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ABSTRACT: Sediment transport during flood events often reveals hysteretic patterns because flow discharge can peak before
(counterclockwise hysteresis) or after (clockwise hysteresis) the peak of bedload. Hysteresis in sediment transport has been used in
the literature to infer the degree of sediment availability. Counterclockwise and clockwise hysteresis have been in fact interpreted
as limited and unlimited sediment supply conditions, respectively. Hysteresis has been mainly explored for the case of suspended
sediment transport, but it was rarely observed for bedload transport in mountain streams. This work focuses on the temporal
variability in bedload transport in an alpine catchment (Saldur basin, 18.6 km?, eastern Italian Alps) where bedload transport was
monitored by means of an acoustic pipe sensor which detects the acoustic vibrations induced by particles hitting a 0.5m-long steel
pipe. Runoff dynamics are dominated by snowmelt in late spring/early summer, mostly by glacier melt in late summer/early autumn,
and by a combination of the snow and glacier melt in mid-summer. The results indicate that hysteretic patterns during daily discharge
fluctuations are predominantly clockwise during the snowmelt period, likely due to the ready availability of unpacked sediments
within the channel or through bank erosion in the lower part of the basin. On the contrary, counterclockwise hysteresis tend to be
more frequent during late glacier melting period, possibly due to the time lag needed for sediment provided by the glacial and
peri-glacial area to be transported to the monitoring section. However, intense rainfall events occurring during the glacier melt period
generated predominantly clockwise hysteresis, thus indicating the activation of different sediment sources. These results indicate that
runoff generation processes play a crucial role on sediment supply and temporal availability in mountain streams. Copyright © 2014

John Wiley & Sons, Ltd.
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Introduction

Bedload transport is a key physical process determining fluvial
geomorphology and morphodynamics, and its assessment is
crucial for river management, stream ecology, and flood risk.
However, a satisfactory bedload assessment in mountain
stream is notoriously difficult to achieve. This is mainly due to
the fact that mountain streams often feature stepped-like
longitudinal profiles which produce tumbling flow conditions
increasing energy dissipation (Comiti et al., 2009) and the
critical Shields stress needed to entrain sediments from the
channel bed (Lenzi et al., 2006). Also, mountain streams
typically have high transport capacity/sediment supply ratios
(Montgomery and Buffington, 1997) as they are characterized
by a limited supply from sediment sources at the basin scale,
and by a limited in-channel sediment storage, revealed by high
armour ratios (Lenzi, 2001) and considerable degree of surface
sediment organization (Zimmermann et al., 2010). Because of
these conditions, bedload formulas typically overestimate
sediment transport by several orders of magnitude
(Rickenmann, 2001; Rickenmann and Koschni, 2010).
Prediction of bedload discharge becomes more accurate only

at the highest water discharges, often associated with flood
events under unlimited sediment supply due to disruption of
step-pool sequences and activation of bank erosion and
landslides (D’Agostino and Lenzi, 1999; Lenzi et al., 2004;
Rickenmann and Koschni, 2010).

Because bedload transport rates in mountain streams are
closely related to the processes occurring at the channel and
basin scales, which act at a range of temporal scales,
continuous and long-term monitoring initiatives are needed to
investigate bedload dynamics. However, direct measurements
of bedload transport rates in mountain streams are difficult,
expensive, and often dangerous to undertake (Gray et al.,
2010). To overcome these issues, surrogate methods, such as
hydrophones, acoustic pipe sensors and geophones, are being
increasingly used to measure bedload intensity and dynamics
in mountain streams. In particular, geophones record the oscil-
lation velocities produced by the impact of moving clasts col-
liding onto a metal plate (e.g. Vatne et al., 2008; Turowski
and Rickenmann, 2009; Rickenmann et al, 2012), and
acoustic pipe sensors record the acoustic signal generated by
particles colliding on a air-filled metal pipe (Mizuyama et al.,
2003, 2010a, 2010b). To convert the signals recorded by these
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instruments to actual bedload fluxes, direct bedload measure-
ments are needed to obtain a calibration relationship (e.g.
Rickenmann and McArdell, 2007; Mizuyama et al., 2010a;
Meen et al., 2010).

Even if uncalibrated, indirect measurements can provide
valuable insights into bedload fluctuations at small or long-term
temporal scales (Turowski and Rickenmann, 2010). At the
single flood scale, bedload rates have been found to exhibit
hysteretic cycles with respect to water discharge due to a
temporal lag between the two variables (Reid et al., 1985;
Rickenmann, 1994; Rickenmann et al., 1998; Turowski et al.,
2009). Hysteresis is clockwise if the peak of bedload transport
occurs before the peak of water discharge, whereas the
opposite (i.e. bedload peaking after water discharge) depicts a
counterclockwise hysteretic loop. Clockwise hysteresis at the
single event scale can be the result of a breakage of an armour
layer (Kuhnle, 1992), of the early activation of sediment
sources (Habersack et al., 2001), or due to the fact that
sediments in the channel bed are still unorganized due to the
occurrence of previous high-magnitude flood events (Reid
et al., 1985). On the contrary, counterclockwise hysteresis
can result from an armour or bedforms breakage after the peak
of water discharge (Kuhnle, 1992; Lee et al., 2004), or from the
consolidation of surface sediments in the channel due to the
occurrence of previous low-magnitude flood events (Reid
et al.,, 1985). A number of laboratory experiments have
demonstrated that clockwise hysteresis of bedload transport is
a result of a lack of sediment supply (Hassan et al., 2006),
and of dynamics of pool scour and fill (Humphries et al.,
2012), and bed restructuring (lower vertical roughness, clasts
rearrangement), which causes lower sediment mobility and
sediment transport rate during the falling limb of hydrographs
(Mao, 2012).

