c50>0.05, all the grain
sizes in the Ob would move at a lower rate than in the Cc, as shown in Fig. 10b). Some
authors have found that the zone of maximum shear along bends does not necessarily match
with the zone of maximum transport, either in sand or gravel bed streams (e.g., Dietrich &
Whiting, 1989; Clayton & Pitlick, 2007). Hence, the stability of the pool might have been
related to a low excess shear stress forced by high incipient motion thresholds required to
mobilize the bed surface material. These high thresholds, and probably cross-stream
transport directed to the pool, would have avoided bed erosion, and large boundary shear

stresses in relation to the supplied material would have prevented sedimentation.

For bankfull and higher flow stages, selective transport of fine sediment occurred at
the Ib-Cc and Ib verticals due to an excess of fines in the bed load in relation to the local
bed material. It is most likely that this systematic inward fining trend of the bed load is
related to the intensification of cross-stream sediment fluxes. Dietrich & Smith (1983)
showed that the direction of the cross-stream flow velocity at the bed level can be strongly
affected by flow stage and degree of development of a point bar. Under low flow stages
there is a shoaling effect over the bar due to convective accelerations and pressure
gradients, which directs the velocity vector outwards, to the pool. Nevertheless, for larger
flow stages, when shoaling is no longer important, the vector direction may be reversed
toward the bar. In a similar sense, it has been suggested that the role of cross-circulation in

determining the shape of river bends is only important if the width-to-depth ratio is
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sufficiently small (e.g., da Silva, 2015). In our study reach, a change in direction of velocity
vectors when the shoaling effect lessens, or a strong intensification of the secondary
circulation when the width-to-depth ratio decreases with flow stage, may thus activate the
inward delivery of large quantities of fines over the bar, downstream of the bend apex

where the pool is deepest (see Fig. 3).

An alternative explanation for the excess of fines in the bed load over the middle
and inner bar sections would be the transfer to the inner bank of sediment traveling in
suspension. Sand may be put in suspension at the upstream part of bends, where the
maximum bed shear stress occurs near the channel center, and be guided onto the bar where
it may travel as bed load due to the rapid decline of boundary shear (Dietrich & Whiting,
1989; Braudrick et al., 2009). Such a mechanism may have prompted bed load fining at Ib-
Cc, even when the onset of bed load fining matches with flow conditions required for
suspension of precisely the overrepresented size fractions (D=0.35 mm and 0.71 mm, see
Fig. 4). Dietrich & Whiting (1989) considered that the strong crosswise variation in local
boundary shear stress in river bends, may cause significant portions of the bed load to be
composed of sand at high flow, for conditions in which this sediment would otherwise be
carried in suspension. This mechanism could also explain the absence of fines in bed load
samples at Cc, where larger bed shear stresses in comparison to Ib-Cc (a roughly two fold

difference), would have kept the fine sediment in suspension.

The validity of the aforementioned mechanisms to explain the massive arrival of
fines to the middle of the point bar (Ib-Cc) at flows larger than bankfull, and the persistence
of the resulting bimodal GSD in the transported material at all flow stages above this
threshold, cannot be proved with our data. This is a critical point that deserves to be
clarified by further studies in view of the importance that fine material may have for the
maintenance of non-constrained coarse bedded meanders; e.g., fine material directed to the
inner-bank contributes to floodplain formation (Parker et al., 2011; Schuurman et al.,
2015), and also, deposition of fines can plug the chutes that may disconnect the bar from
the floodplain, where a new channel cutoff could otherwise be developed (Braudrick et al.,
2009).
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Finally, for the outliers in the sediment transport plots of Figures 5, 6 and 7,
exhibiting high and coarse bed load rates for relatively low boundary shear stresses, a likely
explanation, as already warned above, may be hysteresis effects in response to changing
flow conditions. All these outliers occurred during the lower part of the falling limb of the
hydrograph, when a rapid decline of stage could have caused a lag on the transport.
Nevertheless, other causes for hysteresis, as changes in the surface grain size distribution or
changes in sediment supply from the basin, as reported for bed load in some other studies
(e.g., Kuhnle, 1992; Mao et al., 2014), cannot be discounted.

