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Dams and impoundments constructed in rivers produce changes in their hydrological and sediment transport
regimes, regulate their flows and reduce the supply of sediments downstream. Artificially inducing floods from
reservoirs in conjunction with sediment-replenishment strategies is currently being employed to enhance sedi-
ment supply to river catchment areas. In this study, sediment-replenished artificial floods are compared to their
non-sediment replenishment counterparts. The hysteretic loops between suspended sediment concentration and
water flow present low normalized hysteresis indices (close to zero) in the sediment-replenished artificial flood
events. In the current work, sediment-replenishment produced a balanced suspended sediment transport in
contrast to the without sediment-replenishment cases. The normalized hysteresis indices varied between the
different particle sizes studied and the same water flow, indicating that different types of particles are trans-
ported differently despite being in the same water flow. Furthermore, both the suspended sediment transport and
the sedimentation rate of particles during the flood events was greater for the sediment replenishment cases than
for the non-sediment-replenishment cases. All things considered, sediment-replenished artificial flooding pro-
vides a successful management strategy for a more balanced suspended sediment transport that could be used as
a river restoration practice.

Keywords:

Sediment transport
Sediment-replenishment
River restoration
Artificial water flood

1. Introduction

Dams are infrastructures that store water to guarantee consumer
water requirements, and to produce energy by regulating the water flow
along a river. Although dams and impoundments have existed for
thousands of years, the largest have been built in the last 60 years and
account for a total of 58,000 dams worldwide (Mulligan et al., 2020).
Besides these large dams, there are an estimated 16 million smaller
impoundments more (Lehner et al., 2011). Dams and impoundments
regulate river flow in such a way that they reduce flooding events and
sediment transport (Zhang et al., 2020). Suspended sediment plays a
crucial role in creating ecological habitats and transporting nutrients
(Vercruysse et al., 2017). The resulting shortfall in the supply of river
sediments modifies the substrate many species require for nesting and
sheltering (Baisre and Arboleya, 2006). Furthermore, the accumulation
of sediments upstream from the dam reduces the storage capacity of the
reservoir, while downstream the lack of sediments causes bed erosion,
reduces morphology diversity and produces a loss of connectivity with
different nearby areas, especially in drought periods. The presence of a
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dam also produces downriver phytoplankton homogenization, thus
compromising the ecosystem processes driven by the different phyto-
plankton communities (de Castro et al., 2021). Following the con-
struction of a dam, the pre-dam riverbed sediment composition is
transformed and different management strategies must then be
employed to maintain the ecological biodiversity in the river. Such
management methodologies attempt to mimic the natural flow regime
of the river (Poff et al., 1997) to obtain full flow restoration. Since the
flow of water is the crucial element that maintains the river’s habitats,
artificial flooding needs to be investigated to pinpoint the best strategies
for restoring rivers (Garcia de Jalon et al., 2017). Controlled flushing
flows, for instance, can be applied (Kondolf and Wilcock, 1996) in
regulated rivers. These flows are designed to empty water reservoirs and
mimic the action of natural floods and are used in river restoration
programs. However, in alpine water intakes for hydropower, flushing
flows have been found to negatively impact downstream macro-
invertebrate diversity (Gabbud et al., 2019). In such cases, the consid-
erable increase in water turbidity, the high frequency of flushing events
and the sudden decrease in water temperature of such water releases are
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attributed to being the main causes of the negative impact on the
ecosystem. Gabbud and Lane (2016) stated that the target of any
intervention should be to reproduce the natural flow regime of the
system and mimic what the natural system would have looked like
before human intervention and its resulting impact. Therefore, before
any strategies can be put into place, management objectives such as
removing sand from pools, mobilizing fine sediment from the riverbed,
eroding channel banks, or allowing sediment to be deposited onto the
floodplains, must be specified. Likewise, any incompatibilities must also
be identified. For example, the erosion of channel banks may imply
mobilizing gravel from the riverbed, which might not be desirable, or a
large flushing flood may also cause a loss of water and energy produc-
tion. Besides this, sediment transport in rivers is a crucial mechanism in
determining the transport of associated chemicals (Rodriguez-Blanco
et al., 2018). In fact, the Water Framework Directive (EC, 2000) has
identified hydrological regimes and sediment transport as being critical
factors in guaranteeing integrated river management.

Restoring altered natural flow patterns in rivers is an ongoing issue
for water managers. In this case, the main purpose of river restoration is
to maintain the abundance of river species, chemicals and water sedi-
ments, and favour the connectivity between different river habitats and
sections. In Spain, legislation requires compulsory artificial floods in
some highly regulated water bodies. These flood events are released
from the largest hydrological infrastructures situated in regions that do
not suffer from water scarcity and provided that water requirements for
human consumption can be fulfilled. The legislation also establishes the
maximum water flow, its duration, and the temporal rate of the change
(Agencia Catalana de 1’Aigua (ACA), 2005), with characteristic water
floods varying for each watershed (Magdaleno, 2017).

Sediment particles are transported downstream of a river (Wohl
et al., 2015) as suspended sediment (fine particles such as clays, silts,
and fine sands) or bedload sediments (coarse particles such as gravels
and coarse sands) (Vercruysse et al., 2017). Suspended sediments are
dominant in river transport systems, representing 70% of the annual
sediment reaching coastal areas (Vercruysse et al., 2017). Sediment-
replenishment during flushing floods is a technique used to recreate
natural sediment transport. This practice uses the supply of sediments
that has been retained upstream from a dam and, thus, lacking in the
river reaches. Sediment-replenishment has been also studied in the
laboratory to investigate the in-channel bed stockpile method (Batti-
sacco et al., 2016). Battisacco et al. (2016) found that complete sub-
mersion of the replenishment volume results in complete erosion of the
placed sediment. Stahly et al. (2020) found that sediment-replenishment
in flushing floods enhanced the transport of bedload sediment, and
improved river habitats and the morphological diversity in the river
downstream from a dam. In their study, they indicated the need to
perform sediment-replenishment practices as close to a dam as possible
to optimise sediment transport. When comparing the region of a river
upstream of a reservoir to the region downstream from it, sediment-
replenishment has been found to reduce the negative effect of
damming by partially restoring species diversity (Katano et al., 2021) in
the same way as river tributaries do. A multi-deposit sediment-replen-
ishment technique using low water flows has also been tested and found
suitable for increasing bedload sediment transport downstream due to
the reduction in the river section at the replenishment area (Kantoush
etal., 2010; Stahly et al., 2020; Ock et al., 2013). Consecutive sediment-
replenishment on a laboratory scale set-up produced a lower sediment
deposition in the second replenishment compared to the first (Bosch
et al., 2016), however, consecutive sediment-replenishment has been
found to increase the length of river restoration projects (Bosch et al.,
2016). The effect of other restoration activities, for instance opening a
check-dam, or removing the dam altogether, have also been studied. In
the case of opening a check-dam drain outlet, the sediment supply
produces a downstream decrease in net-spinning species and an increase
in the prevalence of swimmers, indicating the restoration of the mac-
roinvertebrate community (Itsukushima et al., 2019). Dam removal is
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also a river restoration tool option (Burroughs et al., 2009). For example,
upon removing the Stronach Dam from Pine River (Wisconsin, USA), an
increase in the river’s flow velocity, lateral erosion and substrate
coarsening was described (Burroughs et al., 2019). Nevertheless, ten
years on from the dam’s removal only 12% of the sediment retained in
the impoundment has so far been mobilized, indicating that river
rehabilitation might take years to decades to be completed (Burroughs
et al., 2009).