Bedload hysteresis at temporal scales larger than single flood
events has been hardly explored in the literature. More
evidence is available for suspended sediment transport, and
different suspended sediment transport rate—water discharge
relationships have been developed depending on seasonal
period or hydrological patterns (e.g. Horowitz, 2003). Recently,
Araujo et al. (2012), recognizing significant differences in
suspended sediment transport due to seasonality, developed a
mixed-effects model to predict suspended sediment concentra-
tion that proved to perform better than simple rating curves.
Seasonality in suspended sediment transport can reveal
important dynamics of sediment sources at the basin scale,
allowing to distinguish periods characterized by transport-
limited and supply-limited conditions (Fuller et al., 2003).
Seasonality in suspended sediment transport has been related
to rainfall intensity (Kwaad, 1991), type of storms (Alexandrov
et al., 2007), soil moisture (Giménez et al., 2012) and vegeta-
tion cover dynamics (Steegen et al., 2000). Wulf et al. (2012)
found dominance of counterclockwise hysteresis of suspended
sediment transport in the Sutlej River (western Himalaya), and
related this to higher glacial sediment evacuation during late
summer, stressing the importance of ready-available sediments
in the upper portion of the basin that can be transported
downstream by glacier melting and rainfall events. Similarly,
Tananaev (2012) depicted the role of permafrost conditions in
determining hysteretic effects between suspended sediment
concentration and water discharge. Analysing the effects of
snowmelt on suspended sediment transport in a Japanese
headwater basin, lida et al. (2012) demonstrated that more than
half of the annual suspended sediment load occurred during
snowmelt. Also, clockwise hysteresis dominated in the early
snowmelt period as a result of readily available sediments
within the channel network, whereas counterclockwise
hysteresis was observed only in the late stage of the snowmelt

Copyright © 2014 John Wiley & Sons, Ltd.

period. Focusing on bedload dynamics and morphological
changes in a pro-glacial river, Lane et al. (1996) reported the
dominance of scour on the rising limb of the hydrograph and
deposition on the falling limb, highlighting the effects of
glacier-derived sediment supply and channel adjustments on
bedload response to single daily discharge cycles.

The present paper reports on the temporal dynamics of
bedload transport at the seasonal scale in a glacierized
mountain basin where bedload transport is monitored by an
acoustic pipe sensor. The main aim is to characterize the
dynamics of sediment transport during snowmelt and glacier
melt periods, and to assess the relevance of rainfall events in
determining the activation of sediment sources at the basin
scale. This paper highlights the great value of continuous
measurements of bedload transport provided by surrogate
devices — even when not calibrated — in order to explore the
degree and temporality of bedload fluctuations.

Materials and Methods

The study area is the upper Saldur basin (18.6 km?, eastern
Italian Alps), whose elevations range from 2150 m above sea
level (a.s.l.) (location of the monitoring site) and 3738 m a.s.l.

(Figure 1). The main glacier hosted in the basin lies between F1

approximately 2700 and 3700 m a.s.l., with a current extent
of 2.8 km? (it was 4.9 km? in the 1800s at the peak of the Little
Ice Age). Presently, 15% of the basin area is glacierized. Due to
its inner-alpine position, the mean annual precipitation in the
lower valley is lower than 530 mm at 1600 m a.s.l. However,
a strong lapse rate leads to 700-1000mm at the higher altitudes
of the basin. In the study area, precipitation typically occurs as
snowfall from November to late April, but snow storms can
occur also during the summer at the higher elevations.
Typically, snow cover is almost complete over the entire study
basin until late April-early May, when the melting season
begins. At the beginning of July snow cover in recent years
ranges between 10% and 25%, whereas at the end of the
summer only a few patches of snow are present at the higher
elevations, on the glacier surface or in sheltered couloirs.

The entire Saldur basin belongs to the Otztal-Stubai complex

and consists mainly of orthogneiss (Habler et al., 2009). During

the Pleistocene it was entirely glaciated and glacial erosion has
imparted the typical U-shaped form of the upper basin

(Figure 2). Several rock-glaciers and large moraines are found F2

in the basin, but their connectivity to the main channel appears
to be rather limited. Other sediment sources are represented by
talus slopes (mostly located at the higher elevations), shallow
landslides (of limited extent) and large alluvial fans reaching
the valley bottom from the steep tributaries. Permafrost is most
probably present at elevations higher than 2600-2800 m a.s.l.,
depending on local conditions (Boeckli et al., 2011). Shrubs
and alpine grass essentially represent the only vegetation cover
up to 2700 and 2400 m a.s.l. on south and north faced slopes,
respectively.

The longitudinal profile of the river (from the glacier snout at
2730 m a.s.l. to the monitoring section, for a length of 4.58 km,

see Figure 3) displays a series of valley steps, the largest and F3

steepest of which are in bedrock, the others due to the alluvial
fans built by the tributaries. The average channel slope is
12.6%, but this varies from about 30% of bedrock reaches to
about 5% along the reaches immediately upstream of the
valley steps, where the Saldur River widens and attains a wide
(30-50m) braided pattern. However, single-thread reaches are
overall dominant, with slopes about 6%, channel width of
about 4-6 m, featuring step-pool and cascade characteristics
but with occasional glide-run units and lateral bars. The reach

Earth Surf. Process. Landforms, (2014)
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Figure 1. Location and map of the Saldur River basin closed at the
section LSG (lower stream gauge), where water and bedload monitor-
ing discussed in this paper was carried out. The location of the weather
station (WS) is also shown.

Figure 2. Downstream view of the U-shaped Saldur glacier valley.

just upstream of the monitoring station is confined by the
adjacent hillslopes and features a 6% slope, 5-6 m width,
and a bed morphology transitional from plane-bed to step-pool.
Surface grain size distribution is characterized by the following
percentiles (in millimetres): Dy = 43, Dso =108, Dg4 = 304,
and Doy = 417. The bed appears rather armoured, as
subsurface Dsy and Dgs measured after removing the first
layer of sediments (approximately 150 cm thickness) are 15 and
46 mm, respectively.

