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ABSTRACT

The ecological effects of sediment flushings from artificial reservoirs have been widely documented, but the underlying sediment
dynamics are less well known. We investigated sediment dynamics associated with a long flushing event divided into two peri-
ods (2 and 1week) in an Alpine river, each followed by a clear water release (‘washing’) from the reservoir. Suspended sediment
dynamics were investigated at the event and annual time scale, and at the river segment (~1000 channel widths) and reach (~100
channel widths or less) spatial scales. Analysis of suspended sediment concentration (SSC) and streamflow time series from 5
in situ calibrated optical turbidity sensors reveals a downstream decrease in the total passing sediment fluxes, a spatial trend
that is paralleled by the theoretical suspended sediment transport capacity, allowing for the estimation of the deposited fine
sediment volume in different reaches. Washing events result in variable effects among reaches, with some experiencing net sed-
iment entrainment and others net deposition. Out of 16 quantified sediment fluxes, 5 were statistically significant with p <0.05,
with an average uncertainty of 23% in fine sediment flux quantification. Georeferenced analysis of coloured gravel-cobble plots
before and after the two flushing events revealed partial reach-scale mobility of the coarse bed surface material, particularly in
the geomorphic units located at lower elevations and more exposed to higher flows (edges of side bars nearby riffles or rapids),
while local fine sediment deposition was observed at less exposed units, such as side channels or point bars in river bends. Grain
size distributions of surface sediment taken in the same locations before and 1 month after the flushing reveal a clear shift to-
wards a finer sediment composition, which is partially retrieved also 1year after the event. Event-averaged SSC values during
the flushing are considerably higher compared to natural flood events in such a regulated river, with SSC-streamflow relations
being highly irregular and event-dependent, especially during the flushing. The work shows the relevance of multi-scale (time
and space) investigation of sediment dynamics for planning and monitoring sediment flushing from artificial reservoirs.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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1 | Introduction

Dams and reservoirs disrupt the longitudinal continuity of riv-
ers, thereby interrupting the natural cycle of sediment (Carolli
et al. 2023; Belletti et al. 2020). This disruption has significant
implications for downstream river morphology, bed compo-
sition, ecosystem health and overall biological productivity
(Kondolf 1997; Petts and Gurnell 2005; Wohl et al. 2015). In
addition, the gradual accumulation of sediment behind dams
leads to a reduction in reservoir storage capacity, resulting in
potential economic challenges (White 2001) and threatening
the safety and operation of reservoirs by obstructing intakes and
damaging tunnels or turbines (Morris and Fan 1998; Schleiss
et al. 2016).

The theoretical global storage capacity of reservoirs is approxi-
mately 7000 km3, with nearly half of this capacity, around 3000
km?, lost due to sedimentation (ICOLD 2009). Sedimentation
causes an annual loss of approximately 1% of the total stor-
age capacity worldwide (Mccartney et al. 2001; Vorosmarty
et al. 2003), resulting in an estimated cost of approximately $21
billion (ICOLD 2009). Looking at the future, the ICOLD (2009)
bulletin projects a further global loss of storage capacity amount-
ing to nearly 64% by 2050.

Significant advancements have been made in strategies to ad-
dress sediment accumulation behind dams in recent decades
(Wang and Chunhong 2009; Kondolf et al. 2014). These strat-
egies can be categorised based on the phase in which they are
implemented, leading to three distinct approaches: (1) bypass-
ing the incoming fluxes of sediment downstream of dams, ac-
complished through the construction of bypass tunnels (Sumi
et al. 2004; Auel and Boes 2011); (2) removing sediment that has
already accumulated in reservoirs, which involves approaches
such as reservoir flushing, dredging and excavation (Wang and
Chunhong 2009) and (3) minimising the influx into reservoirs,
using, for example, off-channel reservoir storage (Kondolf and
Farahani 2018). The first and third approaches aim to prevent
sediment deposition within the reservoir, while the second
strategy directly tackles the challenge of managing sediment
accumulation behind dams. Among the existing reservoirs, the
predominant strategies fall into the second category, which of-
fers the advantage of not requiring major modifications to the
reservoir's structure (Kondolf et al. 2014), and are the focus of
the present work.

Hydraulic methods, such as drawdown and pressure flush-
ing, are considered the most cost-effective alternatives for ad-
dressing reservoir siltation (Brandt 2000; Kondolf et al. 2014).
During drawdown flushing, sediment removal is accom-
plished by opening the bottom outlets of the dam and lower-
ing the water levels in the reservoir. This process generates
flows with velocities capable of eroding and flushing away
the accumulated sediment. Pressure flushing is a variation
of drawdown flushing that specifically targets the removal
of sediment accumulated near the dam. In this method, the
dam outlets are opened, but the reservoir's water level is
not lowered significantly, and erosion occurs only within
a small cone-shaped region upstream of the bottom outlets.
Implementing these strategies incurs costs associated with the
loss of stored water, temporary interruptions in hydropower

production and potential impacts on other productive uses of
the dam. Drawdown flushing has been widely adopted in the
Alpine region (e.g., Crosa et al. 2010; Grimardias et al. 2017;
Legout et al. 2018; Espa et al. 2019; Antoine et al. 2020; Folegot
et al. 2021) as it has been found especially effective in elon-
gated and narrow reservoirs. Reservoir flushing, however,
can have significant impacts on the morphological and eco-
logical conditions of rivers downstream of dams (Rathburn
and Wohl 2001; Crosa et al. 2010; Bilotta et al. 2012). The
sudden release of large volumes of sediment into the river
downstream of a dam can alter water chemistry, impair
water quality and clog the river bottom (Wharton et al. 2017),
thereby negatively affecting macroinvertebrate populations
(Peter et al. 2014; Folegot et al. 2021), fish communities (Crosa
et al. 2010; Kjelland et al. 2015; Baoligao et al. 2016) and the
overall aquatic ecosystem.

Despite the ongoing improvements and adaptations made to sed-
iment flushing operations in recent years, aimed at mitigating
the adverse environmental effects observed in early monitored
experiences (e.g., Wohl and Cenderelli 2000; Espa et al. 2016), a
comprehensive understanding of the related sediment transport
dynamics occurring in the downstream river channel still pres-
ents several gaps.

Most studies on reservoir flushing operations focus primarily on
observing ecological aspects in the downstream river reach, to
quantify the effects of reservoir flushing on benthic invertebrates
(Espa et al. 2013, 2016; Peter et al. 2014; Folegot et al. 2021), fish
communities (Crosa et al. 2010; Grimardias et al. 2017; Pisaturo
et al. 2021) and water quality (Chung et al. 2008; Lepage
et al. 2020; Palanques et al. 2020). Several studies have empha-
sised the morphological variations and the changes in sediment
composition of the riverbed resulting from the flushing waves
in the river channel. These studies address the dynamics of
both coarse sediment (Wohl and Cenderelli 2000; Brandt 2000;
Petts and Gurnell 2005) and suspended sediment associated
with reservoir flushing events (e.g., Brandt and Swenning 1999;
van Maren et al. 2011; Antoine et al. 2020). However, studies
on sediment dynamics related to reservoir flushing events often
lack a multi-scale (spatial and temporal) approach and rarely
provide a comparison between flushing and natural sediment-
transporting floods in the same river sections. In addition, most
studies also neglect the uncertainties associated with sediment
budget estimations, which were found to reach values of up to
25%, as reported in a similar study in the Arc River, France
(Antoine et al. 2020).

Standard monitoring practices for suspended sediment concen-
tration (SSC) during flushing events commonly involve the use
of off-the-shelf optical turbidity sensors, which are employed
to estimate SSCs (Davies-Colley and Smith 2001). These sen-
sors typically measure light scattering at various angles (e.g.,
Nephelometric Turbidity Units, NTU), and their accuracy de-
pends on a calibration procedure that correlates turbidity val-
ues with sediment concentration (Minella et al. 2008). However,
flushing events that reach flood magnitudes can trigger incipient
bedload transport, requiring additional techniques to monitor
sediment transport more comprehensively (Surian et al. 2009).
One traditional field method for monitoring bedload transport
involves the use of painted pebbles or trackers, which can be
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FIGURE1 | (a) Avisio River segment downstream of the Pezz¢ dam, showing the locations of discharge/water level and turbidity measurement
stations. (b) Reach-scale study area, indicating surface sediment sampling sites and the areas covered by painted gravel plots for bedload initiation

monitoring. The aerial photo in panel (b) was provided by Servizio Bacini montani and Nucleo Elicotteri—Vigili del Fuoco of the Autonomous

Province of Trento.

tracked after the event to provide quantitative or qualitative esti-
mates, depending on the specific objectives of the study. In some
cases, painted square plots are also employed to estimate the ex-
tent and movement of bedload (Mao and Surian (2010).

In this research, we aim to contribute to understanding sus-
pended sediment dynamics associated with dam flushing op-
erations. We investigated the drawdown flushing of a reservoir
in the central-eastern Italian Alps (Trentino-South Tyrol), in
May-June 2019 as a case study, considering multiple time and
space scales. The study was designed to achieve three main re-
search objectives. Our first objective was to quantify the mass of
suspended sediment transported downstream of the flushed res-
ervoir, explicitly accounting for uncertainties in its estimation
associated with discharge and SSC measurements. Secondly, we
aimed at detecting changes in bed surface sediment composition
before, shortly after, and 1year post-flushing. The third objective
was to compare the relations between flow rate and suspended
sediment load time series associated with the reservoir flushing
and with natural flood events at one station. Overall, this study
contributes to our understanding of sediment dynamics result-
ing from reservoir flushing in downstream reaches, offering
valuable insights for better management of these operations and
mitigation of potential downstream impacts.