The response of sediment to the water flow is usually non-linear and
follows complex patterns that allow the process to be classified into
different types (Williams, 1989). Hysteresis loops to further the under-
standing of sediment transport have been used in different studies
(Katano et al., 2021; Pokrovsky and Schott, 2002). From the hysteresis
curves, water floods can be classified into six different types: clockwise,
anticlockwise, eight-shaped, single line plus one loop - either clockwise
or anticlockwise, and single line plus two loops (Williams, 1989; Meg-
nounif et al., 2013, Hamshaw et al., 2018). Specifically, and for the
purpose of the present study, clockwise c-Q loops hold when the ¢/Q
ratio is higher at the rising limb of the flood than during the falling limb
and are associated to a sediment depletion in the catchment during the
flood. There is a steep increase of ¢ with Q during the rising limb, which
is attributed to the rapid erosion of the riverbed. In the case of eight-
shaped loops, hysteresis holds when there is a contribution sequence
of different sediment sources, i.e., during the falling limb of the hydro-
graph new sediment sources connect late to the main channel resulting
in a new sediment supply. Likewise, hysteresis loops have also helped to
determine sediment sources and pathways during storm events in agri-
cultural basins (Sherriff et al., 2016). The presence of agricultural areas
with bare soils has been found to favour the transport of suspended
sediment downstream during flooding events in Mediterranean inter-
mittent rivers (Fortesa et al., 2021), with anticlockwise hysteretic loops
being prevalent. In the small catchment of the Biger River, floods usu-
ally produce clockwise loops, indicating fine sediment depletion in the
river catchment (Fortesa et al., 2021). Hysteretic loops have also been
applied to the transport of DOC and nitrates in river catchments
(Vaughan et al., 2017). DOC hysteresis was similar between DOC sour-
ces and hydrologic pathways, i.e., the delivery of nitrates to streams
depended on land use and land cover between watersheds (Vaughan
et al., 2017). Some authors have used the normalized sediment hyster-
esis loops to compare watersheds (Haddadchi and Hicks, 2021; Cao
et al., 2021; Fortesa et al., 2021).

Although some studies have analysed the ecological impact of
sediment-replenishment in some rivers, there is still a lack of knowledge
concerning the characterization of the transport of sediment particles
downstream, as well as the characterization of the flood though hys-
teresis cycles which has not been compared with or without sediment-
replenishment for the different types of particles. The purpose of the
present study is to fill these gaps of knowledge for different rivers situ-
ated in the western part of the Mediterranean area. The current study
will focus on the transport of suspended sediment (SS) particles (i.e., fine
sediment particles) in sediment-replenishment strategies carried out in
rivers in the Mediterranean area and compare them to the case of floods
non-sediment-replenishment. Since the role SS transport plays in the
biodiversity, and the ecosystem functions and services of a river are still
somewhat unknown, this current study attempts to gain further insight
into SS transport in watersheds and its significance for river basin
management.

2. Materials and Methods
2.1. Sites description

Three rivers were considered in this study: Llobregat, Ter and Muga,
all of which are situated in Catalonia (NE Spain, Fig. 1a), originate in the

eastern Pyrenees and discharge into the Mediterranean Sea. The Llo-
bregat and Ter rivers, two of the major rivers in the Catalan inner river
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Fig. 1. a) Maps of Spain and Catalonia with the location of the three rivers under study (Ter, Muga and Llobregat). The dashed squares represent the areas shown in
Fig. 1b-d. b) Map with the river course for the Llobregat, c) river course for the Ter and d) river course for the Muga. The upstream reservoirs have been included on
the map and the towns closest to the rivers are also indicated. Effluent rivers have been included in cases where applicable. Red dots indicate the measurement
position on each river for the present study. Brown dots indicate the position where sediment-replenishment was carried out in the cases where it was performed
(Llobregat 2019 and Ter 2020 surveys). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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basins, are the main water suppliers to the Barcelona and Girona-Costa
Brava populations.

The Llobregat is 170 km long, has a catchment area of 4,948.3 km?,
and a mean annual water flow of 21.97 m® s™! in its lower reaches. The
Cal Rosal sampling point is situated at the beginning of the Llobregat’s
middle reach near the town of Berga (Fig. 1b), downstream from the La
Baells dam which has a maximum capacity of 109.43 hm®. In this reach,
the Llobregat has a single channel in a V-Shaped valley that progres-
sively opens downstream to a larger plain. The river flows over a rocky
streambed with boulders and occasional gravel and sand bars, and its
slope is 0.531%. The flow regime is controlled by the La Baells dam and
at this point it has a mean annual flow of 7.01 m® s~ 1.