The monitoring station was installed at 2150 m a.s.l. (lower
stream gauge, LSG, in Figure 1) at the narrowest section (3 m)

Copyright © 2014 John Wiley & Sons, Ltd.
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Figure 3. Longitudinal profile of the Saldur River from the monitoring

site to the glacier, depicting relevant changes in slope and associated
morphological pattern of the main channel.

along the upper Saldur River, where accessibility through an
unpaved road is available for 4WD vehicles, and channel
banks are stabilized by very large boulders. In late May 2011,
the department of Hydraulic Engineering of the Autonomous
Province of Bozen-Bolzano placed a wooden log transversally
in the channel bed, anchored against the boulders of the banks

| Juud ur m2g ‘ourjuo mojo) |

and stabilized by a sort of boulder ramp (Figure 4). A slot was F4

previously carved into the log to host half the diameter (5 cm)
of a 0.5 m long acoustic pipe sensor, manufactured by
Hydrotech Company (Japan), the same measuring instrument
deployed in several Japanese streams since the 1990s
(Mizuyama et al., 2003, 2010a). Even if the instrumented
cross-section is 3 m wide and the pipe 0.5 m long, the horizon-
tal wooden log on the bottom provides a regular shape to the
cross-section, likely making the impulses registered by the pipe
representative of the whole section.

The Japanese acoustic pipe sensors is a steel, air-filled pipe
with a microphone inside which detects the acoustic vibrations
induced by hitting particles. Vibrations are amplified by a pre-
amplifier inside the pipe and then transmitted to a converter,
which generates a voltage processed through a six-channel
band-path filter. The impulses generated by particle collisions
are recorded in the datalogger when the output from a channel
exceeds a given threshold (Mizuyama et al., 2010a). The
datalogger and converter were installed in a case on the river
bank, where a solar panel and a battery supplied the required
power to the system. The number of impulses for each channel
is recorded at one minute intervals in the datalogger. However,
in order to interpret bedload dynamics at intermediate
timescales and to match the resolution of flow stage records,
for the analysis presented here impulses were analysed after
averaging the signals over 10 minute intervals. The voltage
thresholds for registering collisions at the different channels
are the same used by Mizuyama et al. (2010a, 2010b). The pipe
sensor functioned without major interruptions from July to
September 2011. The calibration of the pipe sensor data
through bedload samples collected using a portable bedload
trap (Bunte et al., 2004) is in progress, and hysteresis cycles
will be analysed in this paper based solely on the number of
impulses per unit of time. At the same cross-section, water
stage is measured every 10 minutes by a pressure transducer,
and a stage-water discharge relationship was derived based
on 82 discharge measurements carried out in the period
2011-2013 using the salt dilution method (slug injections),
from low (0.6 m® s~") up to near-bankfull flows (4.5 m* s~").
Meteorological data (temperature and precipitation) are
acquired by a weather station at 2330 m a.s.l. run by the
EURAC research centre.

Earth Surf. Process. Landforms, (2014)
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Figure 4. Installation of the acoustic pipe sensor in the monitoring site
(a). The geophone was fixed in a slot carved in a transversal log, which
leave approximately half of the 0.5 m-long pipe protruding into the
flow (b). A view of the Saldur River at a near bankfull flow (4 m*s™") (c).

In addition, in order to investigate the seasonal variation of
water sources to runoff in the Saldur basin, a tracer experiment
based on water stable isotopes (*H and '®0) and electrical
conductivity data was carried out between April and October
in 2011 and 2012. Bulk precipitation was collected at three
locations in the catchment, at 1826, 2154 and 2336 m a.s.l.
Also, grab water samples were collected on a monthly basis
from four springs, four tributaries and at seven sections along
the stream (including the monitoring section). Snow and
snowmelt (from dripping snow patches) was sampled occasion-
ally in 2011 and 2012, and glacier meltwater samples were
collected on three occasions in the summer of 2012 from
rivulets in the lower portion of the main glacier tongue. Isotope
analysis was performed at the Isotope Hydrology Laboratory at
the University of Padova by means of laser absorption
spectroscopy (Penna et al., 2010, 2012), and by means of mass

Copyright © 2014 John Wiley & Sons, Ltd.

spectrometry at the Free University of Bozen-Bolzano. A
detailed description of the experimental design as well as
preliminary results of the isotopic investigation in the Saldur
basin can be found in Penna et al. (2013). For the purpose of
this paper only the temporal distinction between snow and
glacier melt flow in the main channel derived by the tracer-
based analysis is relevant to discuss the occurrence of different
hysteresis cycles.

Results
Hydrological characteristics of the study period

During the period when the acoustic pipe sensor was

operational (1 July-25 September 2011, Figure 5), mean daily F5

temperature (measured at 2330 m a.s.l.) was 8.6 °C, which
means a 0 °C level at 3600 m a.s.l. (assuming a standard lapse
rate of 6.5 °C/1000 m) with practically all the catchment in
melting conditions. However, a significant variability was
observed within this period. In fact, daily average temperatures
ranged from —=2.1 to 15.3 °C, with instantaneous extremes
reaching —4.3 and 21.7 °C on 19 September and 22 August,
respectively. Nine relevant rainfall events (defined here as
having a daily cumulated value > 10 mm) occurred during
the study period, the largest of which (35 mm) took place
on 4-5 September. On 18 September, a precipitation of
nearly 60 mm occurred mostly as snowfall (see the
temperature drop in Figure 5), with a negligible discharge
peak and the snow cover in the basin melting within 3-4
days. Overall, the total depth of precipitation in the study
period was 270 mm.