2 | Study Area

2.1 | Catchment and General Hydromorphological
Characteristics

The Avisio River is a mountain stream that flows through the
central-eastern Italian Alps (Figure 1b). Stretching approxi-
mately 91 km in length, it features a mean slope of around 21%

and drains a basin area of 940 km?, comprising two distinct geo-
morphological regions. The first region extends from its source
at an elevation of 3331 ma.s.l. in the Marmolada Glacier to just
upstream of the village of Predazzo, at an altitude of approxi-
mately 1100 ma.s.l., and is characterised by a narrow and steep
valley. The second region, from Predazzo to the confluence with
the Adige River at 195 ma.s.], partly encompasses a wider valley
with mild slopes (< 1%). The flow regime in the Avisio basin
is typically alpine, with intense precipitation occurring during
the summer and autumn seasons (mean annual precipitation of
993 mm in the catchment, Provincia Autonoma di Trento 2006),
and high flows during spring induced by snowmelt. The Avisio
basin contains a total of 51 lakes covering an area of 2.57km?,
including four artificial reservoirs constructed for hydropower
generation. Besides the Pezze reservoir, the Avisio River is also
dammed upstream in the Fedaia reservoir and downstream in
the Stramentizzo reservoir, while one of its main tributaries,
the Travignolo, is impounded by the Forte Buso dam in the
Paneveggio area (Provincia Autonoma di Trento 2006).

The study area encompasses a ~26km long segment that ex-
tends from the Pezze reservoir to the Stramentizzo reservoir
(see Figure 1a). In this segment, the Avisio River primarily
features a single-thread channel with a sinuous, channelized
pattern and an average slope of 1.5%. The active channel width
expands from about 10 m in the upstream, steeper section just
downstream of the Pezze dam to nearly 90m in the sinuous -
wandering, gently sloping sections near Cavalese (Figure 1c),
and then narrows to about 30m in the confined sinuous
reaches just before entering the Stramentizzo lake. The river is
confined by artificial embankments or bank protection struc-
tures. In the few reaches where the channel widens, it forms
bars and locally tends to a wandering channel pattern with
some stable vegetated island. In the entire section, the channel
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TABLE1 | Summary of instrumentation, data collection techniques and data analysis methods applied in this study.

Station Instruments Data collection techniques Data analysis methods
P1 Turbidimeter Water sampling for Discharge reconstruction
calibration (turbidimeter) Suspended sediment flux computation
Local mass balance computation
+ uncertainty analysis
P2 Turbidimeter Water sampling for Discharge measurement
Water level gauge calibration (turbidimeter) Suspended sediment flux computation
Local mass balance computation
+ uncertainty analysis
P3 Turbidimeter Water sampling for Discharge reconstruction
calibration (turbidimeter) Suspended sediment flux computation
Local mass balance computation
+ uncertainty analysis
P3-P4 Surface sediment sampling Grain size distribution analysis
(pre, 1 month, 1year later) Bedload initiation evaluation
Bed surface painting
P4 Turbidimeter Water sampling for Discharge measurement
Water level gauge calibration (turbidimeter) Suspended sediment flux computation
Local mass balance computation
+ uncertainty analysis
Hysteresis analysis
P5 Turbidimeter Water sampling for Discharge reconstruction

calibration (turbidimeter)

Suspended sediment flux computation
Local mass balance computation
+ uncertainty analysis

slope is regulated by nearly 40 grade control structures. In its
wider sections, the Avisio River maintains an average slope
of approximately 1.0% with low-height weirs spaced several
100m apart.

Downstream of the Pezz¢ di Moena reservoir, the reach is under
residual-flow conditions and regulated to a minimum environ-
mental flow, for which the daily-averaged discharge is equal to
1.89m?/s. The water collected in the Pezzé di Moena reservoir
is sent to the hydropower plant located in Predazzo (Figure 1)
through a penstock, and later released back into the Avisio, in-
ducing hydropeaking at the hourly scale; in this segment the
daily-averaged discharge is equal to 7.87m3/s. During spring,
water discharge in the Avisio basin is significantly influenced
by snowmelt, making this period crucial for flushing operations.

2.2 | Pezze Reservoir Characteristics

The Pezzé reservoir, located near the village of Soraga, serves
as an artificial reservoir for hydropower production on the
Avisio River (Figure 1a). It contributes to the energy produc-
tion of the Predazzo hydropower plant, with a nominal power
of 15MW, which is situated ~11km downstream. The reservoir
has a nominal capacity of ~460,000 m3, and an active capacity
of ~360,000 m3. The previous three flushings occurred in 2009,
2012 and 2016, releasing an estimated 55,000 m3 21,000 m?3and
30,000 m? of sediment, respectively, as reported by the hydro-
power company.

Flushing of the Pezze reservoir typically occurs every 3-4years
during the spring season, when the increasing temperatures
promote sufficient snowmelt to allow flushing operations with-
out heavily compromising subsequent hydropower production.
Additionally, the Forte Buso dam, located on the Travignolo lat-
eral tributary, also conducts periodic flushing operations, with
the most recent occurring in June 2020.

In October 2018, Storm Vaia, an extreme weather event affect-
ing the northeastern Italian Alps, brought exceptionally strong
winds coupled with heavy precipitation locally exceeding a 200-
year return period. The storm triggered extensive landslides,
altered basin morphology, and uprooted approximately 8.5 mil-
lion cubic metres of trees, many of which were transported into
reservoirs (Boretto et al. 2021; Rainato et al. 2021). Given the
significant geomorphological disturbances caused by Vaia, it is
reasonable to expect that sediment availability in the system has
increased, potentially leading to higher sediment volumes being
released during subsequent flushing operations, particularly the
one addressed in this study.

3 | Material and Methods

Monitoring occurred via continuous and discrete measure-
ments. Some of the instrumentation was specifically installed
for the flushing monitoring, while some is permanently mon-
itoring the area, managed by public authorities. Table 1 sum-
marises the data collection and analysis methods used in
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relation to each station, while the following sections provide
detailed descriptions.

3.1 | Turbidity, Hydrometric Measurements
and Computation of Sediment Fluxes

Five turbidity sensors were installed along the studied river seg-
ment, in the locations shown in Figure 1a. In this study, we denote
the measuring stations by P, with i increasing from upstream to
downstream. Station P1 was equipped with a fixed monitoring sta-
tion installed by the local environmental protection agency (APPA
Trento), which measured turbidity. Downstream of P1, three op-
tical turbidimeter probes DS5 Hydrolab (with an accuracy within
5% for turbidity values above 400 Nephelometric Turbidity Units
or NTU, which is a measurement of light scattered by suspended
particles), were installed at stations P2, P3 and P5. Additionally,
at station P4, a turbidity sensor model Hach SC 2983400 (accu-
racy within 5% for turbidity values below 1000 NTU) was installed
alongside the ‘Masi di Cavalese’ hydrometer managed by the re-
gional hydrographic service (Ufficio Dighe of the Autonomous
Province of Trento), which had been continuously measuring for
several years. All turbidity sensors were programmed to acquire
measurements at 15-min intervals. Turbid water samples were
collected in 1-liter polyethylene bottles from accessible areas
near the sensors at each measurement station and stored at 4°C
to preserve sample integrity. To determine the mass of fine sedi-
ment in the samples, we followed the procedure outlined in Eaton
et al. (2005), which involves filtering the samples through pre-
weighed glass fibre filters (0.7 um), drying them at 105°C for 24 h,
and reweighing them to quantify the fine sediment concentration
in mg/L. These samples had later been used to convert the SSC
series units from NTU to mg/L (see Results, Section 4.1).

Water discharge data for all stations were obtained from two
hydrometric gauges managed by the regional hydrographic ser-
vice and available to the public! (Figure 1a). The first gauge was
situated in the Travignolo tributary, near its confluence with
the Avisio River which is located 2km downstream of station
P2. The second gauge was located next to the turbidity sensor
at Station P4. After the Vaia storm, its rating curve was partially
resurveyed to check data consistency (Figure S1). A third gauge
is found at station P2, where, at the time of the flushing, only
water level data were available, and was used as a reference to
study the propagation of hydraulic waves.

At each station P,, the instantaneous mass flux of suspended
sediment m,, is computed by multiplying discharge and SSC:

mp, (1) = Qp, (1) - Cp (1), )

where t denotes time, Qp(D)is the discharge, and Cp (1) is the SSC
at station P, at time ¢, which is assumed to be homogeneous across
the river section. Moreover, by integrating the instantaneous fluxes
over a chosen period T, the total mass of suspended sediment load
passing at each station P, over that period is computed as:

ty+T

M, = / Qp (1) - Cp (1), ©)

where ¢, indicates the starting time of the period.

Finally, calculating the local sediment mass balance between
consecutive stations P; and P;,, provides insights into the oc-
currence of potential net suspended sediment deposition or net
erosion during the flushing event, assuming that SSC exchanges
in the lateral direction (e.g., bank erosion or floodplain sedi-
mentation) and the input from lateral tributaries is negligible.
Therefore:

AMPi—Pm = MPi - MPi+1 ? (3)

with positive values of A suggesting deposition in the subreach
between P; and P, and negative values suggesting erosion.

3.2 | Uncertainty in the Estimation
of Sediment Fluxes

The computation of instantaneous suspended sediment fluxes is
based on measurements and calculations of discharge and SSC.
To account for the uncertainties associated with these proce-
dures, an uncertainty propagation model is proposed in the form
of the following equation (Antoine et al. 2020):

U, = /U3 +u, (@)

where u,, is the relative variance of suspended sediment fluxes;
U, is the standard relative uncertainty of discharge; and u is the
standard relative uncertainty of SSC. Moreover, it is necessary
to break down each relative variance to allow for all significant
sources of uncertainty (Ku 1966).