The river Ter is 208 km long, has a catchment area of 3,010 km?, and
a mean annual flow of 26.79 m>s~ in its lowest reach. Its discharge is
highly dependent on the diversion regime which directs it towards the
Barcelona and Girona metropolitan areas controlled by the Sau, Sus-
queda and El Pasteral reservoirs. These three dams are in the river’s
middle reach and upstream from the sampling point located at La
Pilastra, near the village of Bescané. The river’s mean annual flow at the
sampling site is of 21.43 m®s ™! and, like the Llobregat, is also controlled
by the dam system management regimes (Fig. 1c). At La Pilastra, the
stream flows over a terrace of alluvial sediments (mainly boulders,
gravels, and sand), which forms an unconfined aquifer 10-12 m thick.
The stream’s mean slope is 0.088%. Several tributaries along the Ter’s
lowest region produce floods in periods of high rainfall, especially
during spring and autumn. As mentioned above, three dams are situated
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upstream from the measurement point: the Sau, the Susqueda and El
Pasteral reservoirs; the latter being situated near the town La Cellera de
Ter (Fig. 2b). The Sau reservoir has a maximum capacity of 177 hm?, the
Susqueda 233 hm® and the El Pasteral reservoir 2 hm® (Fig. 1b).
Downstream from the measuring point, there are two more small res-
ervoirs (Resclosa de Colomers and Seva) with maximum capacities of 1
hm? and 1.1 hm?3, respectively.

The Muga River (Fig. 1d) provides water to the Figueres area and the
north of the Costa Brava. It is 58 km long, has a catchment area of 853.8
km? and a mean water flow of 3.34 m3s!. However, it has a strong
seasonal behaviour controlled by the lower summer rainfall rate and
dam regulation, and also suffers from groundwater exploitation in its
lower reach. Consequently, the Muga River discharge is highly impaired
during the summer months. The Boadella reservoir, with a maximum
capacity of 60.2 hm3 was constructed on the Muga near the town
Darnius (Fig. 1b). Although the mean annual discharge at the Boadella
d’Emporda is 2.06 m3s ! this can vary greatly throughout the year. The
Muga River near Boadella flows over sedimentary rock, both limestone
and detritic lithologies, and locally it forms discontinuous terraces along
its course of an approximate mean width of 250 m and expected thick-
ness of <10 m. Its mean slope in the sampling reach is 0.303%.

The measuring points for the Llobregat and Muga rivers were located
at the gauging stations downstream from the discharge, where a sedi-
ment trap was fixed to a wall found at the side of the river channel. The
reported flow data correspond to the Catalan Water Agency gauging
stations at these points. In the case of the Ter River, there is no gauging
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Fig. 2. Temporal evolution for the river flood in the four surveys carried out: Llobregat 2019 a), Llobregat 2020b), Ter 2020c) and Muga 2021 d). The water level (z,
in m), measured with a thermistor (Seabird 37) at the study point for each survey, has also been plotted in each case.



T. Serra et al.

station downstream from the discharge point and so flow data are from
the nearest station located a few kilometres downstream. Consequently,
the measuring point was situated near the town Bescano (Fig. 1b), where
the sediment trap was able to be fixed to an artificial wall usually used
for sporting activities (La Pilastra site).

2.2. Artificial flooding

The water flood hydrograph followed the legislative regulations
(Agencia Catalana de I’Aigua (ACA), 2005). The maximum flood is ob-
tained for each watershed as the mode of the flood distribution fre-
quencies during the sixty-year period 1940-2000. The flood must be
performed a minimum of once a year and when floods would naturally
occur in the region. In the rising limb of the flood, the maximum rate of
change of the flood between time steps is 1.8 times the flow rate, and the
timestep is one hour. In contrast, in the falling limb of the flood the
minimum rate of change is 0.7 times the flow rate, with the same
timestep of one hour (Agencia Catalana de I’Aigua (ACA), 2005).

The floods were performed during the experimental periods and with
hydrographs following the regulations established by legislation for
each watershed (Agencia Catalana de I’Aigua (ACA), 2005). The Muga
River had the lowest peak flow, in accordance with this river’s smallest
catchment area. Similar artificial floods were carried out in both the
Llobregat and Ter rivers, with their larger catchment areas, with the Ter
presenting the highest peak flow. The artificial water floods were carried
out with and without sediment-replenishment in the Llobregat, with
sediment-replenishment in the Ter, and without sediment-
replenishment in the Muga. All floods had a rising limb, a plateau,
and a falling limb (Fig. 2). In the Llobregat 2019 survey, the flood pre-
sented a gradual increase in the rising limb with a short plateau at the
maximum flow (Fig. 2a). The maximum flow (51.34 m? s’l) was sus-
tained for two hours and then started to decrease gradually. In the
Llobregat 2020 survey, the rising limb of the flood was the steepest, and
the maximum flow was also sustained for two hours and then started to
decrease in the falling limb (Fig. 2b). The maximum flow in this survey
was 62.92 m® s7! (Fig. 2b), 1.2 times that in the Llobregat 2019 survey
(Fig. 2a). In the Ter 2020 survey, the flood presented the steepest rising
limb and the highest flow of the three surveys carried out (Fig. 2c). The
maximum flow of 74.12 m® s~! was sustained for three hours, after
which it started to gradually decrease in the falling limb (Fig. 2c). The
flood in the Muga River was the smallest in terms of the maximum flow
rate: 27.70 m® s ! (Fig. 2d). The rising limb was gradual, and the
maximum flood was sustained for four hours, after which it started to
gradually decrease in the falling limb (Fig. 2d). At the measuring point,
the water level was measured with a pressure sensor and had a pattern
similar to that of the temporal evolution of the flood. In all the cases,
except for the Ter River, the flow was measured upstream from the
sampling point. Therefore, the temporal evolution of the water level did
not match with the temporal evolution of the water level at the
measuring station. For the Ter, the flow was measured at the Girona
station close to the study site. Thus, in this case, the evolution of the
water flood and the water level transpired nearly at the same time
(Fig. 2c). Therefore, in the current study, the evolution of the water level
at the sampling point will be used as a proxy for the flow (Q) to plot the
hysteresis loops c-z diagrams at each location (instead of using c-Q,
given that we do not have the measurements of Q at the same measuring
point as c¢). More details of the flooding event performed in each river
are given in Table 1.

2.3. Methods for the suspended sediment measurements

To measure the suspended particle concentrations, 100 mL water
samples were collected every fifteen minutes at the measuring position
on each river for the length of the flood. Forty samples were collected in
both the Llobregat 2019 and Muga 2021 surveys, and thirty-one in both
the Llobregat 2020 and Ter 2020 surveys. For all the measurements,
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Table 1

Details of the experimental conditions and measurements in each river survey:
duration of the flood, total water volume discharged in the four cases studied,
with or without sediment-replenishment, suspended sediments measured, and
sediment traps deployed.