Water discharge ranged from 0.9 to approximately 10 m
during the 3-4 September flood, with significant daily
fluctuations due to snow and glacier melt (Figure 5). However,
some uncertainty (probably +20%) does exist for the highest
value, as the flow rating curve was built with discharge
measurements only up to about 4 m® s™'. Indeed, the 3-4
September flood is likely a non-ordinary event (i.e. more than
2-3 vyears of recurrence interval) based on information
provided by the Hydrographic Office of the Autonomous
Province of Bozen-Bolzano. No other relevant rainfall-induced
events occurred in the study period.
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Figure 5. Daily mean air temperature and rainfall as measured by the

weather station located at 2300 m a.s.l (WS in Figure 1), and discharge
measured at the monitoring site in LSG. Three periods characterized
by different runoff-generation processes are defined as snowmelt (a),
glacier melt (b), and late glacier melt (c).
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Melting flows reached up to approximately 4 m* s=', both in
July and August, which appear to correspond to a stage slightly
lower than bankfull conditions, based on visual assessment in
the river reaches featuring floodplain pockets (Figure 4c).

The temporal dynamics of discharge, air temperature,
precipitation and water isotopic characteristics led to the
identification of four different phases within the study period,
each associated with different main contributors to runoff.
The first period (1-16 July) was characterized by relatively high
air temperatures (> 10 °C) and moderate daily discharge
fluctuations (< 0.6 m® s7'), as low flows were always higher
than 2-2.5 m® s~ . Field observations support the evidence that
snowmelt contribution to this period was dominant as the
glacier was still significantly covered by snow. Remote sensing
data used in Engel et al. (2013) reveal a snow cover of around
8-10 km? for the study area. From 18-31 July, the temperature
decreased substantially, causing a sharp reduction in the
average runoff with very little daily fluctuations as snowmelt
was probably limited to short times during the warmest hours
of the day. Overall, even if characterized by two phases, from
1 to 30 July the dominant process of runoff generation was
snowmelt but with some contribution from the glacier, most
likely from its lowest snow-free part. From 30 July, a sudden
increase in the air temperature to values similar to the first
half of July produced a marked rise in discharge. Only after
mid-August — when air temperatures remained very high for a
prolonged period — daily maxima in water discharge attained
and exceeded early July values. Daily fluctuations in late
August were the largest of the entire study period, as flow rose
from 1.5 m® s™' in the early mornings to 4 m® s™' in the
evenings. The runoff regime for the entire period from 1 August
to 2 September can be ascribed to intense glacier melting,
with some contribution from snowmelt especially in early
August. After the 3-4 September flood event, lower air
temperatures decreased daily fluctuations as daily maxima
reached about 3 m? s~' whereas minima were similar to
August. The runoff regime in the period 2-25 September
(excluding the few days when temperature dropped below
zero, Figure 5) can be described almost entirely to late glacier
melt.

The identification of three main periods (i.e. roughly corre-
sponding to July, August and September) featuring different
runoff sources is also supported by isotopic data. During fall
and winter the background 8'?0 value of the stream at the
monitoring section ranged between —13.9 %o and —14.3 %o.
However, from late spring until mid-July 2011, §'%0 values
were on average relatively depleted (—15.0 %o, n = 10), likely
skewed towards the snowmelt signal (average of —15.5 %,
n = 26). Conversely, during late summer, stream values were
on average relatively more enriched (—14.4 %o, n = 7) likely
reflecting the input derived by glacier melt water (average
—14.4 %o, n = 16). Although less clearly, the seasonal variabil-
ity of electrical conductivity confirmed this distinction. Water
samples until mid-July had an average value of 177 uS cm™
(n = 10) whereas in late August values were on average lower
(152 uS cm™ ', n=7). Although other water sources could have
masked such a difference (e.g. local groundwater seepage
or contribution by tributaries) this likely reflects the difference
in average electrical conductivity between snowmelt (13.3
Scm™', n=19) and glacier melt water (2.1 uS cm™ ' n=14).

Bedload-water discharge relationships

Overall, 84 complete fluctuations of water discharge can be
identified from 1 July to 25 September. Most of them occurred
at a daily scale (24 hours approximately) and are clearly due

Copyright © 2014 John Wiley & Sons, Ltd.

to snow or glacier melting, since no precipitation occurred.
However, seven of these fluctuations exceeded 41 hours and
are related to significant rainfall events or minor rainfall during
glacier melt events.

Variations in bedload impulses recorded by the pipe sensor
were associated with each fluctuation of water discharge.
Because the signal from the channels of the most sensitive
pipe sensors (channels 1 and 2) become dampened at
relatively low discharges, and less sensitive channels
(channels 5 and 6) do not register impulses at lower
discharges due to the relatively small clast size transported
by these flows (Mizuyama et al. 2010a, 2010b), channel 4
was used in order to characterize the temporal fluctuations
of bedload transport. Other channels were used to better
interpret hysteretic patterns for particularly low magnitude
events (channel 3) or for the higher discharges (channel 5)
during the 4-5 September flood event.

Water discharge and impulses collected by the pipe sensor
were used to identify the hysteretic cycle of each ‘event’ (i.e.

daily fluctuation). Figures 6a and b shows an example of coun- F6

terclockwise hysteresis on the 23 August, when most of the
bedload transport appears to occur during the falling limb of
the daily hydrograph generated by intense glacier melt.
Interestingly, a similar discharge fluctuation peaking at 4 m? s~
and occurring the day after resulted in a bedload peak occurring
during the rising limb of the hydrograph, thus exhibiting a
clockwise loop (Figures 6¢ and d).

Overall, 43 events exhibit a clockwise and 36 a counter-

clockwise pattern (Figure 7). No obvious hysteresis cycle could F7

be identified for five events either for gaps in the acoustic pipe
data (due to sedimentation problems) or because evidence of
hysteresis was absent (i.e. similar relationship in discharge
versus bedload during both rising and falling limbs). Figure 7
summarizes the hysteretic pattern of each daily event. It
appears that clockwise events are concentrated in the early
portion of the study period, whereas counterclockwise events
are more common later, during the glacier melt period. When
the three main periods characterized by different processes
dominating the generation of runoff are considered, 86% of
the events are clockwise during the snowmelt-dominated
period of July. In contrast, < 50% of events are clockwise in
August when glacier melt had most likely become predomi-
nant, and finally during the late glacier melting period in
September this percentage reduces to 14% (Figure 8).