In discharge time-series, three main sources of uncertainty
should be considered: (1) the stage-discharge relation or rat-
ing curve (uQHQ), (2) the effect of linear interpolation (qu_m) be-
tween the measured discharge values and (3) the unaccounted
water contributions from smaller lateral catchments (uQukn).
Moreover, in this study, we identified an additional source of
uncertainty denoted as Q,, arising from the shifting of dis-
charge hydrographs to upstream and downstream stations.
This term explicitly accounts for potential misalignments in
discharge hydrographs, which can significantly impact the ac-
curacy of total sediment load estimates. As a result, u, can be
expressed as:

2 2
ug = \/ Qo U0, T UG, T U, ®

Concerning SSC time-series, we identified five main sources of
uncertainty, after Antoine et al. (2020) and Misset et al. (2019):
the (1) vertical (quh) and (2) transverse (ucm) spatial heterogene-
ity of the SSC in a river cross-section; (3) the calibration proce-
dure and derivation of NTU-SSC relationships for the turbidity
Sensors (uc ) (4) the accuracy of the turbidity sensors (uc ) and
(5) the effect of the sampling frequency uc, . The contribution of
the five sources leads to the overall SSC- uncertalnty Uc:

2 2 2 2 2
c \/ Cin Cin Chreg Cry Cint ©)
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3.3 | Suspended Sediment Transport Capacity

The estimates of suspended sediment transport can be com-
plemented by the estimate of the reach-average suspended
sediment (SS) transport capacity, and the corresponding
total volumetric reach transport capacities on a specified
period. To this aim, we adopted the approach proposed by
Chanson 2004, based on the well-known empirical formula
by Van Rijn (1984a). The total SS volume corresponding to the
estimated transport capacity for each homogeneous subreach
over a time period T can be approximated using the following
equation:

to+T

VPi_PHl = / E(t) ’ QPi(t) dt’ (7)
)

where Vp_p is the total volumetric SS transport capacity of
subreach P; — P, ;; ¢ is Rouse's depth-averaged modeled SSC for
P, — P;,, (see section S1 for details on how it was computed) and
Qp,is the streamflow series at the P; station. To determine the av-
erage channel width and slope for each subreach needed for the
calculations, we analysed high-resolution orthophotos and digi-
tal terrain models (DTM, at 0.5 m resolution) of the region, made
available to the public by the WebGIS service of the Province of
Trento?.

3.4 | Grain Size Distribution Analyses

The effect of the flushing at the reach scale was further assessed
by monitoring the changes in the surface sediment grain size
distribution in reach P3-P4. Surface sediment samples were col-
lected at five designated sampling locations along the 2 km reach
located between P3 and P4, about 20 km downstream of the dam
(Figure 1c). The samples were obtained using a flat-blade shovel,
which was inserted approximately 15cm into the riverbed sur-
face sediment and carefully scooped out into plastic buckets.
The samples were oven-dried at 105°C for 24 h and mechanically
sieved to determine the grain size distribution before the flush-
ing event (as reference conditions, referred to as ‘PRE’), 1 month
after the flushing (referred to as ‘POST1’) and lyear after the
flushing (referred to as ‘POST2’). By comparing grain size dis-
tributions between PRE and POST1, we could quantify the tex-
tural alteration induced by the flushing event, and by comparing
POST1 and POST?2 it was possible to assess the effects of the flow
regime in the year that followed the flushing. The analysis was
conducted using standard laboratory procedures, which involved
drying and sieving the collected samples. The particle size scale
proposed by Blott and Pye (2012) was employed for the grain size
characterisation.

3.5 | Bedload Initiation Monitoring

Bedload transport initiation was monitored using coloured trac-
ers following a well-established practice in river morphology
studies (e.g., Church and Hassan 1992). To achieve this, a simple
and inexpensive method was employed, which involved paint-
ing the surface layer of the river bed with fast-drying paint (Mao

and Surian 2010). The selected locations for painting were ex-
pected to be later submerged during the flushing. Following the
procedure described by Mao and Surian (2010), squared surfaces
measuring 1x1m were painted at 10 different locations along
the 2km reach between P3 and P4. The painting was carried
out 3days before the start of the flushing, and the control sur-
vey was conducted 1 month after. The selection of locations took
into consideration the presence of various morphological units
(Belletti et al. 2017) and aimed to be as close as possible to the
edges of banks, islands and emerging bars that were dry at low
flow conditions before the flushing and were likely to be inun-
dated during the flushing. To assess bedload transport dynamics,
this analysis focuse on the morphological unit where the plot
was located, the presence of vegetation cover, the location of the
plot on the bar/unit, and the observed effects.

3.6 | Suspended Sediment Dynamics in Reservoir
Flushing Versus Natural Floods

The discharge and turbidity measuring station installed in P4 re-
corded data on both natural flood events and the flushing oper-
ation in the Avisio River. Thus, to ensure consistency and avoid
introducing uncertainties related to assumptions about hydrau-
lic and turbidity wave dynamics, data collected only at station P4
were used for comparing flushing and natural events in terms
of SSC dynamics. A hysteresis analysis was used to describe the
non-linear relationships between the discharge and turbidity.
Hysteresis loops occur during storm events due to the time lag
between discharge and turbidity signals, which causes the tur-
bidity at a given discharge on the rising limb of the hydrograph
to differ from that on the descending limb. The shape and size
of the hysteresis loop depend on sediment transport dynamics,
with clockwise hysteresis indicating proximal and rapidly mo-
bilised sediment sources and indicating that the peak concentra-
tion occurs ahead of the peak discharge, while counterclockwise
hysteresis reflects either near-stream channel sources with slow
travel times or distal sources (Zuecco et al. 2016). Storm events
can exhibit complex hysteresis patterns due to spatial and tempo-
ral variability in precipitation and runoff, making comparisons
challenging (Williams 1989).

For all the recorded events, natural and artificial, a hysteresis
index (HI) after Zuecco et al. (2016), and a normalised slope
index (NS) after Vaughan et al. (2017); Wymore et al. (2019)
were calculated. HI values range from —1 to 1, with negative
values describing a counterclockwise hysteresis, positive values
indicating a clockwise hysteresis, and HI = 0 indicating no hys-
teresis or a symmetrical eight-shaped or complex loop (Zuecco
et al. 2016). To compute HI discharge and SSC data has to be
normalised, as follows:

Q(t) - Qmin
Qmax - Qmin

C(t) = Cpin

L Oty = i
Cmax - Cmin

Q= , ®)

where Q(t) and C(t) are the two variables at time ¢;
Quin » Qmax »Cmin »Cmax are the minimum and maximum
values of discharge (Q) and SSC (C), and a(t) ,/C\'(t) are the
normalised values of Q(¢) and C(t), respectively. Then, the differ-
ences between definite integrals and the rising and falling limbs
can be computed as:

6 of 25

Hydrological Processes, 2025

85U801 SUOWWOD BAIERID 3(dedt|dde sy Aq peuienob ae Ssppie YO ‘8sn JO Sa|nJ 10} Akiq 1 8UlJUO AB]1M UO (SUOIPUOD-pUe-SUWLBY WD A8 1M Ae.q Ul |Uo//Sdiy) SUOTIPUOD pue SwLe | 8u18es *[9202/70/.2] Uo AkeiqiTauljuo As|iM * 0luel L I eISIBAIUN - 2201j0001d Ouenseqes Aq 65T0L dAU/Z00T OT/I0p/w00 A8 1w Axeiq Ut |uoy/sdny wolj pepeojumod ‘9 ‘520z ‘S80T660T



J J

A = Arij) = Ar) = / ¢,(Q)de- / G(Q)ae ©

i i

where AA(;;) is the difference between the definite integrals
A, on the rising andAAf[i j1on the falling limbs for a given in-
tervali,j ranging from Q = 0 to Q = 1. Finally, HI is computed as
the sum of these definite integrals:

HI = Z AAL (10)
k=1

where n is the number of intervals, and k is the summation
index that iterates through each interval. In this work, we
selected an interval of 0.05 covering the range from Q = 0.15
toQ=1.

Normalised slope index (NS), also known as Flushing Index
(FI), described by Wymore et al. 2019, characterises the slope
of the line that links the normalised concentration values
at the beginning and peak of the normalised discharge. NS
ranges from —1 to 1, with negative values suggesting dilution
on the rising limb related to source-limited material export,
and positive values indicating flushing on the rising limb, as-
sociated with increased concentration and transport-limited
delivery of material (Vaughan et al. 2017). NS can be computed
as NS = anmk -C Qi with anmk the concentration at peak flow,
normalised to the maximum concentration value measured
during the storm; and 6‘%“ the concentration at the beginning
of the storm, normalised to the maximum concentration value
measured during the event. When the SSC is independent of the
discharge, the behaviour is considered chemostatic and does
not vary significantly with changes in discharge or water flow.
(Godsey et al. 2008). Furthermore, the hysteresis class (Zuecco
et al. 2016) describes scenarios where the SSC either primar-
ily increases or decreases during the rising phase of discharge.
Finally, the Pearson coefficient was also computed to assess the
strength and direction of the linear relationship between SSC
and discharge during the events.

Suspended sediment dynamics were compared between three
reservoir flushing events and three natural storm-induced flood
events. For the flushing events, the two stages of flushing in the
Pezze reservoir were considered: (1) from the start of the flushing
on May 15 to the interruption of flushing for the Giro d'Ttalia
event on May 31, and (2) from the resumption of the flushing on
June 2 to the closure of the bottom outlets on June 6, 2019. The
third flushing event (3) took place between June 11 and 13, 2020,

released from the Forte Buso reservoir, located on the Travignolo
tributary, which was registered downstream by station P4.

To conduct the hysteresis analysis, a temporal delimitation of the
events was required. For the flushing events, the periods men-
tioned above were used to determine the start and end of each
event based on the operation schedules of the dams. However,
for natural floods, the definition of the start and end of the events
could not be directly inferred from the discharge time series.
Therefore, the following approach was adopted to define the flood
event duration: (1) the mode discharge value (Q,,,), defined as the
most frequently occurring discharge value within the recorded pe-
riod, was calculated for each natural flood event, including a time
buffer of + twice the visually estimated duration of the event; (2)
the last occurrence of Q,,, before the peak flood discharge was se-
lected as the starting point of the event and (3) the first incidence of
Q,, after the peak flood discharge was set as the end of the event.
An example of this approach is presented in the Figure S2.