River survey Llobregat Llobregat  Ter Muga
2019 2020 2020 2020
Duration (h) 9 10 24 10
Total water volume discharged (hm®) 1.08 1.28 1.90 0.83
Sediment-replenishment Yes No Yes No
Suspended sediments measurements Yes Yes Yes Yes
Sediment traps deployed No Yes Yes Yes

samples were collected 10-20 cm deep from the water surface layer
using a beaker. Once collected, the particle size distribution was
measured with a laser particle size analyser (Lisst-100x, Sequoia Inc.,
US), an instrument that is frequently used in the field and in the labo-
ratory and has been found to be suitable for sampling either organic
(Serra et al., 2002) or inorganic particles (Serra et al., 2001). In the
present study, the Lisst-100x was used as if measuring samples in the
laboratory, hence a special 100 mL maximum capacity measuring cell
was used. The Lisst-100x uses the laser diffraction theory of light to
measure the volumetric particle size distribution of a suspension of
particles. This technique requires a laser beam passing though the sus-
pension of particles and scattering light in different angles. A series of 32
detector rings receive the scattered light. Each detector, situated at
different angles, is associated to a certain particle size. The amount of
light received by each detector is proportional to the concentration of
said particle diameter. With its 32 log spaced size classes, the Lisst-100x
determines the concentration of particles within the range of 2.5-500
pm. To calculate the particle concentration in a certain range of particle
sizes, the sum of the concentration for the different particle diameters
was considered.

2.4. Sediment-replenishment

Both surveys carried out in the Llobregat River were conducted at the
same measuring point situated downstream from the La Baells reservoir
(Fig. 1b). In the Llobregat 2019 survey, a total mass of 50 Tn of sediment
was replenished upstream of the sampling position (Fig. 1b). A backhoe
was used to artificially introduce the sediment into the river during the
flood event. The sediment injection started when the flood reached its
peak flow and lasted for one hour. The same procedure was used for the
25 Tn sediment-replenishment in the Ter 2020 flood. In both locations,
sediment-replenishment was performed just below the dam to obtain
greater mobilization of the sediment (Katano et al., 2021). Above the
measuring point in the Ter River, two other tributaries - the Brugent and
Osor rivers - feed into the river (Fig. 1b). As the sediment was collected
from an area near the stream channel its characteristics were close to
those that would occur in a natural peak flow inundating the riverbank
areas near the channel. The sediment used for the replenishment in the
Llobregat 2019 survey was made up of two particle size ranges: d < 6 pm
and 6 pm < d < 100 pm (Fig. 3a), with the greatest percentage corre-
sponding to particles in the 6 pm < d < 100 pm size range. In contrast,
the sediment used for the replenishment study in the Ter 2020 survey
had three particle size ranges: d < 6 pm, 6 pm < d < 100 pm and d > 100
pm (Fig. 3a) with the greatest percentage of particles corresponding to d
> 100 pm. In both surveys, the sediment was composed mainly of fine
particles<500 pm in diameter (silts and fine and medium sands, Fig. 3b).
The median of the grain size in the Ter River survey was 49.5 pm,
whereas in the Llobregat River it was 37.9 pm (Fig. 3b).

2.5. Methods for measuring the particle sedimentation

Four sets of sediment traps were deployed at different water depths,
which were determined by the study site in question (Table 2), except
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Table 2
Depths (above the bottom, in m) of the sediment traps for each survey. For the
2019 Llobregat River survey no sediment traps were able to be deployed.

Llobregat 2020 Ter 2020 Muga 2021
0.70 0.18 0.05
0.90 0.38 0.25
1.10 0.58 0.45
1.30 0.78 0.65

for the Llobregat 2019 study where no sediment traps were able to be
deployed. In addition, the deepest sediment trap in the Muga survey was
lost and so no data was obtained for that particular depth. The sediment
traps consisted of glass tubes 1.8 cm in diameter and 10 cm long, tied to
a wire with three arms that allowed for three replicates per each depth.
The aspect ratio of the tubes (height to diameter) was 5.6, like those used
by Serra et al. (2021) and in accordance with the range of aspect ratios
(length/diameter = 3-6) recommended by Hakanson et al. (1989). The
sediment traps were deployed before and then collected after the flood
event. Samples were transported to the laboratory and immediately
stored in a refrigerator until they could be processed. The content of
each tube was subsequently poured into a beaker and dried in an oven at
120 °C for 24 h. The dried sediment samples were then passed through a
sieving kit with eight mesh sizes: 45 pm, 63 pm, 125 pm, 250 pm, 500
pm, 1 mm, 2 mm, and 4 mm. The mass collected by each sieve was then
weighed, and the mass per square meter and day were determined for
each location and depth and for each particle size range, which allowed
for the particle size distribution deposited to be obtained (in gm 2
day ™). The total dry mass deposited per unit area and time was ob-
tained by summing the dry mass for all mesh sizes (in g m~2 day ™).

2.6. Flood measurements

2.6.1. Hysteresis curves and hysteresis index

The hysteresis index (HI) can be calculated from the c-Q curves and is
a numerical indicator of the hysteresis (Sherriff et al., 2016). To calcu-
late it, the midpoint of Q (Qm;q) is firstly determined using:

Quia = 0-5(Quuax = Quuin) + Quain @

where Qnax and Qpin are the maximum and minimum flows,
respectively. The corresponding values of c at the rising cg and falling cg
branches of the loop at the Qg values can then be obtained (Sherriff
et al., 2016). In this case, for cg > cf.

HI = (CR/CF) —1 (2)
and for cg < cg.
HI = (—1/(cg/cr))+1 3)

High HI indicates a high asynchronous pattern. HI > 0 indicates
clockwise hysteresis, whereas HI < 0 indicates anticlockwise hysteresis.
HI ~ O indicates a synchronous hysterical pattern. However, in the
present study, and to compare watersheds, the normalized HI (HI}orm)
will be considered (Le Cao et al., 2021). In such a case, the Quorm and
Cnorm are calculated as:

Q _ Q - anin (4)
norm — AT 4
Omax = Omin
C — Cpiy
Cnorm = — (5)
‘max — Crmin

with such normalizations Quorm-miq = 0.5 can be obtained intro-
ducing equations (4) and (5) into (1). Hiporm can be calculated as:

Hlyorm = Cnorm—R — Cnorm—r (6)

where cporm-r and Cporm-r are the normalized values of the concen-
tration in the rising and falling limbs at Qporm-med = 0.5, respectively.
Since the flow in the surveys was not measured at the point of study, the
water level was measured and used as a proxy for the temporal evolution
of the flood. The water level was measured with a pressure sensor
(Seabird 37, Seabird Instruments, US) installed at the measurement
point (red point in Fig. 1 for each location). The sensor measured the
water level to an accuracy of 0.1% of the full range and at a frequency of
0.7 Hz. The normalized water depth was considered:
Znom = @

max — Zmin

where Zpyin and znay are the minimum and maximum water levels
measured by the pressure sensor. Therefore, in the present study, chorm-r
and cpormr are the normalized values of the concentration in the rising
and falling limbs, respectively, at Zorm-med = 0.5.