Five rainfall events occurred during the glacier melt period (i.
e. August), and it is worth observing the different bedload hys-
teretic pattern of these events, which involve runoff generation
at the basin scale. In fact, hysteresis was clockwise in 61% of
the events occurring in August during a day with rainfalls,
and in 83% of the events if rainfall occurred the same day or
the day before, indicating the influence of rainfall-generated
events on bedload hysteretic pattern.

Hysteretic patterns of single events thus seem to reveal
differences in the temporal dynamics of bedload. Besides,
even if uncalibrated against direct bedload measurements,
absolute values of impulses registered by the acoustic pipe
can provide information on the magnitude of bedload

transport rate. Figure 9 shows bedload pulses as registered F9

by channel 4 in the three periods analysed earlier. Despite
the likely dampening of the acoustic signal at channel 4
during the highest flows during the 3-4 September flood, it
appears that bedload transport rate became higher proceed-
ing from July to September, i.e. moving from a snowmelt to
glacier melt dominated periods. Such a strong seasonal
difference in bedload transport rates is confirmed by direct
measurements carried out in the Saldur River in the period
2011-2013 (Comiti et al., 2013).

Earth Surf. Process. Landforms, (2014)



6 L. MAO ETAL.
5 800 800
a) — Discharge b)
I
4 ~— Impulses
600 ¢ £ 600
= E E
'w 3 e =
ﬂE 400 — — 400
° ' 2 @
=5 =
| i 200 o o 200
1 || HI'. N. l E E
||| v VL P =
) I\rul I~‘1 s
0 0 0 .
23-08-2011  23-08-2011  24-08-2011 o 1 2 3 4
712 19:12 712
Time Q(m*s™)
5 800 800
c) — Discharge d)
4 Impulses
600 ¢ E 600 |
- E E
E ‘ 400 -~ 400 |
— | w w
c 2 2 8
= 3
[ 200 & & 200
1 [ E g
| N =
A LY
24-08-2011  24-08-2011  25-08-2011 0 1 2 3 4 5
712 19:12 712
Time Q(m®s™)
Figure 6. Water discharge and bedload impulses measured by the geophone’s channel 4 registered on 23 August 2011 (a) and 24 August 2011 (c).

On the former day the bedload peak occurred after the water discharge peak, creating a counterclockwise hysteresis (b), whereas on the latter the
peak of bedload occurred before the discharge peak producing a clockwise hysteresis (d).
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Discussion For example, Vatne et al. (2008) observed clockwise hysteresis

Bedload dynamics during snowmelt

Bedload impulses on the acoustic pipe sensor installed in the
Saldur River revealed how complex are the temporal dynamics
of coarse sediment transport associated with melting (from
snow and glacier) flow events. Overall, during the snowmelt-
dominated period (i.e. approximately corresponding to June
and July in the Saldur River, Penna et al., 2013) the clockwise
hysteretic pattern dominates, i.e. bedload transport peaks
before water discharge. Very little evidence of bedload
hysteresis during snowmelt periods is available in the literature.

Copyright © 2014 John Wiley & Sons, Ltd.

of bedload transport measured using impact sensors during
diurnal discharge fluctuations of spring floods (due to
snowmelt) in central Norway. Clockwise hysteresis in bedload
transport during snowmelt floods was also reported by
McNamara and Borden (2004), who installed motion-sensing
radio transmitters in single coarse grains, observing that tagged
particles are more likely to move on the rising than on falling
hydrograph limbs. Also, the clockwise pattern is in agreement
with observations of suspended sediment transport in small
mountain basins. For instance, Lana-Renault et al. (2011) found
clockwise daily suspended sediment concentration-discharge
loops during the snowmelt period in a high-elevation basin of
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Figure 9. Bedload impulses as registered by channel 4, showing
different relationships between bedload transport and water discharge
for the three periods featuring different runoff sources.

the central Pyrenees. Similarly, lida et al. (2012) found strong
clockwise hysteresis for suspended sediment transport in the
early stage of the snowmelt period in the coastal region of the
Honshu Island, and they related it to the high availability of fine
sediments in the channel bed. As shown by Priesnitz and
Schunke (2002) and Forbes and Lamoureux (2005), during
the snowmelt season the water temperature increases to a
range that allowed thermal erosion of the bed and banks, thus
increasing sediment availability for transport. Further studies
relate clockwise hysteresis with ready availability of sediment
sources within or close to the channel (Klein, 1984; Hudson,
2003; McDonald and Lamoureux, 2009).

However, the interpretation of why bedload clockwise loops
dominate during snowmelt in the Saldur River is not straightfor-
ward, as it could be due to a combination of different
processes, namely the ready supply of sediment from sources
close to the monitoring station, and the fact that particles in
the channel bed are ready movable in early summer. Indeed,
during June—July (not only in 2011 but also in 2012 and
2013) relevant bank erosions of floodplain pockets — covered
by grass vegetation — were noted in the single-thread reach up-
stream of the station during the rising limb of diurnal discharge

Copyright © 2014 John Wiley & Sons, Ltd.

fluctuations. Most likely, banks there become destabilized by
spring freeze—thaw cycles, snowpack sliding, and by saturated
conditions following snowmelt. The upper channel reaches
featured more stable banks for a combination of prolonged
snow cover and reduced unit stream power, as the channel
there is wider. The presence of clockwise loops for many
diurnal cycles in July may be linked to the capacity of the river
to evacuate the sediment eroded from the banks out of the
study basin within a few hours. This likely happens because
the location of sediment sources is close to the station and thus
sediment-water kinematic time lag is not relevant. This
interpretation would seem compatible with evidence provided
by the earlier mentioned works on suspended sediment
transport hysteretic cycles during snowmelt.