4 | Results

Table 2 includes all physical and hydraulic parameters of the
subreaches that are used for all the computations.

4.1 | Discharge and SSC

The discharge series Qp (Figure 2a) at each station were
computed as follows: Qp was directly obtained from the hy-
drometer gauge; Qp and Qp were derived by subtracting the
discharge of the Travignolo tributary from Qp, while consid-
ering the time lag intervals associated with the downstream
propagation of hydraulic waves; Qp and Qp_ were obtained by
simply shifting Qp, to account for the corresponding time lags.
To estimate the time lags associated with the hydraulic wave
propagation, a cross-correlation analysis was performed be-
tween the water level time series from P2 and P4 (Figure 2b).
The highest correlation between the two signals was found at
a time interval of —105 min, yielding, for a distance of approx-
imately 12.5 km, an event-average wave celerity of 1.98 m/s.
Discharge data from smaller creeks and small lateral streams
were not available and therefore were not quantified; however,
their contribution can be considered negligible with respect to
the high flow rates occurring during flushing events. As ob-
served in P4, the progressive increase in discharge over time
during the flushing event is evident in Figure 2a, with two
discharge peaks observed on May 29 and June 8, 2019, reach-
ing a maximum of 64.96 m?3 /s. The average discharge over the

TABLE 2 | Physical and hydraulic characteristics of the study site subreaches. The reported D90 corresponds to the bed surface layer, while the
fine sediment fraction corresponds to the sample sediment smaller than 2mm.

d90 of surface d50 of fine sediment

Subreach Length [km] Mean width [m] Mean slope [%] sediment [mm] fraction [mm)]
P1-P2 10.7 12 1.85 185 0.5
P2-P3 8.96 28.9 1.45 185 0.5
P3-P4 2.1 33.8 0.80 185 0.5
P4-P5 4.92 27.4 0.89 185 0.5
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FIGURE 2 | (a) Discharge time series of stations P2 and P4. The discharges at station P1 are similar to those at P2, and the discharges at stations

P3 and P5 are similar to those at P4, with a slight temporal shift. A description of the discharge data for all stations can be found in Section 3.1. (b)

Water level time series of stations P2 and P4. (c) Cross-correlation analysis of the water level time series signals of stations P2 and P4.

entire flushing period was 29.87 m?3 /s, with a median value of
29.81 m?/s. Flow variability was substantial, as indicated by
a standard deviation 0f12.27 m3/s.

The SSC series were measured by the turbidimeters installed in
the positions described in Section 3.1, and converted from NTU
to mg/L by applying a linear least-squares regression of the form
SSC =a - NTU to establish a relationship between the mass of
fine sediment (mg/L) collected for the instruments' calibration
and the turbidity sensor readings (NTU) recorded at the time
of collection. Previous studies (i.e., Merten et al. 2014; Druine
et al. 2018; Pallares et al. 2021) have confirmed the validity of
linear relationships between SSC and the output of optical tur-
bidity sensors, such as NTU. In these relationships, the intercept
coefficient is often set to 0 since negative values of SSC hold no
physical significance. Figure 3 presents the calibration results at
each station. The correlation between field measurements (water
sample analysis) and optical measurements (continuous sensors)
varies across stations, with RMSE values ranging from 400 to 2000
mg/L, and the standard error of the regression coefficients rang-
ing from 10% to 19%, as shown in Figure 3. The resulting SSC time
series for each station is shown in Figure 4. The turbidity sensor
at station P2 experienced a temporary malfunction, resulting in a
data gap from May 27, 01:45 to May 30, 01:00. To fill in the miss-
ing data, the mean difference in turbidity values between stations
P1 and P2 was calculated for the entire analysis period, adjusted
with a 1-h time lag (determined by cross-correlation analysis).
This mean difference was then subtracted from the P1 values
during the malfunction period to estimate the missing P2 data.

The upstream stations, P1 and P2, exhibit SSC values ranging be-
tween 100 mg /L and 18,000 mg /L, while in the downstream
stations P3, P4 and P5, SSC values in the range 300 mg/L and
up to 4800 mg /L (in P3) can be observed. Figure 4 also reveals
an abrupt decrease in SSC across all the stations between May 31
and June 3, 2019. This reduction was due to the interruption of
the flushing operation during the international cycling race ‘Giro
dTtalia’ as it passed along the Avisio River. The flushing of the
Pezze dam can therefore be viewed as a series of alternated flush-
ing and ‘washing’ events: (1) an initial flushing (Flushing 1, May
15-30, 2019), (2) a release of clear water pulses or ‘river washing
period’ during the Giro d'Ttalia (Washing 1, May 30-June 2, 2019),
(3) a second flushing event (Flushing 2, June 2-8, 2019), and (4)
a second washing period that lasted approximately 6days start-
ing from June 8, 2019 (Washing 2), during which discharges were
kept high to help remove fine sediment deposits accumulated on
the riverbed during the flushing operation.

The assumptions, simplifications, and limitations in the assess-
ment of the discharge and SSC time series lead to uncertainties
that, in turn, affect the estimate of the suspended sediment
fluxes (see Section 3.2). In the following, we analyse the contri-
bution of each source of uncertainty individually.

4.1.1 | Uncertainty of Discharge

The uncertainty of discharge time series is related to four
sources (see Equation 5). Among these, the uncertainty for the
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FIGURE4 |

Suspended sediment concentration (SSC, solid lines) time series and confidence intervals (blurred areas): (a) all stations; (b) close-up

of stations P3, P4 and P5. Note the different value ranges in the vertical axis. The vertical dashed lines separate river-washing from flushing periods.

unaccounted water contributions (”Qukn) is particularly relevant
for stations P1, P2 and P5, where only the addition of the larg-
est stream (Travignolo, Figure 1) was considered. However,
we could not account for this source of uncertainty in our cal-
culations, due to missing information. Nonetheless, the flow

contributions of unknown magnitudes and sediment concentra-
tions are implicitly accounted for in the measurements from sta-
tion P4, which is located downstream. Moreover, given the short
sampling interval (15min) in discharge time series, it is possi-
ble to neglect the temporal effect of linear interpolation (uém) of
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the instantaneous discharge values when computing sediment
fluxes, as its effect becomes negligible (Antoine et al. 2020).

Regarding the uncertainty related to potential time series mis-
alignment when shifting the discharge hydrograph (u ) we
determined that for high temporal resolution, extended events
such as the 15-min time interval, month-long dataset analysed
here (3106 time steps), localised discrepancies introduced by
shifting Q(¢t) are averaged out across the long integration win-
dow, resulting in a negligible overall impact on sediment bud-
gets (see Figure S3). This analysis was included in Section S3 in
the Supporting Information.

As aresult, the uncertainty of discharge values (u,) in this work
has been computed based solely on the uncertainty of the rating
curve: ug = Ug, -

Site-specific uncertainties of discharge rating curves ug,
have been reported in the literature (e.g., Di Baldassarre
and Montanari 2009; Le Coz et al. 2014), with values rang-
ing from 5% up to 42% (Olivier et al. 2008; Di Baldassarre and
Montanari 2009). To assess the precision of the discharge rating
curve in station P4, three measurements at different discharges
were conducted in 2019 at the hydrometer section and can be
found in Figure S1. While it demonstrates a very good agreement
between the measured and rated discharges (r? = 0.94), it is im-
portant to note that only low-flow discharges were measured.
Therefore, the validity of the rating curve for high discharge
values, which are likely to be predominant during flushing op-
erations, could not be verified. As a conservative estimate, we
assumed an uncertainty of UQ,e = 10%, which is of the same
order of magnitude as the uncertainty estimated by Olivier
et al. (2008) and chosen by Antoine et al. (2020) in a recent, sim-
ilar study on the Arc River, which shares hydromorphological
characteristics similar to the Avisio.

Finally, the discharge estimate for stations P1, P2 and P3 incorpo-
rates data from two hydrometers (Travignolo tributary and P4).
Given the lack of available information on the validity of the rat-
ing curve at the Travignolo tributary hydrometer, a conservative
estimate will assume an additional 10% uncertainty. Therefore,
applying the same reasoning, UQp 1 ps is estimated to be 14.14%.

4.1.2 | Uncertainty of Suspended Sediment
Concentration

The uncertainty in the suspended sediment time series is depen-
dent on five factors (see Equation 6). The first two sources of
uncertainty (uc, and uc ) stem from the assumption of homo-
geneous SSC values across the entire river cross-section, which
may not hold true in the so-called ‘near’ or ‘intermediate’ fields
downstream of point sediment sources. The spatial distribution
of suspended sediment depends on various factors such as the
type of SSC sources (point, diffused), distance from the sources,
the spatial scales of turbulent diffusion and dispersion pro-
cesses, grain size distribution and riverbed geometry (Antoine
et al. 2020). We evaluated uc,, following Camenen et al. (2018),
who proposed a method based on the assumption that the ver-
tical distribution of SSC follows a theoretical Rouse profile. The
detailed computation procedure can be found in Section S1 in

the Supporting Information. The average value of Rouse num-
ber obtained from the calculations in all sections was P = 0.16,
resulting in a theoretical standard deviation of about 12 % for the
SSC vertical profile, for whichuc = 12%.

The transverse heterogeneity of SSC depends on the transverse
or lateral variability of turbulence, bed roughness (Antoine
et al. 2020), the geometry of the channel, and the distance
from the sources. Transversal heterogeneity was measured by
Némery et al. (2013) in a similar case study of a dam flushing
in an alpine river by sampling SSC at the surface along the
cross-section, resulting in an average standard deviation of 5%
between the middle and sides of the cross-section. In the Avisio
case study, the sampling locations were located some tens (P1)
to hundreds (P4, P5) channel widths downstream of the main
source of fine sediment, therefore suggesting a likely occurrence
of transverse mixing of the flushed fine sediment, with trans-
verse heterogeneity being mainly associated with the minor sed-
iment inputs from the smaller lateral tributaries. Following the
study of Némery et al. (2013), an indicative value of uc, =5%
has been assumed for our computations.