Floods are also further characterised by the flushing index (FI) that
can be calculated as (Vaughan et al., 2017):

FI = Czmax,norm — Czinitial,norm (8)

where ¢;max norm and Cyinitial,norm are the normalized sediment con-
centrations at the peak of and at the beginning of the flood, respectively.
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FI also ranges from —1 to 1. Negative FI values indicate a diluting effect
of the rising limb of the hydrograph, whereas positive values indicate an
increase in the sediment concentration on the rising limb.

3. Results

The particle size distribution of the suspended sediment (SS) con-
centration at the maximum flow was divided into three particle ranges:
A(d<6pm),B (6 pm <d < 100 pm) and C (d > 100 pm) for all the
surveys carried out (Fig. 4a-c). The greatest concentration corresponded
to range B for all the surveys except the Llobregat 2019 survey (Fig. 4a),
where the volumetric concentration of range C had very high values. The
smallest concentration corresponded to the Muga River flood (Fig. 4d).
The temporal evolution of the total volumetric concentration was found
to present a fast increase at the head of the flood (Fig. 5 a, b and c) for all
three particle ranges studied. For the Llobregat 2019 survey, the con-
centration of particles in range C presented the highest volumetric
concentrations (Fig. 5a). For the Llobregat 2020 and Ter 2021 surveys,
the greatest volumetric concentration corresponded to range B, which
peaked at the time of the maximum flow. Except for the Ter 2020 flood,
after the arrival of the head of the flood, the temporal evolution of the
volumetric concentration presented a plateau that remained nearly
constant before starting to decrease again (Fig. 5b and c). The volu-
metric concentration for the Muga flood was far smaller than that for the
other floods, including the one in the Llobregat 2020 without sediment-
replenishment. The concentration of particles in range B was slightly
above that of range C. The concentration of these two particle ranges in
this survey remained below 20 pL L™, whereas in the other floods it
reached values above 20 pL L.

The hysteresis curves of each flood and for each particle range pre-
sent a clockwise or anticlockwise circulation depending on the case. For
the 2019 Llobregat River survey, the circulation of the hysteresis curve
was clockwise for all the particle size ranges (Fig. 6a-c). The same
behaviour was observed for the Llobregat 2020 survey for the three
particle size ranges (Fig. 6d-f). For the 2020 Ter River survey, the
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hysteresis curve was an eight-figure loop for the three particle ranges
(Fig. 7a-c). For the Muga River flood, the hysteresis curve presented
again a clockwise circulation for the three particle size ranges (Fig. 7d-f).

The hysteresis index, calculated for each flood and particle range, is
presented in Table 3. The hysteresis index for the two surveys in the
Llobregat and Muga rivers had positive values, except for the largest
particle range (range C) in the 2019 Llobregat River flood. In this case,
the hysteresis index was negative, albeit with a very low value. In the
case of the Ter River flood, the hysteresis index was negative for all the
particle ranges (Table 3). Note that the hysteresis index for the surveys
with replenishment (Llobregat 2019 and Ter 2020) presented smaller
values for all the particle ranges compared to those for the without
sediment-replenishment experiments (Llobregat 2020 and Muga 2021).
The flushing index showed a great variability between watersheds and
particle sizes (Table 3) with the highest FI being obtained for the Ter
River survey that was carried out with replenishment. High FI values
were likewise obtained for the medium particle size range 6 pm < d <
100 pm compared to the other particle sizes. In nearly all the surveys,
and for all particle sizes, the flood was clockwise flushing dominated;
except for the case of the Ter where it was an anticlockwise flushing type
(HIporm < 0, Fig. 8). For the largest particle range of d > 100 pm from the
2019 Llobregat River survey, the flood was anticlockwise diluting, i.e.,
with negative FI and Hl, oy indices. The relationship between HIporm
and FI had a high variability between surveys and particle sizes. How-
ever, those surveys corresponding to the cases with sediment-
replenishment had nearly constant FI.

Once the head of the flood had passed by and the discharge had
started to decrease, the total SS volumetric concentration also decreased
gradually in all cases and for all particle ranges. After the head, all the
discharges presented a linear trend between c and z (Fig. 9a-f). This
linear trend was considered to fit the data and the slopes were thus
calculated (see Table 4). The Ter 2020 survey with sediment-
replenishment had the greatest slope, indicating a greater SS concen-
tration for the same flows (Table 4). In contrast, the lowest slopes were
found for the Muga 2021 survey that did not have sediment-
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Fig. 4. Volumetric sediment particle size distribution for each survey carried out: Llobregat 2019 a), Llobregat 2020b), Ter 2020c) and Muga 2021 d). These particle
distributions correspond to the time when the maximum flood was observed (see Fig. 3) for each survey. Solid symbols correspond to discharges with sediment-

replenishment and empty symbols to discharges without sediment-replenishment.



T. Serra et al.

400

300

cuLL

200 r

— 10000 Q4 f . s : . .

5000

-5000

-10000

E
N
a00 |
~ 300/
=
4
o 200 |
100 |
0 e T e e .
09:00:00 11:00:00 13:00:00 15:00:00 17:00:00

t (hh:mm:ss)

—e— d<6 um
—=— 6 um<d<100 um
—4— d>100 um

Journal of Hydrology 609 (2022) 127756

20 ¢
16 F
12 F TN
08EF

400 r

300

200

100 |

2.0 ¢
16

12

04 E L L L L L

80

60

40

t (hhimm:ss)

—o— d<6 um
—0— 6 um<d<100 um
—4— d>100 pum

Fig. 5. Temporal evolution of the sediment concentration for the three particle sizes considered in the study for each survey carried out: Llobregat 2019 a), Llobregat
2020b), Ter 2020c) and Muga 2021 d). The temporal evolution of the water level at the measuring point has also been plotted at the top of each figure. Solid symbols
correspond to floods with sediment-replenishment and empty symbols to floods without sediment-replenishment.

replenishment. The slope found for the Llobregat 2019 survey with
sediment-replenishment and for particle range A, was slightly above that
found for the Llobregat 2020 survey without sediment-replenishment.
However, for the particles in range B, the Llobregat 2019 survey with
sediment-replenishment had a greater slope than that of the Llobregat
2020 without sediment-replenishment. For the Muga River survey, the
smallest particle range, presented a small slope that was not significant
(p > 0.05).