6.3 Sediment transport processes and adjustments promoting stability

Our results give evidence of processes acting at three different scales to achieve the
stability of the river bend. At the local scale the median diameter of the surface material
controls the mobility of the local sediment mixture, through hiding and exposure effects;
additionally, in the pool, the development of an armour layer and structuring of the particles
may delay the beginning of movement adding stability to the bed by reducing the local
excess shear stress. At the cross-section scale, the bed topography controls the shear stress
distribution, while bed material sorting accommodates mixtures with a coarse (fine) median
diameter in zones of high (low) shear. The action of local and cross-section processes
results in a quasi-equal mobility trend, at least over the point bar, of all grain size fractions
with respect to the water stage in the channel. Our findings are complemented by the results
of Clayton & Pitlick (2007), who suggested that, at the reach scale, the bend shape stability
over long timescales is balanced by a roughly equivalent amount of sediment routed to
different regions across the channel. At this scale it is relevant to consider the channel
geometry, the flow velocity field and the net-cross stream sediment transport. The latter
contributes to distribute sediment along the bend and adjust the morphology to changes in
sediment supply and flow conditions.

Our initial hypothesis is partly valid. Processes that sustain bed stability in straight
reaches are also active in meander bends. However, cross-stream sediment fluxes that are
enhanced by secondary currents in curved beds and bed topography, may be of less
importance in straight reaches. In the analysed cross-section, we have found that in

controlling the relationship between boundary shear stress and bed load transport fields,
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grain size adjustments dominate for conditions close to incipient motion, so that all size
fractions begin to move within a narrow range of flow stages. Conversely, for flow stages
larger than bankfull, cross-stream sediment transport may dominate over grain size

adjustments.

Simulations of climate change scenarios indicate that the effect on sediment fluxes
may be amplified in comparison to the driving rainfall and discharge changes (Coulthard et
al., 2012). However, the geomorphic response is nonlinear and strongly dependent on the
change in thresholds of sediment movement (Praskievicz, 2015). In a meander bend of non-
uniform sediment there is the potential for manifold interactions and coupling between the
topography, bed surface texture and structuring, flow and sediment fluxes. All this
complexity adds great uncertainty to our predictions for the response after an imbalance is
induced in the system. For instance, under a hypothetic climate change scenario with more
frequent large floods, we could expect that the point bar in the study cross-section would be
eroded, and would not be able to recover if the frequency of erosive floods is larger than the
frequency of regenerative events. However, such a response may not be valid if in the long

term the bed surface stabilizes by the development of a persistent armour layer.

6. CONCLUSIONS

Based on bed material and bed load sampling, and measurements of flow in a cross-section

at the end of a large river meander, we conclude that:

1. The morphology of the point bar in the study cross-section may follow a cyclic
behavior of erosion-deposition, which highlights the role of moderate floods in
point bar construction.

2. The succession with flow stage of partial mobility, selective transport and equal
mobility of sediment mixtures, common in straight reaches, is not necessarily
followed in some regions of curved channels. In our study reach the successive
stages over the mid-region of the point bar were partial mobility at very low

discharges when only very fine size fractions moved; equal mobility at low
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discharges not far from the previous stage (to/tcs0 < 1.6); and selective transport of
fine material at high flow discharges (to/tcs0 > 1.6).

A quasi-equal mobility with respect to flow discharge is achieved over the bend
point bar, in spite of large crosswise differences in median grain size and absolute
value of the local shear stresses. This is achieved through a strong correlation
between local bed shear stress and bed surface texture.

The pool morphology remained stable during the study period. This is the region
where the largest shear stress across the channel occurs. We suggest that bed surface
armouring and bed structuring increases the stability in comparison to the point bar.
For large flow stages, it is likely that sediment transport convergence, mainly due to
gravity flows from the bar, would also contribute to a stable pool morphology.
Processes that sustain bed stability in straight reaches are also active in meander
bends, although in the latter, cross-stream sediment fluxes may largely contribute to
increase the supply of sediment to the zones of high boundary shear stress. We
identified the following processes acting at different scales to induce stability: at the
local scale surface armouring and hiding-exposure induce an equal mobility of size
fractions, so that the median diameter of the surface material controls the mobility
of the local sediment mixture; at the cross-section scale, the bed topography
controls the shear stress distribution, and sediment sorting ensures that local
boundary shear stress correlates with local grain sizes; at the reach scale the channel
geometry, flow velocity field and sediment differential routing intervene to sort
sediment through regions of more efficient transportation.

In the analysed cross-section, in controlling the relationship between boundary
shear stress and bed load transport fields, grain size adjustments dominate for
conditions close to incipient motion, so that all size fractions begin to move within a
narrow range of flow stages. Conversely, for flow stages larger than bankfull, cross-
stream sediment transport dominates over grain size adjustments, so that fines are

massively transferred inward.
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