In addition, clockwise loops during the snowmelt-dominated
period could also be attributed to processes occurring at the
grain-scale, i.e. loose grain packing and poor grain sheltering
due to unstructured bed surface (Reid et al., 1985). In the Saldur
River, glacier-derived sediments are probably left poorly
structured in the bed at the end of the melt period, and
freeze-thaw processes on exposed surface sediments during
late autumn—early winter could contribute to de-structuring
even further of surface clusters and grain imbrication. In the
measuring section, the channel bed is unlikely to freeze
completely during winter (developing the so-called bedfast
ice as it is known in the un-floating ice stabilizing sediment
bed in arctic environments), which would have led to
counterclockwise hysteresis of bedload transport (Priesnitz
and Schunke, 2002; Best et al., 2005). Instead, early snowmelt
discharges provide the bed with fine sediments (Lana-Renault
et al., 2011; lida et al., 2012), which in a gravel bed surface
could make sediments relatively more mobile (Wilcock et al.,
2001). Indeed, visual inspections of the channel bed in early
spring (before snowmelt started) show abundant sand over a
loose gravel framework (Figure 10a), supporting the hypothesis
that dominant clockwise hysteresis in the snowmelt period
is partly due to unpacked surface sediments close to the
monitoring station.

Bedload dynamics during glacier melting

In August 2011, when glacier melt most likely became the
predominant source of runoff in the Saldur River but snowmelt
was still relevant (Penna et al., 2013), water-bedload impulses
relationships do not show any clear dominance of clockwise
versus counterclockwise patterns (Figure 8). Interestingly, when
intense rainfall events occurred during this period, these led to
predominantly clockwise loops within one or two days after
rainfall. This pattern might indicate a sudden connection —
not present during melt flows — with active sediment sources
at the basin scale, which most probably come from relatively
low elevation tributaries (where precipitation was in the form
of rainfall and not snowfall) featuring steep, easily erodible
slopes and entering the main channel close to the LSG station
(Figure 10b).

During the late glacier melting in September, a predomi-
nance of counterclockwise loops — punctuated by clockwise
cycles — is observed, possibly suggesting that a marked change
in the location of sediment supply takes place after the
snowmelt is almost complete also at the higher elevations and
on the glacier (Table I). In particular, the peri-glacial area at
2700-2900 m a.s.l. (Figure 3), where the Saldur River features
a braided pattern on loose and relatively fine moraine material
—replenished by frequent inputs during warm late summer days
from adjacent rock-glaciers and dead ice masses — is most
likely a relevant source of sediment during this period based
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Figure 10. Images from the Saldur River basin: (a) loose gravel sediments and sand patches observed in early spring before snowmelt starts; (b) one
of steep tributaries likely to deliver sediments into the Saldur River just upstream of LSG during intense rainfall events; (c) and (d) views of the peri-
glacial area at about 2800 m a.s.l. in mid July and late August, respectively; (e) a large tunnel within the tongue of the glacier, with the a branch
of the Saldur River running through it, in August; (f) a supra-glacial channel flow beside the current lateral moraine in August., observed to carry
abundant coarse sediments.

Table I.  Runoff generation processes and bedload transport characteristics in the different seasons in the Saldur River
Main runoff Sediment transport Prevalent sediment Relative bedload Dominant water—

Season source capacity supply sources transport bedload relationship
Winter/ Groundwater No competent In-channel No bedload

early spring flows
Late spring/ Snowmelt Limited daily Bank erosion Low transport Clockwise

early summer fluctuations of and in-channel storage rates

competent flows (lower reaches)

Late summer/ Glacier melt Moderate to Glacier and peri-glacial, High transport Counterclockwise

early autumn

very high (rainfall
events) Substantial
daily fluctuations

and localized sources
during rainfall events
(tributaries)

rates

on direct visual observations. This area is inactive in July as
snow cover and reduced flow discharges from the glacier
outlets keep it disconnected from the lower part of the basin

Copyright © 2014 John Wiley & Sons, Ltd.

(Figures 10c and 10d). But probably even more important is
the amount of sediment transported by the sub- and supra-
glacial flows (Figure 10e and 10f) which develop and enlarge

Earth Surf. Process. Landforms, (2014)
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rapidly once the glacier becomes snow free and ice surface
starts to melt (Davies et al., 2003; Davies and Smart, 2007).
However, a certain time lag is needed for the coarse
sediments from the glacier and the pro-glacial area to reach
the monitoring site (located approximately 4.6 km downstream,
Figure 3). Velocity of clasts of different sizes is being
investigated in the Saldur River using passive integrated
transponders (PIT) inserted in natural particles and by stationary
antennas placed in a reach upstream of the LSG. From these
experiments we expect to gain more insight into the daily time
lag between water and sediment fluxes. For the moment, we
argue that the complex alternation between clockwise and
counterclockwise hysteresis patterns during the late glacier
melt period is likely the result of the superimposition of water
discharge fluctuations — daily flow peaks translates downstream
at a celerity of about 2 m s~ from the upper stream gauge