The uncertainty in the calibration procedure uc,, corresponds
to the standard error of the regression coefficients of the NTU-
SSC relationships of individual stations derived from laboratory
procedures, as explained in Section 3.1 and further outlined in
Section 4.1. uc_ is taken after the reported accuracy of the tur-
bidity sensors (5 % for NTU > 400, and 5% for values up to 1000
NTU, for the DS5 HydroLab and Hach respectively). Finally,
a conservative value of uc =3% was chosen after Antoine
et al. (2020), who determined that the uncertainty due to sam-
pling frequency becomes negligible for sampling time intervals
of 30min or lower, with our sampling frequency being 15min.

4.2 | Suspended Sediment Flux and Local Mass
Balance

Table 3 shows the total suspended sediment loads for each sta-
tion and sub-event computed through equation (2), alongside the
overall uncertainty u,, associated with each station (Section 3.2).
Figure 5a shows the suspended sediment loads transported
during the two flushing sub-events, with the lengths of the error
bars indicating the global (for both events) uncertainties associ-
ated with the respective stations.

Table 4 summarises the results on the local sediment mass bal-
ance, computed following equation (3). By incorporating the un-
certainty in the estimation of sediment fluxes it is possible to
determine the statistical significance of the local mass balance
between two consecutive stations. Therefore, the condition for
statistically significant erosion or deposition processes in the
river reach between stations P; — P;,, can be established when
the absolute difference in sediment transport rates between
two stations AMp _p ~exceeds 1.96 times (critical value for a
95% confidence interval in a standard normal distribution) the
square root of the sum of their associated errors (cp) (Antoine
et al. 2020). Thus:

)AMPi_PM| > 196 /02 + 03 a1

i+1

10 of 25

Hydrological Processes, 2025

85U801 SUOWWOD BAIERID 3(dedt|dde sy Aq peuienob ae Ssppie YO ‘8sn JO Sa|nJ 10} Akiq 1 8UlJUO AB]1M UO (SUOIPUOD-pUe-SUWLBY WD A8 1M Ae.q Ul |Uo//Sdiy) SUOTIPUOD pue SwLe | 8u18es *[9202/70/.2] Uo AkeiqiTauljuo As|iM * 0luel L I eISIBAIUN - 2201j0001d Ouenseqes Aq 65T0L dAU/Z00T OT/I0p/w00 A8 1w Axeiq Ut |uoy/sdny wolj pepeojumod ‘9 ‘520z ‘S80T660T



TABLE 3 | Total sediment load and estimated global uncertainties u,, for all stations.

Total sediment load M, [Tons]

Station Total Flushing Flushing Total Washing Washing Total u,, [%]
Sediment 1 2 Flushing 1 2 Washing
P1 405082 223643 157453 381096 8710 15276 23986 22.71
P2 296688 140289 130783 271073 8848 16767 25616 22.73
P3 142640 68021 57496 125517 4086 13036 17122 25.93
P4 122250 49438 52516 101954 8218 12077 20296 20.79
P5 90879 40859 36370 77229 3135 10514 13648 25.66
(a) (b)
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FIGURE 5 | (a) Total mass of passing suspended sediment at each station from both flushing events and estimated errors resulting from the un-
certainty analysis described in Section 3.2. (b) Sediment balance during the washing events. Positive values indicate net deposition over the entire

washing period while negative values indicate net sediment entrainment.

TABLE 4 | Local sediment mass balance distribution in the flushing of the Pezze dam, in the Avisio River. Positive values suggest deposition,
whereas negative values indicate erosion. Bold values denote statistically significant differences concerning Equation 11.

Local sediment mass balance AMp_p ,, [Tons]

Subreach Total Flushing Flushing Total Washing Washing Total
Sediment 1 2 Flushing 1 2 Washing
P1-P2 108395 83354 26669 110023 —-139 —1491 —-1630
P2-P3 154045 72268 73287 145555 4762 3731 8493
P3-P4 20393 18583 4981 23564 —4132 959 -3173
P4-P5 31371 8579 16146 24725 5084 1563 6647

where op =Mp -u, andep, =M, -u, .Asaresult,5out
i i P; i+1 i+1 Py
of 16 estimated local mass balances (4 subreaches, 2 flushing
and 2 washing events) were statistically significant according
to the 95% confidence level (indicated in bold in Table 4). This
is consistent with the overlapping confidence intervals between
SSC times series observed in Figure 4, which indicate that the
differences in SSC between consecutive stations are small com-

pared to their uncertainties.

During the flushing events, most local mass balances indicated
deposition within the subreaches (positive values in Table 4).
Specifically, the statistically significant local mass balance be-
tween stations P2 and P3 suggests that an approximate fraction
between 32% and 48% of the total flushed sediment loads was
deposited in this reach. Figure 5b shows the sediment balance
during the washing periods. In the first washing period, between
the two flushing sub-events, significant local mass balances
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indicate net entrainment in the reach between stations P1-P2
and P3-P4, while net deposition occurred in reaches P2-P3 and
the lowermost P4-P5. A similar trend was observed during the
second washing period.

4.3 | Suspended Sediment Transport Capacity

We computed the suspended sediment transport capacity
through the method outlined in Section 3.3, Equation (7). We
divided the river segment into four subreaches between each
consecutive pair of stations, and we used the discharge time
series of each P, station to estimate the total SS transport ca-
pacity of the subreach P; —P;,,. The water depth, required
for estimating suspended sediment transport rates, was com-
puted using the Chézy-Manning uniform flow equation for
an equivalent rectangular channel, assuming instantaneous
normal flow conditions (Chow 1954). A Manning's roughness
coefficient (0.04 s- m~!/3) suitable for mountain streams was
assumed (Chow 1954), and rectangular channel geometry
was considered for all subreaches. The characteristic grain
size diameters of the surface sediment required for the calcu-
lation of SS transport capacity were derived from a previous
study on the morphological evolution of the Adige basin by
Bergamin (2017). Moreover, the characteristic grain size of the
fine sediment was determined as the dy; of the fine sediment
fraction (< 2 mm) from surface sediment samples collected
after the flushing. Table 2 provides a summary of the parame-
ters used in these computations.

Figure 6 reports the comparison between the measured sus-
pended sediment transport and its theoretical capacity, for
each station P2-P5. To facilitate the comparison between
measured suspended sediment transport (mass) and theo-
retical transport capacities (volume) across the reaches, we
normalised both values relative to their respective totals at
station P1. This approach avoids introducing uncertainty
from assumed sediment density values and allows for a con-
sistent, relative comparison. The assumption is that the total
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Normalized with P1 SS transport
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[0 Theoretical transport capacity

FIGURE 6 | Subreach measured and theoretical suspended sedi-
ment transport capacity normalised with respect to the total passing
sediment at station P1.

sediment passing station P1 represents the total flushed
sediment from the dam, given its vicinity. In general, the
downstream-decreasing trend in normalised measured SS
transport (blue bars) is consistent with the analogous trend
of the normalised theoretical SS transport capacity from P2 to
P5 (red bars, calculation procedure described in Section 3.3),
suggesting a downstream decreasing reach transport capacity.
Approximately 70 % of the total flushed sediment that passed
through P1 were transported down to station P2, aligning
well with the theoretical estimations. Similarly, stations P4
and P5 exhibit only slight differences between theoretical and
observed relative estimates. The measured relative SS mass
in P3 indicates that less than 5% of the total transport was
retained in the reach between P3 and P4 compared to a rela-
tively higher theoretical transport capacity of 55% of the total
transport.

To investigate the sediment dynamics during the washing peri-
ods, where the source of SSC is assumed to be exclusively from
the riverbed, a closer analysis was conducted (Figure 7a,b). The
results indicate that the washing periods were capable of trans-
porting sediment. During the first washing period, the evolution
of instantaneous fluxes between stations P3 and P4 results in a
gradual reduction of the reach sediment balance. This suggests
that dominant sediment entrainment was occurring, leading to
a decrease in the deposited sediment (black line). The second
washing period, which took place immediately after the end of
the reservoir flushing, exhibited a different trend. The progres-
sion of sediment balance during this period suggests that depo-
sition processes occurred from June 8 to June 13. However, the
negative slope of the mass balance at the end of the period (black
line, from June 14) indicates a subsequent resuspension of the
sediment.

4.4 | Bed Surface Sediment Composition

The surface sediment sampling survey conducted 1 month after
the flushing (POST1) revealed significant deposits of fine sedi-
ment distributed throughout the sampling reach, in contrast to
the conditions observed prior to the flushing (PRE). These fine
sediment deposits formed dunes, accumulated primarily along
the shores, areas with low-flow velocities, and backwater chan-
nels (as shown in Figure 8). This visual evidence of temporal
changes is supported by the analysis of bed surface grain size
distributions (Figure S4 in the Supporting Information), also
summarised in Figure 9 and Table S1, which details the propor-
tions of gravel, sand, and clay, as well as their net changes after
the flushing in all collected samples.

The results from the survey conducted 1 month after the flushing
(Figure S4, black dotted lines, and intermediate bars in Figure 9)
indicate a shift towards finer grain diameters in all the sampling
sites. This shift is evident in the reduction of the percentage of
gravel, with a corresponding increase in the proportion of sand
(Table S1 in the Supporting Information, POST1). The contri-
bution of clay remains negligible compared to the other grain
sizes. One year after the flushing (POST2, darkest right bars in
Figure 9), the grain size distribution in sites 2 and 4 showed a
partial recovery towards the pre-flushing conditions (Figure S4
black solid line, in the Supporting Information). However, on
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FIGURE 8 | Images of the riverbed in the second sediment sampling site (Figure 1c, located 400 m upstream of P4: (a) before; (b) 1 month after

the reservoir flushing.

average, the proportions of gravel and sand exhibited a simi-
lar behaviour as observed in POST1, with a further decrease in
the percentage of gravel and an increase in the percentage of
sand (Table S1 in the Supporting Information). Figure 9 shows a
graphical summary of the variation in the gravel, sand and clay
distribution.