The dry mass deposited at each depth and for each site is plotted in
Fig. 10. The particle size distribution of the sediment deposited was
bimodal for the Llobregat 2020 survey (Fig. 10a), with a maximum in
the range of 63 pm — 250 pm and another in the range of 500 pm — 4000
pm. DS (deposited sediment) increased with depth for all the size classes

studied. The maximum concentration for the peak in the range 63 ym —
250 pm was lower than that for the peak in the range 500 pm — 4000 pm.
In contrast, DS for the Ter 2020 survey presented mainly one peak
centred in the range 250 pm — 2000 pm (Fig. 10b), with the greatest
mass per unit area and time when compared to the other two surveys. DS
for the Muga River 2021 survey also presented a bimodal distribution
with two maximums: one in the range 63 pm — 1000 pm and another in
the range 1000 pm — 4000 pm (Fig. 10c). The DS of the second peak was
far below that of the first peak. Again, in both the Ter 2020 and Muga
2021 surveys, DS increased with depth for all the particle size ranges
studied. The DS for the Muga was the smallest compared with the other
two surveys. The DS increased with depth for all the surveys carried out
(Fig. 10d).
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4. Discussion

The artificial flood from the three reservoirs transported suspended
sediment downstream. The flooding events, which are dictated by
legislation (Agencia Catalana de 1’Aigua (ACA), 2005), were charac-
terised by different peak flows and hydrographs according to the char-
acteristics and hydrological regimes of each river.

4.1. Hysteresis curves of the different suspended sediment particles
transported by the flood with and without sediment-replenishment

The particles transported in each flood differed between watersheds.
In the Llobregat, the greatest percentage of SS particles transported were
with diameters d > 100 pm (with 88.22%) in the sediment-

replenishment case in the 2019 survey. However, it should be noted
that a high volume concentration of large particles usually represents a
low number because, as opposed to small particles, large particles make
a higher contribution to the particle volume representation. In contrast,
for the without-replenishment case the particles in the 6 pym < d < 100
pm size range had the highest percentage (68.76%). For the Ter River
survey (with replenishment), the greatest percentage of SS particles
transported likewise corresponded to particles in the 6 pm < d < 100 pm
size range (72.35%), as was also found in the Muga (without replen-
ishment) 57.76%. In the with-replenishment Llobregat survey, the per-
centage of larger particles corresponded to the transport of a few large
particles with the flow that accounted for a high contribution to the
volumetric particle concentration. The volumetric particle distributions
were three-modal in all floods. The temporal evolution of the volumetric
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Table 3

Hysteresis index and flushing index values calculated from equation (6) for the
different surveys carried out and for the three different particle ranges consid-

ered (d < 6 pm, 6 pm < d < 100 pm, d > 100 pm).

Survey d < 6pm 6 pm < d < 100 pm d > 100 pm
HI Llobregat 2019 0.11 0.12 —-0.09
Llobregat 2020 0.55 0.76 0.46
Ter 2020 —-0.10 —0.07 —0.01
Muga 2021 0.07 0.56 0.83
FI Llobregat 2019 0.12 0.20 —0.02
Llobregat 2020 0.19 0.35 0.14
Ter 2020 0.73 0.59 0.48
Muga 2021 0.29 0.04 0.04

10

SS particle concentration of the three particle ranges peaked at the peak
flow. In some cases, the particle volume evolution presented a plateau at
the maximum flow that was maintained with time during the time the
flood remained high and started to decrease gradually in the falling limb
of the hydrograph. However, for the Ter River, the maximum SS particle
volume concentration was achieved at the arrival of the head of the
flood, although shortly after this point the SS particle volume concen-
tration gradually decreased. This result might be associated to the sup-
ply of sediment sources being situated far from the measuring position, i.
e., two Ter River tributaries situated upstream of the measuring station.
Those two sources were only able to begin to supply sediment when the
flow was high.

Hysteresis curves c-z indicate the temporal evolution of the SS
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transport relative to the temporal evolution of the flood (in the current
study we used the water level at the measuring point as a proxy, see
Methods). In addition, curves c-z provide information on the provable
sources of the particles. These curves might present different patterns
that are associated to different behaviours in the transport of sediment in
the watershed (see Methods). C-z curves have been plotted for each
particle size range (d < 6 pm, 6 pm < d < 100 pm and d > 100 pm) to
understand the different transport mechanisms of each particle size
range. For the Llobregat, the three types of particles presented a clock-
wise circulation of the c-z plot, indicating that the riverbed becomes
cleaner with the flood on the event’s recession, i.e., that the flood
transports all the particles deposited on the catchment downstream, thus
remaining depleted of them (Haddadchi and Hicks, 2021). In other
words, eroding the fine particles deposited on the bed. Hamshaw et al.,
(2018) studied long-term data from six sites in the Mad River (Green
Mountains, Vermont, USA) and found that 90% of the floods presented
hysteretic loops with clockwise circulation being the most common type.
From the current study, the Llobregat 2020 flood presented a pro-
nounced clockwise loop, whereas the hysteretic loop for the Llobregat
2019 flood was less pronounced. This difference was attributed to the
latter being carried out with sediment-replenishment. Clockwise hys-
teresis loops have been observed for sediment-associated metals during
floods in a small catchment (Rodriguez-Blanco et al., 2018). In their
work, hysteresis loops indicate that the source of sediment-associated
metals was close to the river network and was easily mobilised in the
rising limb and depleted in the falling limb of the hydrograph by each
event.

In this study, positive HI has been found for these loops in the Llo-
bregat River, except for the case of d > 100 pm in the 2019 survey (with
replenishment). However, greater HI values were found for the case

11
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without replenishment. This could be the result of a greater sediment
depletion in the without-replenishment case compared to the with-
replenishment case that presented lower HI. Sediment-replenishment
did not modify the c-z loops of the flood in the Llobregat River sur-
veys. However, for the surveys where sediment-replenishment was
carried out, the HI of the flood was low, resulting in a more balanced
sediment transport behaviour, i.e., reducing the difference of ¢ between
the rising and falling limbs of the hydrograph (Haddadchi and Hicks,
2021). Positive HI was found for the evolution of total suspended solids
in floods in White Clay Creek (Delaware, USA), indicating a strong
clockwise hysteresis pattern and signalling mobilization of within-the-
channel source areas (Rose et al., 2017).