[Q10](USQG) to the LSG — on slower sediment waves originated each

day at the upper part of the channel. Previous studies (Lisle
et al., 2001; Sklar et al., 2009) showed that sediment input to
a river system moves downstream as a pulse, with a combined
effect of translation and dispersion depending on sediment
input rate and size. Lane et al. (1996) showed that at a certain
distance from the pro-glacial area of the Haut Glacier d’Arolla
in the Pennine Alps (Switzerland), sediment was supplied with
a temporal lag which resulted in higher sediment transport
during the falling limb of glacier melt hydrographs (i.e. counter-
clockwise hysteresis). However, as Lane et al. (1996) pointed
out, a complex set of channel changes and downstream travel
of sediment waves dynamics are responsible for the relative
daily timing of discharge and sediment flux. Indeed, sediment
supply and transfer processes variability at a variety of spatial
and timescales determine the bedload transport generated by
a single flood event (e.g. Reid et al, 2007; Raven et al.,
2009), making particularly complex to differentiate the source
of sediment (Johnson and Warburton, 2006). However, even
though the Saldur River was not monitored in terms of sub-daily
cross-section dynamics as in Lane et al. (1996), repeated
topographic surveys and visual observations carried out

from 2011 to 2013 indicate a high channel stability, with very
limited change with each summer and from year-to-year, also
in the braided section located approximately 3 km upstream
of the LSG (see Figures 2 and 3). Therefore it seems that glacial
and peri-glacial sediments are the main responsibility for the
different late summer hysteresis cycles, as well as for its
augmented bedload transport as discussed in the next section.
Figure 11 intends to summarize our observations on the
different water and sediment origins occurring during snowmelt
and late glacier melt in the Saldur basin, which are reckoned
responsible for the different hysteretic patterns described
earlier. Generally, in the Saldur the sediment particles originat-
ing at the pro-glacial area during late August and September
moving at the lower velocity range are likely to be stored within
the lower channel through the winter as competent flows
usually end in mid-October. These are thereafter readily
available for transport in late May—early June, as soon as
snowmelt starts again. Dominance of clockwise hysteresis
pattern during snowmelt period reveals both the delivery of
sediments from areas close to the measurement point and the
remobilization of sediment previously deposited in the channel
(e.g. Williams, 1989; Seeger et al., 2004; Langlois et al., 2005).
Unfortunately, the geophone was not operational during
June 2011 and thus the hysteresis during the early snowmelt
remains unknown.

Bedload availability, transport rates and
perspectives

Location and seasonal dynamics — governed by snow cover —
of sediment availability in the Saldur basin appears to be rather
complex due to the superimposition of different runoff
generation and sediment sources, which give rise to varying
hysteretic loops moving from July to September. The analysis
of the number of bedload impulses per unit of time (i.e.
uncalibrated bedload intensity) in relation to water discharge

Figure 11.

Sketch summarizing our observations on the main seasonal changes in dominant runoff and sediment sources in the Saldur River basin.

Blue and yellow arrows illustrate the location of the main water and sediment sources, respectively responsible for daily fluctuations and thus hyster-
esis cycles: (a) during the snowmelt-dominated period (June to July) runoff is generated in a large part of the basin, whereas available coarse sediment
comes from either unstructured patches in the lower channel bed and from bank erosions in the lower reaches; (b) during periods dominated by gla-
cier melt (late August and September), daily runoff fluctuations as well as most sediment input originates mostly from the glacier and the peri-glacial
area, apart from the case of intense rainfall events where tributaries (see Figure 10b) may become relevant.

Copyright © 2014 John Wiley & Sons, Ltd.
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can help understand whether bedload rates are also different
based on the dominant runoff origin. Indeed, such analysis
(carried out using channel 4 of the pipe sensor) shows (Figure 9)
that bedload impulses recorded during late glacier melt
(September) plot generally well higher than those in August
and July (snowmelt dominated period).

This evidence — consistent with results coming from direct
bedload samples collected from 2011 to 2013 (Comiti et al.,
2013) — seems to indicate that clockwise loops (commonly
associated to readily available sediments) are not necessarily
associated to higher bedload transport intensities, which
depend on actual sediment volumes made available per unit
of time. Clearly, the time lag for entrained sediments (i.e. from
banks, bed and from glacial and peri-glacial areas) with respect
to water flux at any potential measuring station depends on the
location of the station and on the differences in average
velocity between water and sediment particles (e.g. Tena
et al., ). Therefore, hysteresis patterns would be very likely
different if measured in other reaches of the Saldur River. For
instance, at the glacier mouth hysteresis loops could be even
absent in the late glacier melt period, implying unlimited
sediment supply and comparable sediment transport rates in
both rising and falling limbs of daily hydrographs. However,
the relationship between water and bedload rates during
glacier melt in the lower reaches of the Saldur River, tens of
kilometres downstream of the LSG, is expected to be quite
different from that observed at our measuring station, but
hardly predictable without a good understanding of bedload
particles kinematics from the glacial/peri-glacial origin down
to in-channel transfer.

A potential limitation on the interpretation of bedload hyster-
esis in our study site is the fact that the number of impulses
collected by the pipe sensor depend — as with other indirect
methods — not only on the number of particles hitting the pipe
within a given interval, but also on the mode of particle
movement (sliding versus rolling) and on the size of the
particles as well. Particle size can actually affect the signal
registered by the pipe sensor in a way that may alter hysteretic
trends. For instance, the brakeage of a static - armour layer
during the rising limb of a flood event (e.g. Vericat et al.,
2006), or change in roughness (Gaeuman, 2010) or mobility
of finer sediments during an event (Mao, 2012) could actually
change the size of transported particles at the same discharge
before and after the hydrograph peak.

Although direct bedload measurements are needed to
quantify actual transport rates, because of the very strong
non-linearity, temporal variability and hysteresis of bedload,
occasional samples could provide misleading information
about the complex process of bedload discharge. This suggests
that bedload samples should be taken during seasons charac-
terized by different runoff generation processes, and during
rising and falling limb of hydrographs.