4.5 | Bedload Initiation Monitoring

Table 5 summarises the observed effects of the flushing on the
painted plots deployed to monitor bed load transport. In addi-
tion, Figure 10 shows images of the ten painted plots after the
flushing, illustrating their appearance and the changes that
occurred.

Plot 1, located at the downstream edge of a large partially
vegetated gravel bar, was not reached by the water during the
flushing. Plot 2, situated slightly upstream on the same bar and
a vegetated lateral edge, exhibited signs of partial transport.
Similarly, Plot 3, located on the lateral edge of a side bar, ex-
perienced partial transport. In Plot 4, positioned on the lateral

edge of a gravel side bar, deposition was observed. Plot 5, situ-
ated on a side vegetated bar, underwent partial transport and
fine sediment deposition. Plot 6, located in the central part of a
mid-channel bar, was inundated but no transport was observed
after the flushing. Particles of Plot 7, positioned at the upstream
edge of the same central bar, were almost entirely transported
during the flushing, leaving behind a significant amount of fine
sediment. The same situation was observed in Plot 8, located on
a mid-channel vegetated bar. On a similar bar in its center, Plot
9 showed mild signs of deposition. Finally, Plot 10, located on a
small mid-channel bar, was almost entirely transported by the
flushing flows.

Overall, the plots that exhibited the highest gravel mobility
were located at the upstream edges of bars immediately down-
stream of a rapid (7) or a fast-flow unit downstream of a ramp
(3, 10). In contrast, no motion was observed in topographically
higher regions that were either slightly (6) or not inundated at
all (1) during the flushing. Fine sediment deposition was ob-
served on five plots (4, 5, 7, 8, 9), which were situated at the
margins of secondary channels (5, 7, 8, 9) or of bars adjacent to a
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FIGUREY9 | Summary of the bed surface sediment composition in all the sampling sites for the three campaigns. POST1 is taken 1 month after the

flushing, and POST2 1year after the flushing. Top left: variation for the gravel percentage in all the sites in the three campaigns; top right: variation

for the sand percentage; bottom left: variation for clay percentage. On the bottom right: D, evolution for all sites.

TABLE 5 | Bed load initiation monitoring: summary of painted gravel plots transport.

Plotn.  Morphological unit = Vegetation cover  Plot location on the bar/unit = Observed sediment transport
1 Mid channel bar No Downstream edge No (above water stage)

2 Mid channel bar Partial Lateral edge Partial transport

3 Side bar No Lateral edge Partial transport

4 Side bar No Lateral edge Fine deposition

5 Right bank Yes Lateral edge Partial transport; fine deposition
6 Mid channel bar No Central part No motion nor deposition

7 Mid channel bar No Upstream edge Partial transport; fine deposition
8 Mid channel bar Partial Lateral edge Partial transport; fine deposition
9 Mid channel bar Partial Upstream edge Fine deposition

10 Mid channel bar No Upstream edge Partial transport

morphological unit with likely low flow velocities (4), typically
found just upstream of a weir.

4.6 | Suspended Sediment Dynamics in Natural
Floods vs. Reservoir Flushing Events

Discharge and turbidity time series and the related hysteresis
patterns are shown in Figures 11 and 12 respectively, for flush-
ing and natural flood events. HI, NS indices and relevant statis-
tical values are presented in Table 6.

The discharge series of natural events exhibit distinct rising and
falling limbs, whereas the flushing events do not display discern-
ible discharge trends. Hysteresis loops are more clearly visible for
the natural flood events, while the flushing events exhibit noisier
patterns. The HI values for both flushing and natural events do
not provide sufficient information to distinguish between natural
and artificial events. Natural and flushing events instead differ in
the average discharge and turbidity values. Although the peak
values are of the same order of magnitude, the average values of
discharge and turbidity during the flushing event are consider-
ably higher than those of natural events, with average turbidity
values up to 20 times higher during flushing events.
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750

Location

FIGURE 10 | Bed load monitoring. Painted gravel plots: location, conditions after the flushing and type of effects observed (AWS: above water
stage; PT: partial transport; NM: no motion nor deposition; FD: fine deposition).

The first stage of the flushing of the Pezzé Reservoir (event 1) by the increased concentration levels and is typically related to
and also event 3 display a strong positive NS value (0.81 and 0.40, transport limitations. The second stage of the flushing of the
respectively), indicating an increase in concentration during the Pezze reservoir (event 2) exhibited an NS value of —0.06, sug-
rising limb (referred to as the ‘flushing’ effect), which is caused  gesting a very slight, rather imperceptible trend towards dilution
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FIGURE 11 | Water discharge and turbidity time series. The left column (subplots 1, 2, 3) shows the Pezz¢ flushing events 1 and 2 in May-June

2019 and the flushing of the Forte Buso dam in 2020, respectively. The right column (subplots 4, 5, 6) corresponds to natural flood events that oc-

curred in November 2019, between October and November 2020, and in May 2021, respectively.

during this phase, as the NS value approaches 0. Furthermore,
flushing event 1 is associated with a positive HI while HI values
for flushing events 2 and 3 are weakly negative.

5 | Discussion

5.1 | Spatial Dynamics of Suspended Sediment

In general, the evolution of suspended sediment concentration
(SSC) at the monitoring stations 4) shows a gradual decrease

in magnitude from the most upstream to the most down-
stream station. This observed trend is consistent with findings

from previous studies on hydraulic sediment flushing, which
suggest that sediment transport can be reduced downstream
due to local morphological and hydraulic factors (Lepage
et al. 2020; Antoine et al. 2020). Two potential mechanisms
may explain this pattern: the first is the progressive deposition
of suspended sediments due to the combined effects of local
channel morphology and hydraulic characteristics, which
limit transport capacity relative to the supply rates of flushed
sediments. Such processes are commonly observed in systems
with significant variations in channel gradient, width, and
flow velocity, which can lead to sediment deposition in low-
velocity areas (Best and Rhoads 2008; Misset et al. 2019). The
second mechanism is the dilution of SSC caused by additional
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FIGURE 12 | Water discharge—suspended sediment concentration hysteresis patterns. The left column (subplots 1, 2, 3) shows the Pezzeé flush-

ing events 1 and 2 in May-June 2019 and the flushing of the Forte Buso dam in 2020, respectively. The right column (subplots 4, 5, 6) corresponds to

natural flood events that occurred in November 2019, between October and November 2020, and in May 2021, respectively.

water inputs from lateral tributaries, which is a widely rec-
ognised factor influencing sediment concentration in large
river systems. In particular, the mixing of tributary water
with different sediment concentrations can lead to a decrease
in SSC downstream (Nelson et al. 1987).

In particular, the significant differences in SSC values between
P1-P2 and P3-P4-P5 suggest the possibility of deposition pro-
cesses occurring between P2 and P3, in addition to the dilution
effect caused by the inlet of the Travignolo stream downstream

of P2. However, despite the clear longitudinal decreasing trend,
it should be noted that the confidence limits of neighbouring sta-
tions (P1-P2 and P3-P4-P5) overlap for a significant portion of
the time series, indicating that these differences in SSC between
consecutive stations may not have statistical significance for the
entire period.

We estimated that approximately 29 % of the sediment released
from the reservoir (exclusively related to Flushings 1 and 2)
were deposited in the first approximately ~9km downstream
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TABLE 6 | Hysteresis comparison between reservoir flushing and natural flood events.

H.
Class Duration Max Q Mean Q Max T Mean T
Event HI[-] [-1 NS[-] PccC[-] [h] [m3/s] [m3/s] [NTU] [NTU]

Reservoir 1 0.206 2 0.81 0.44 298 62.76 33.42 1142 866
flushing 2 0.126 2 ~0.06 ~0.38 72 54.35 43.87 1997 1352
sub-events

3 ~0.047 3 0.40 0.48 85 50.38 37.91 365 108
Natural 4 0.128 2 0.37 0.79 429 84.45 24.45 676 36
floods 5 0.056 1 0.11 0.01 600 86.67 14.86 1253 64

6 ~0.105 4 0.18 —0.06 119 79.15 27.49 107 60

Abbreviations: H. class, hysteresis class; HI, hysteresis index; NS, normalised slope; PCC, Pearson's correlation coefficient; Q, water discharge; T, water turbidity.

of the dam, between stations P1 and P2. Moreover, approxi-
mately 38 % of the sediment deposited in the subsequent10 km
upstream of station P3, while 12% of the sediment depos-
ited between P3 and P4, and P4 and P5 in equal proportions
(Figure 3), despite the P4-P5 reach being longer than the P3-P4
reach (3.8 km compared to 2.1 km). The differences in trans-
ported sediment between the upstream (P1-P2 and P2-P3)
and downstream (P3-P4 and P4-P5) reaches cannot be easily
inferred solely from their morphological properties. The up-
stream reaches are narrower and steeper, whereas the down-
stream reaches are wider, less steep, and have higher flow
rates (Figure 2, and Table 2). Additionally, although Flushing
1 lasted for 15days and Flushing 2 just over 5days, the sedi-
ment loads passing through each station during the two events
were relatively similar. This can be attributed to the higher
flow rates during Flushing 2 (Figure 2) which maintained
similar SSC values (Figure 4). In addition, sediment deposited
on the riverbed during Flushing 1 may have been resuspended
and transported downstream during Flushing 2.

The analysis of local mass balances (Table 4 and Figure 5) during
the intermediate phases, Washing 1 and 2, indicates that the re-
corded SSC and the associated sediment loads are to be attributed
to the entrainment of sediment deposited in the reach during
the previous flushing phases (Tena et al. 2014). In fact, during
washing periods, sediment release from the dam was mini-
mised, while sediment contributions from lateral tributaries can
be considered negligible due to the lack of rainfall events. The
hypothesis that the source of SSC during washing phases is the
riverbed deposited sediment is supported by findings in Figure 7,
where the negative trend during Washing 1 suggests dominant
sediment entrainment, whereas the succession of positive and
negative trends in Washing 2 implies a progressive depletion of
sediment from upstream, allowing the flow to entrain additional
sediment present in the reach.