For the Ter River, (i.e., with replenishment) the c-z loop had an eight-
shape figure (a clockwise loop combined with an anticlockwise loop).
This indicates that, at high water flows, more sediment sources are
supplying sediment to the flood. The HI index is negative for all the
particle ranges, indicating a similar behaviour between them. However,
the smallest particle range presented the greatest negative HI, probably
indicating that the supply of these particles was from sources situated
farther away and was greater than that for the medium and large particle
size ranges. For the largest particles, the HI index was still negative,
albeit presenting a very low value, indicating that the transport of these
particles was nearly balanced (Haddadchi and Hicks, 2021). In other
words, the transport in the rising limb of the hydrograph was close to
that for the falling limb of the hydrograph. Note that the balanced
transport of sediment could be attributed to the fact that this survey was
carried out with sediment-replenishment.

For the Muga River, the behaviour of the finest particles differed
from that of the other two particle size ranges. For d < 6 pm, HI was
nearly zero, indicating a balanced transport of this particle-size range. In
this case, the supply of these type of particles from other sources that
mobilized the sediment at high water flows might be the reason for a
balanced transport without sediment depletion of fine particles in the
river catchment. In contrast, sediment particles in the ranges 6 pm < d <
100 pm and d > 100 pm presented a high positive HI index, indicating a
depletion of sediment, i.e., transport of these particles from the riverbed
downstream. The cases of low HI, like that of the Ter survey with
replenishment for d > 100 pm and that of the Muga River for d < 6 pm,
have been associated with an uninterrupted sediment supply throughout
the flood (Williams, 1989). In the current study, the smallest river
catchment (Muga River) studied presented clockwise hysteresis loops,
coinciding with the results of previous studies that claim that such
hysteresis loops are characteristic of small rivers (Seeger et al., 2004;
Smith and Dragovich, 2009). However, Haddadchi and Hicks (2021)
show that anticlockwise and eight-figure loops could also occur in small
catchments. They indicate that there are other morphological aspects of
the rivers, such as river slopes, soil erodibility and sediment sources, that
must be considered. In addition, the connectivity along a river network
also explains the movement or the storage of sediment into river chan-
nels. Wider river channels or low gradient slope segments can produce
sediment accumulation in river areas (Wohl et al., 2015).

The two without sediment-replenishment surveys carried out in this
study corresponded to the clockwise flushing type, with positive Hl;orm
and positive FI indicating that the SS transported corresponded to the
riverbed sites near the point of study. However, studies carried out with
sediment-replenishment had low HI,om, indicating a balanced sediment
transport independent on the flushing index FI. The 2020 Ter River
survey had high FI values, indicating a high sediment transport in the
rising limb of the flood for all particle sizes, but negative Hl; o, indi-
cating that the sources of sediment were from sites situated far from the
point of study.

4.2. Transport of sediment particles by the river flood with and without
sediment-replenishment

The concentration of transported particles in the falling limb of the
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floods without sediment-replenishment.

flood presented a linear relationship with the water level. The slopes of a
linear fitting indicate the effect the flood has on the transport of sedi-
ment of each particle size (Williams, 1989). The survey with the greatest
slope for all the particle size ranges was the Ter River 2020 case. In the
case of the Llobregat surveys, the smallest particles with d < 6 pm
presented similar slopes with similar ranges of minimum and maximum
values. Therefore, the sediment- replenishment for this type of particle
did not present high differences in the falling limb of the flood. In
contrast, for the medium-size particle range, the slope was 23.9%
greater for the Llobregat 2019 survey than for the Llobregat 2020. This
indicates that the transport of sediment in the falling limb was greater
for the case of sediment-replenishment. When comparing the two cases
of sediment-replenishment, and for the case of the smallest particle size

12

range, the transport of particles was 370% greater for the Ter River than
for the Llobregat. For the medium-size particle range, the transport of
sediment particles was 645.3% greater in the Ter than in the Llobregat
2019. This indicates that these particles are better mobilized in the Ter
catchment area than in the Llobregat catchment. This result might be
attributed to the fact that in the Ter River the peak flow was greater than
that in the Llobregat 2019 (Table 1). The Muga River presented slopes of
c-z in the falling limb far smaller than those in the other catchments for
all the particle size ranges analysed, indicating a lower transport of
sediment particles in the falling limb of the flood. In addition, when
comparing the maximum concentration between the surveys, the Muga
River transported fewer suspended sediments than the other rivers,
including the Llobregat 2020 survey without sediment injection. This
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Table 4

Values of the parameters (m, Mpn, Mmax, R and p-value) of the fitting curves of
Fig. 9, where m is the slope, my,, and mpy,. are the minimum and maximum
values of the slope based on the 95% confidence, and R? is the correlation

coefficient. River survey, 8021.95 pL L' in the 2019 Llobregat River survey and
Llobregat Llobregat ~ Ter 2020  Muga 38.44 pL L7! in the 2021 Muga River survey. Considering a typical
2019 2020 2021 density of 2.5 kg L™! for the sediment, this represents a mass concen-
d < 6pm m 12.06 (p < 17.99 56.76 0.56 tration of 1.4 g L1, 0.97 g L1, 20 g L ™! and 0.10 g L™}, respectively.
0.05) @<0.05 (@< @ > These values are in the range of the mass concentrations observed in
510 863 2‘302)9 0‘8%)4 flooding events in Mediterranean intermittent rivers that ranged be-
Mpin . . . —U. _ . .
My 19.0 27.36 68.53 1.164 tween O and 35.6 gL I (Fortesa et al., 2021). The events with the highest
R? 0.758 0.584 0.857 0.101 sediment transport corresponded to the most energetic events, i.e., those
6pm<d< m 100.80 127.33 606.26 19.06 with the highest water flows, which is also in accordance with the results
100 pm (p <0.05 (<005 (@ <) @ <) of Fortesa et al. (2021). Moreover, sediment-replenishment events
0.05 0.05 .
M 15.30 56.88 478.50 6.54 (Llobregat 2019 and Ter 2020 surveys) also increased the amount of SS
Mmax  186.30 197.78 734.06 31.59 transport.
R? 0.577 0.553 0.872 0.271
d > 100 pm m - 217'89(') 05) (2;8'45 g;'gg 4.3. Particle sedimentation during the floods with and without sediment-
> 0. < < .
0.05) 0.05) replenishment
Mmin - 10.32 167.47 3.96
Mpnax 45.45 289.43 16.81 Sedimentation of particles in the without sediment-replenishment
R* 0.483 0.809 0.298 Llobregat survey was found to present a bimodal distribution, with
one range of particles being 45 pm < d < 500 pm corresponding to fine
and medium sands, and a second range of 500 pm < d < 4000 pm
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might be due to the lower peak flow in the Muga River compared to the
other rivers.