Indirect bedload measurements confirm the remarkable
potential of allowing exploration of sediment processes at a
scale larger than single cross-sections, providing the opportu-
nity to infer dynamic of sediment sources at the basin scale
from relatively inexpensive at-a-station ~measurements.
Especially if taken continuously for a long period of time,
indirect bedload measurements could provide invaluable
insights into the dynamics of glacier melt and related sediment
production. Alpine glaciers are particularly sensitive to climate
change (Zemp et al., 2007; Huss et al., 2010), with fast retreat
and an earlier disappearance of residual snow cover in the
season. Therefore, longer and warmer glacier melt periods
could likely result in higher sediment delivery to the Saldur
River, in a manner that could be revealed by a change in
the dominant daily hysteretic pattern. Long-term studies are

Copyright © 2014 John Wiley & Sons, Ltd.

definitely needed to unravel catchment response to
hydroclimatic changes, especially if mediated by a glacier.
The results from this study suggest that bedload dynamics can
be substantially different in periods with snowmelt and glacier
melt as a result of complex superimposition of sediment
sources and sediment delivery acting at different time and
spatial scales. One year of observations is long enough only
to realize the complexity of bedload transport in a small
glacier-fed basin, but these results point to the chance of using
hysteretic patterns to infer sediment transport dynamics and to
use these interpretations to guide sound indirect bedload
calibration strategies.

Limits in the interpretation of bedload hysteretical
patterns

Most of the existing literature on hysteresis cycles in sediment
transport has associated clockwise loops to the presence of
ready available sediments, whereas counterclockwise cycles
are explained by events which increase sediment supply after
the flood peak has occurred (e.g. the breakage of armour
layers). Even if reasonable, evidence supporting this dominant
interpretation tends to be generally qualitative and lacking field
verification especially when bedload transport is considered.
Remarkably, the spatio-temporal dimensions lying behind
field-derived data (typically at one cross-section only) on
water-sediment curves (and thus on sediment hysteresis loops)
have been generally overlooked. In particular, the effects of
the inherent ‘kinematic delay’ due to the time lag between
water and sediment waves — most likely larger for bedload than
for suspended transport, as its velocity relative to water flow are
lower for the former — have not been sufficiently taken into
account, and thus the consequent longitudinal variations in
the hysteretic cycles during the same flow event have not been
investigated, also because their documentation would require
multiple bedload observation sites at different locations along

a channel (Tena et al., ). However, the same variations in shape

and orientation of hysteretic loops are expected at the seasonal
scale if the location of active sediment sources changes through
time, as it is the case of glacier-fed rivers where high-elevation,
distant source become active only during the late summer, and
are controlled by progressive snowpack disappearance.
Therefore, the complexity of factors governing the temporal
relationship between water and sediment transport rates in
such river systems make conventional interpretations inappli-
cable, and indeed simplified conclusions cannot be made with
confidence.

Likewise, our interpretation of hysteresis cycles in the Saldur
River should be verified through more detailed field surveys.
For instance, we interpret clockwise hysteresis during
snowmelt to the supply of sediment by bank erosion processes
occurring next to the measuring station. However, the exact
localization, magnitude, and timing of bank collapses should
be known to truly verify this hypothesis, along with the
assessment of virtual travel times of sediments. Also, sediment
arrangement and cluster development before and after each
daily discharge fluctuation should be assessed, e.g. using a
(bathymetric) terrestrial laser scanner, which has the potential
to permit the assessment of differences in roughness, imbrica-
tion and orientation at the grain and cluster scales (Hodge
et al., 2009; Mao, 2012).

Still, the fact that some daily discharge fluctuations exhibit
counterclockwise hysteresis during snowmelt has not a
straightforward explanation, and could be due to complete
exhaustion of loose sediments during the falling limb of a
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previous event. However, the sparse clockwise events during
the late glacier melt period could be due to temporal storage
of sediments in proximity of the monitoring station, possibly
due to an antecedent event featuring characteristics (e.g.
duration and magnitude) which led to relatively more deposi-
tion there. Overall, sediment availability from upstream
reaches, and composition and stability of the bed surface layer
is strongly time-dependent in active river systems such as
glacier-fed rivers. As the sediment flux response to a flow event
is due to a complex set of dominant constraints, a proper
determination of causes of hysteresis would imply a detailed,
frequent monitoring of magnitude and timing of sediment
sources, sediment storage and transfer along the stream, as well
as of the degree of sediment organization on the bed. These
requirements challenge our current ability to monitor these
variables at the timescales needed to explore these processes,
but definitely point out to a set of research goals needed for a
better understanding of these river systems, which are subject
to rapid environmental changes.

Conclusions

Bedload transport is a complex process which depends on the
flow competence and availability of sediments. Because the
degree of sediment availability can change before and after
the occurrence of peak discharge during flood events, bedload
hysteretic patterns can appear, revealing peak discharge
anticipating the peak of bedload transport rate (clockwise
hysteresis) or the opposite (counterclockwise hysteresis).
Evidence provided by an acoustic pipe sensor installed in the
Saldur River suggests that bedload dynamics vary seasonally
due to different dominant runoff generation processes.
Clockwise hysteretic patterns are relatively more abundant
during snowmelt periods possibly due to both the activation
of sediments sources (bank erosion) in the lower part of the
basin near to the monitoring station and unpacked bed surface
sediments. Counterclockwise hysteresis are instead relatively
more frequent during late glacier melt periods, and likely
related to the supply of sediments from the glacier and from
the peri-glacial areas, which are much farther from the monitor-
ing station than sources active earlier in the summer. Indeed,
because data from the acoustic sensor show that bedload rates
are higher during glacier melt than in the snow melt period,
sediment availability seems not necessarily related to actual
bedload transport but to the degree of activity and location of
sediment sources. This study emphasizes the usefulness of
indirect bedload measurements for assessing the temporal
variability of bedload transport in mountain rivers, as well as
for inferring the activation of sediment sources at the basin
scale. At the same time, this research shows that bedload
dynamics in glacierized basins is affected by the complex
interactions among runoff, sediment availability and bed
organization, all of which are strongly time-dependent at
different temporal and spatial scales. Therefore, we believe that
our current ability to make reliable predictions on future
morphological changes in similar river systems is very limited,
and further field investigations coupling bedload and runoff
generation monitoring to detailed morphological analysis are
highly needed.
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