In summary, based on our findings, we speculate that the high
sedimentation rates observed in reaches P1-P2 and P2-P3 result
from the high SSC exceeding the sediment transport capacity of
the flow. This is supported by the generally good agreement be-
tween the trends shown by the relative theoretical transport ca-
pacity and measured transport in all subreachs (Figure 6). Once
the excess sediment was deposited in the two upstream reaches
(P1 to P3), the remaining sediment available for transport by the

flow between P3 and P5 likely approached the theoretical trans-
port capacity, which could explain the lower net deposition in
these reaches.

The initial amount of fine sediment available for transport in
the river bed was not quantified in this study and may con-
tribute to the reach-scale sediment budget (Tena et al. 2012).
However, the relatively high frequency of flushing events of
the Pezze reservoir (one every 3-4 years) might have built sed-
iment deposits that have not been completely removed before
the studied flushing, and which might have become additional
sediment sources, as observed in similar studies (Antoine
et al. 2020; Bulteau et al. 2024). These assumptions also find
support from the lack of rainfall events during the flushing
period, which reinforces the assumption of a minor role for
the lateral tributaries, with the exception of San Pellegrino
and Travignolo.

Furthermore, the SSC during flushing in the main channel of
the Avisio is consistently 2-3 times higher than the SSC asso-
ciated with natural flood events (Figure 12). Although most of
the local mass balances between stations P3 and P4 were not sta-
tistically significant, the trends observed in Sections 4.4 and 4.5
further support the hypothesised suspended sediment dynamics.
Considering that the discharge in the natural tributaries is sig-
nificantly lower than the discharge in the main channel of the
Avisio, neglecting their suspended sediment contributions in
the developed sediment budget appears to be justified. These as-
sumptions may introduce some uncertainties, which should be
considered in future studies to provide a more comprehensive
understanding of the reach-scale sediment dynamics.

Finally, it is important to highlight that the 2019 flushing, in-
fluenced by the extraordinary material input from Storm Vaia,
not only lasted longer than previous events but also resulted in
exceptionally high sediment release. Unlike earlier flushings,
which typically lasted about 10days, the 2019 operation ex-
tended over 21days, indicating an increased sediment load re-
quiring a more extended mobilisation period. This significant
increase in suspended material, estimated at roughly 400000
tons, underscores the substantial impact of the Vaia storm on
sediment availability in the system (Rainato et al. 2021).
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5.1.1 | Uncertainty of Suspended Sediment Loads

Overall, the uncertainty analysis in this study resulted in an av-
erage uncertainty value of 23.5%. It was found that 5 out of 16
(approximately 30%) of the local mass balances computed were
statistically significant. This percentage is comparable to a previ-
ous study by Antoine et al. (2020), which focused on SSC uncer-
tainty during reservoir flushing in Alpine rivers and found that
only 14 out of 52 sediment budgets (approximately 26%) had sta-
tistical significance. However, despite their low statistical signif-
icance, the results on the mass balances in the P3-P4 reach were
justified with the support of field observations.

In this study, we acknowledged several minor sources of un-
certainty that were not fully quantified, including the flow con-
tribution from catchment areas between stations (~ 250 km?,
excluding major tributaries). This could include additional water
from snowmelt runoff and increased local SSC from tributaries.
Although no rainfall events were recorded during the flushing
event, rising temperatures in the region could have accelle-
rated snowmelt, potentially influencing SSC (Tena et al. 2012).
Models like the one proposed by Turowski et al. (2010) can esti-
mate long-term suspended sediment loads based on catchment
size, but their use for time-series estimation of tributary inputs
in the Avisio River is limited due to the unavailability of dis-
charge data for the tributaries. While GIS-based methods and
catchment models could provide rough estimates of tributary
sediment load, contributions from these tributaries are generally
small compared to the main discharge at Avisio. The Travignolo,
whose contribution was accounted for, is the main exception, as
the other tributaries are primarily active during natural events,
which did not occur in the study period. Given the significantly
higher sediment release during flushing events compared to nat-
ural sediment supply, neglecting tributary contributions does not
notably affect the results.

The uncertainties associated with the SSC-NTU relationships
derived from manually collected and analysed water samples
represent the largest quantified source of uncertainty in this
study. A more comprehensive sample collection strategy cover-
ing the entire range of SSC during different stages of the flush-
ing event would help reduce uncertainties. The use of automatic
samplers could also be considered to improve data collection.

5.2 | Bed Surface Sediment Composition
and Bedload Initiation

The reduction of the gravel percentage and the increase in sand
and clay fractions between pre-flushing (PRE) and 1 month after
the flushing (POST1) samples indicate that the deposited fine
sediment from the reservoir were still present on the riverbed.
Additionally, 1year after the flushing (POST2), the riverbed
composition had only partially recovered from the effects of the
deposition. In all the sites, except for site 2, the mean diameter
Dy, lyear after the flushing was still smaller than the one cal-
culated before the flushing. The increase in the sand fraction
between POST1 and POST?2 in site 5, and the parallel decrease
in Dy, further suggests that sediment deposits from the first
17 km during the flushing may have been resuspended and
partially transported downstream to the P4-P5 subreach. This

persistence of fine sediment can have ecological implications,
such as altering the physicochemical and thermal conditions
of aquatic habitats, hydraulic conductivity and dynamics of
hyporheic flows (Boano et al. 2014) and affecting oxygen and
nutrient exchange, as well as hindering the movement of inver-
tebrates into deeper sediment regions (Brunke and Gonser 1997;
Wharton et al. 2017).

The dynamics of fine sediment removal appear to be influenced
by spatial heterogeneity associated with bed topography, flow
patterns and inundation dynamics resulting from variability at
the spatial scale of Hydro-Morphological Units (HMU, sensu
Belletti et al. 2017). Site 4, located below a weir that creates a
highly turbulent flow pattern, showed a clear reduction in the
fine sediment fraction oneyear after the flushing. Site 2, located
on a small side bar prone to inundation, showed a slight reduc-
tion in the fine fraction. However, in sites 1, 3 and 5, the fine sed-
iment fraction remained almost unchanged after oneyear and
was higher compared to pre-flushing conditions. These sites are
located in hydro-morphological units likely to experience low
value of the near-bed shear stress, which limits sediment en-
trainment. Site 1 is on a side bar of a secondary channel, while
sites 3 and 5 are located on (point) bars within gentle bends of the
main channel. The presence of fine sediment deposition on the
riverbed is also visible in most of the sites where painted gravel
plots were established. Sites located near secondary and back-
water channels or surrounded by vegetation (Table 5) showed
signs of deposition, indicating the incidence of high rates of fine
sediment deposition from the reservoir throughout the reach
(Sections 4.1 and 4.4). The deposition near secondary channels
(site 7) and vegetated areas (sites 2, 8, 9) can be attributed to the
reduction in flow velocity caused by the presence of vegetation,
which hindered the complete removal of deposited sediment by
the washing flows.

Although the painted gravel plots do not provide a quantifica-
tion of bedload transport rates, they offer valuable insights into
the spatial variability of bedload occurrence during the flush-
ing flows. None of the plots were completely removed, and in
cases where gravel was moved, it was often found a few meters
downstream, indicating relatively short travel distances for the
transported gravel and cobbles. These observations suggest the
occurrence of, thought to a limited extent, coarse sediment mo-
bility during the entire 28-days long flushing event.

These findings on bedload initiation provide important infor-
mation for the modelling of flushing flows, which has been
rather scarce so far. The flushing in the Avisio River was able
to transport both fine and coarse sediment fractions, with the
fine fraction being predominantly in suspension. However,
the mobilisation of coarse riverbed sediment likely occurred
in faster-flowing areas of the channels, where direct measure-
ments were not possible. To gain further insight into sediment
dynamics during flushing operations in the Avisio and other
Alpine rivers, hydraulic models that account for the mobility
of both fine and coarse sediment fractions should be employed.
These models should consider the size-selective partial mobil-
ity conditions and the transport of fines and coarse sediment
simultaneously (Kuhnle et al. 2013; Stradiotti et al. 2020;
Tavelli et al. 2020).
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5.3 | Suspended Sediment Dynamics in Natural
Floods Versus Reservoir Flushing Events

In general, hysteresis patterns are not clearly identified in flush-
ing events (Figure 12). However, despite the noisy patterns, the
hysteresis analysis can still provide insights on the dynamics
in place. The positive HI value for flushing event 1 would in-
dicate that the peak concentration occurred ahead of the peak
discharge, whereas the weakly negative HI values for flushing
events 2 and 3 are related to slightly counterclockwise loops in
which the concentration values on the falling limb are higher
than those on the rising limb. The mean and maximum tur-
bidity of flushing event 2 was approximately 1.65 times higher
compared to flushing event 1. Although difficult to quantify,
this supports our hypothesis of sediment resuspension during
flushing event 2. Overall, compared to natural events, flushing
events exhibit a poorer correlation between turbidity and dis-
charge series (Figure 11), responsible for the noisier behaviour
discussed in hysteresis patterns, confirming previous findings
(Vericat and Batalla 2006; Tena et al. 2014). The disconnection
between discharge and turbidity in flushing events may be re-
lated to several concurring factors. One is the attenuation of the
main flushing signal, released 18 km upstream of the measur-
ing station P4 in events 1 and 2. Moreover, the dilution effect
produced in P4 by the combination of the flushing flows with rel-
atively high seasonal discharges (San Pellegrino and Travignolo
diluting the Avisio flushing signal in the case of events 1 and
2, and San Pellegrino and Avisio diluting the Travignolo flush-
ing signal in the case of event 3). Another factor is the shape
of the flushing discharge time series, characterised by multiple
oscillations without a dominant peak, unlike a natural event. A
fourth factor is related to the different balancing between sedi-
ment supply and transport capacity limitation in the two types
of events (Vercruysse et al. 2017). In natural floods, sediment
entrainment is a gradual process, involving sediment from the
riverbed and banks, entering the flow as the event increases its
energy and duration. The availability of sediment for transport
during natural floods can be influenced by the time elapsed
since the previous flushing event, and since natural flood events
mobilise sediment upstream of the study reach. This gradual
process contrasts with the dynamics of a flushing event, where
the sudden release of a large volume of sediment from the reser-
voir, often associated with abrupt bulk detachments, can cause
arapid increase in turbidity. Unlike natural flood events, where
SSC is typically supply-limited, flushing-induced sediment
transport may become more capacity-limited, leading to a dis-
connect between the flushing flow magnitude and SSC dynam-
ics (Espa et al. 2019; Tarekegn et al. 2014). Such flushing events
can exhibit chaotic sediment behaviour, as the mobilised fine
sediments are transported differently compared to their natural
counterparts (Espa et al. 2019).