The maximum sediment concentration in each flood was 561.33 pL
L' in the 2020 Ter River survey, 387.12 uL L™} in the 2020 Llobregat

Fig. 10. Particle distribution of the deposited sediment (DS in g m 2 day ) for a) the 2020 Llobregat River survey, b) the 2020 Ter River survey and c) the 2021
Muga River survey. d) Total mass of deposited sediment (DSt, in g m~2 day ) for the different depths where the sediment traps were situated for the three surveys.
Solid symbols correspond to floods with sediment-replenishment, empty symbols correspond to floods without sediment-replenishment, and ab in the legends stands

for ‘above the bottom’.
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corresponding to coarse sand and fine gravel (Blott and Pye, 2012). The
first range presented a greater concentration per unit time and area
greater than the second particle size range. The particles that settled and
were collected by the trap situated in the shallowest depth were only
from the smallest range. This coincides with the fact that the transported
particles measured with the laser particle size analyser had their greatest
concentration in this size range. In contrast, in the Ter River, and with
sediment-replenishment, the mass of settled particles was higher than
that of the Llobregat without replenishment. The sedimentation of larger
particles and with greater concentrations in this survey might be the
result of the replenishment in the Ter survey. This particle size range was
outside the measuring range of the laser particle size analyser and so its
transport via the flood could not be determined. In the Muga River
survey, the distribution of the settled sediment was also bimodal with a
large sedimentation of the smallest range and a very small sedimenta-
tion of particles of larger diameters. The concentrations were far smaller
than those for the other two floods. This result might be explained by the
fact that the case of the Muga survey had a peak flow between 0.36 and
0.54 times the other two watersheds. Furthermore, there was no
sediment-replenishment. The vertical profile of particle sedimentation
presented an increase of the mass per unit area and time increasing with
depth, according to a typical sedimentation profile. Again, the with-
replenishment Ter survey presented the highest particle sedimentation
followed by the other two without-replenishment cases: Llobregat 2020
and Muga 2021. The total deposited sediment was one order of
magnitude higher in the Ter River compared to the 2020 Llobregat
River, which might be because of the replenishment plus the contribu-
tion of the high water flow. The without-replenishment Llobregat survey
presented a total sediment deposition two orders of magnitude higher
than that of the Muga River, also without replenishment. This difference
can be attributed to the higher peak flow of the discharge in the Llo-
bregat 2020 survey.

4.4. River management strategies for enhancing sediment transport
downstream of a dam

Water release and sediment-replenishment have been found to be the
main drivers for the transport of SS in the studied rivers and also on the
impact of sedimentation. High water flows produced a high sediment
transport in all the catchments. Sediment-replenishment produced a
more balanced sediment transport and higher sedimentation rates than
without sediment-replenishment, indicating that the river catchment is
not depleted of sediment when a flood with sediment-replenishment is
performed. Therefore, from the results found in this study, sediment-
replenishment should be performed under the higher flow artificial
floods. In such situations, sediment-replenishment would prevent the
depletion of sediment in riverbeds.

Therefore, this study shows that hysteresis curves c-z and sedimen-
tation records can provide information on the impact of artificial floods
and sediment-replenishment management have on soil and water con-
servation strategies in different catchments. It must be pointed that the
response of rivers to flow variability cannot be attributed to a single
isolated episode (Konrad et al., 2011). Instead, long-term river responses
are associated to sequences of flows over long time-periods. Conse-
quently, future work still needs to be done to determine the long-term
impact sediment-replenishment and water release might have on the
different watersheds. Moreover, the current study presents data on
suspended sediment transport and sedimentation at one measuring
point along the river. Further work should be done to determine the
longitudinal transport of suspended sediment and sedimentation at
downstream river stations to obtain more detailed information on the
impact that both flood and sediment-replenishment strategies have on
river and coastal ecosystems.
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5. Conclusions

Hysteretic loops have been used in the current study to determine
and compare the transport of suspended sediment of different particle
sizes in river floods. For the same water flow, particles with different
sizes are transported differently. Although clockwise hysteretic loops
were observed in the cases of the Muga and Llobregat Rivers, in the Ter
River anticlockwise circulations prevailed for all the particle sizes.

Sediment-replenishment floods (performed in the Llobregat and Ter
rivers) have also been compared to non-sediment-replenishment floods
(performed in the Llobregat and the Muga rivers). Hysteresis loops have
not changed their circulation patterns whether the floods were per-
formed with or without sediment-replenishment. However, all the cases
with sediment-replenishment had normalized hysteresis indices close to
zero, much lower than those carried out without sediment-
replenishment, indicating that sediment-replenishment produced a
more balanced suspended sediment transport during the flood process.
In contrast, in floods without sediment-replenishment, a depletion of
suspended sediment was observed in the falling limb of the flood. This
indicates that the flood washed out the fine particles deposited in the
river catchment. In addition, sedimentation rates were greater in
sediment-replenishment than without sediment-replenishment cases.
Therefore, sediment-replenishment provides a management strategy or
tool to prevent riverbeds being washed out after artificially induced
floods downstream of a dam.

The current study is focused on the results obtained from one point
along the different rivers’ trajectories. To obtain detailed information on
the sedimentation rates along a river’s course, new studies with and
without sediment-replenishment need to be performed with measure-
ments at different points along rivers situated downstream of a dam.
Moreover, more work should be done in the future to determine the
long-term effects sediment-replenishment strategies have on artificial
floods in river hydrology, sediment transport and also on its ecological
status. It might also be interesting to include other important parameters
in the study such as soil erodibility and the river slope with and without
sediment-replenishment strategies. This will add more information to
finally determine in what situations sediment-replenishment could be
used as a best river restoration practice.
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