This is further reflected in the turbidity series characteristics.
In one natural event (event 5), the peak turbidity magnitude is
comparable to the peaks observed during the flushing events
(Tena et al. 2014), suggesting that the resuspension of sediment
deposited during the previous flushing might have contributed
to the elevated turbidity levels. That said, natural floods are
characterised, in most cases, by a single turbidity peak that is
considerably higher than their average turbidity levels. For the
considered events, the peak-to-average turbidity ratio (Max

T/Mean T) is equal to 1.32, 1.48 and 3.38 for flushing events
1, 2 and 3, respectively, and equal to 18.78, 19.58 and 1.78 for
the natural floods events 4, 5 and 6, respectively. Notably, the
average turbidity levels during the reservoir flushing were up
to 2000% higher compared to natural floods, while the av-
erage duration of the flushing events was only about 35% of
the duration of natural floods (Table 6). Both the duration of
exposure and the high turbidity levels have been associated
with negative effects on fish populations (Newcombe and
Jensen 1996), highlighting an important difference between
artificial and natural events in terms of their potential impacts
on the aquatic ecosystem.

Despite showing clearer patterns, however, the hysteresis
indices for natural events do not show coherent behaviour
among them. Event 4 was the first natural event that occurred
6 months after the flushing analysed in this study. The positive
NS value observed during the event indicates a flushing effect
in the rising limb, suggesting transport limitations and the
presence of abundant sources of suspended sediment upstream.
This behaviour could be attributed to the resuspension of sed-
iment that were deposited during the reservoir flushing (Tena
et al. 2014). The strong correlation between SSC and discharge
observed during the washing periods of the reservoir flushing
(Figure 7) supports the hypothesis that a significant amount of
fine sediment, likely deposited during previous flushing events,
could have been present in the riverbed before and during this
storm event. Event 5 shows similar characteristics to Event 4, as
it occurred 5months after the flushing event in the Travignolo
tributary (Event 3), ~2 km upstream of the confluence with
the Avisio River. The higher turbidity levels observed in this
event may be then attributed to the resuspension of sediment
trapped in the reach directly upstream of the measurement
station. Contrary to events 4 and 5, however, event 6 features
a counterclockwise hysteresis loop, associated with a peak in
discharge preceding the peak in turbidity, which typically in-
dicates that the flood wave propagates faster than the sediment
wave. This pattern is often observed when sediment is sourced
from distant locations or through bed and bank erosion (Petts
et al. 1985; Gilvear and Petts 1985). In the case of flushing event
3, although rather noisy, the counterclockwise behaviour re-
flects the time lag between the discharge and sediment waves.
However, in natural event 6, this counterclockwise behaviour
is likely associated with fine sediment entrainment from the
riverbed. Since this event occurred in May-June, 2021 and was
not preceded by any flushing event, the lower turbidity peak
suggests that the sediment sources were limited compared to
the flushing events.

The seasonality of the natural events could further contribute
to the differences observed (Lenzi et al. 2003). Flow and sed-
iment dynamics in rivers can vary significantly depending on
the season, with factors such as snowmelt, rainfall patterns
and vegetation growth playing important roles (Lopez-Tarazon
and Batalla 2014; Tena et al. 2014; Vercruysse et al. 2017). For
instance, events 4 and 5 occurred in October and November
(autumn), thus the reduced vegetation cover likely increased
hillslope erosion, leading to a delayed supply of sediment and a
retarded SSC peak, and resulting in a counterclockwise hystere-
sis loop. Event 6, measured in May (spring) occurred when veg-
etated hillslopes played a smaller role, and sediment transport
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was primarily driven by channel erosion, causing an anticipated
SSC peak and a clockwise loop. To fully understand the seasonal
variations and their influence on sediment dynamics, a longer
series of flood events spanning multiple seasons would be nec-
essary. This would allow for a more comprehensive analysis of
the hydrological and sedimentary processes occurring in the
river throughout the year.

5.4 | Observations for Future Management
Strategies

The analysis reveals that the great majority of the flushed sed-
iment (79%) is deposited along the downstream river segment,
in agreement with previously studied flushing (e.g., Espa
et al. 2016; Antoine et al. 2020), where up to 80% of the esti-
mated total mass of sediment flushed was trapped within the
study sites. More specifically, in this work, we estimated the
distribution of flushed sediment as follows: 29% deposited be-
tween P1 and P2 (~485 channel widths), 38% between P2 and
P3 (~620 channel widths), 6% between P3 and P4 (~88 channel
widths) and 6.3% between P4 and P5 (~110 channel widths). Fine
sediment accumulation in the riverbed is of ecological concern
(Wohl and Cenderelli 2000; Espa et al. 2016), and its mitigation,
during or after the flushing, is considered with high attention
among the management priorities of flushing operations.

The SS dynamics observed during the washing periods analysed
in this study show their potential to mitigate the deposition prob-
lem. In particular, in subreach P3-P4, during Washing event 1, it
was estimated that approximately 20% of the sediment deposited
after Flushing event 1 was removed in just 3days. This is of high
management interest, as clear water releases (or washing, in this
manuscript) are not a common practice within the flushing pro-
grammes, and, to our knowledge, it has not been reported in other
published reservoir flushing studies, at least in the Italian Alps.

Figure 13 shows the evolution of the sediment balance between
P3 and P4 until the end of the Washing event 1 (cumulative
difference in passing sediment mass). An increasing sediment
balance trend suggests a dominant deposition process, while a
decreasing balance suggests erosion or resuspension. It can be
hypothesized that if the observed relationship between SSC
and water discharge can hold for hypothetically longer periods
of washing, then, extending the duration of washings can po-
tentially remove a larger amount of deposited sediment during
the flushing. This hypothesis assumes an infinite sediment

availability and the validity of the same SSC-discharge rela-
tionship, which may not hold over longer washing periods as
the sediment source would gradually deplete. Additionally, the
feasibility of implementing such schemes, including the capacity
of the dam to sustain extended discharges, needs to be assessed,
considering that the average discharge would not be able to
reach sediment deposits that might have built during preceding
higher flushing discharges. The increase of fine sediment in the
granulometric curves even 1year after the flushing can support
this statement. Furthermore, the specific characteristics of each
river and reservoir system, such as channel morphology, sedi-
ment inputs, flushing frequency and technical and economic
constraints, need to be carefully considered. Nevertheless, this
suggests possibilities for more environmentally friendly imple-
mentation of reservoir flushing, where the adverse ecological
effects of fine sediment deposition can be mitigated to a great
extent.

Further research is needed to understand the ecological impli-
cations of dam flushing and the effects on local biota. This in-
cludes studying the impacts of increased SSC and flows on the
river ecosystem and assessing the response of different organ-
isms to these changes. Additionally, exploring alternative flush-
ing management strategies, such as shorter but more frequent
flushing events that mimic natural sediment regimes, or syn-
chronising flushing operations with natural floods, could pro-
vide valuable insights for sustainable sediment management in
river systems (e.g., Folegot et al. 2021).

6 | Conclusions

Sediment flushing has been proven an effective measurement
to take on reservoir siltation, notwithstanding, it can cause se-
vere effects on downstream ecosystems. In this study, a compre-
hensive monitoring program was established to understand the
sediment dynamics during reservoir flushing operations and to
quantify the effects at different spatial and temporal scales along
a 30 km river segment. High rates of deposition and fine sedi-
ment bulks were observed along the study segment.

An uncertainty propagation model was proposed to estimate the
significance of local mass balances between neighbouring sta-
tions. A global uncertainty value of 23.5% was determined, for
which 5 out of the 16 local mass balances obtained in this study
were significant. Grain size distributions show a substantial re-
duction of the median particle size after the flushing, with small
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FIGURE13 | Discharge (blueline) and sediment budget (black line) time series for the subreach P3-P4. The washing period is highlighted in grey.
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recovery rates after one year. Albeit the flushings were per-
formed during the spring season, when average flows are higher
as a result of snowmelt runoff, the river was not able to entirely
transport the sediment-loaded flushing flows.

We compared the suspended sediment dynamics during res-
ervoir flushing versus those in natural storm events. Natural
floods in this study exhibited well-defined flow-concentration
relationships; however, there was little consistency in the di-
rection and behaviour of hysteresis loops. In contrast, we evi-
denced a strong disconnection between sediment concentration
and discharge during reservoir flushing operations. We hypoth-
esise that the unpredictability of suspended sediment dynamics
during reservoir flushing can be related to the complex scouring
processes inside the reservoir. More extensive field evidence is
needed to prove this theory.

We also quantified how much an off-the-schedule, temporary
interruption of the flushing operations in favour of releasing
clear water pulses can remove deposited sediment during the
previous flushing. Based on these results, we suggest consid-
ering alternating flushing flows and washing flows, for which
in-stream deposition can be mitigated, though the feasibility of
such a strategy will require careful, site-specific assessments.
These findings contribute to the development of more environ-
mentally sensitive sediment management strategies, but further
research and detailed analysis are required to refine and vali-
date these approaches.
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