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Abstract

Releasing experimental floods as part of environmental flow programs aims to

restore river beds by moving and restoring sediments to improve hydromorphological

conditions of the river. However, it remains a challenge to understand how flood

release characteristics affect channel morphology, sediment transport, and hydrody-

namics. In this study, field surveys and a 2D hydro-morphodynamic and sediment

transport numerical model were used to determine how differences in flood magni-

tude and falling limb alter hydrogeomorphic conditions within a 4 km reach of the

lower Spöl River. The model was constrained by drone flight-derived high-resolution

digital elevation models and two field-measured flood releases. The highest flood

magnitude of 40 m3/s resulted in 2,700 m3 of total sediment transport, 2,000 m3 of

net total volumetric change and 16 900 m2 more wetted area after the flood. The

same flood, simulated with an increase in falling limb slope, resulted in a decrease in

the duration of full sediment mobility and a corresponding reduction of 8% in net

total volumetric change and 5.3% in the total wetted area. Contrastingly, the lowest

flood magnitude of 25 m3/s produced 130% lower total sediment transport, 105%

lower net total volumetric changes and 10% less wetted area after the flood. Overall,

we show that hydro-morphodynamic modelling of river erosion and deposition com-

bined with spatially rich topographic datasets are extremely useful in forming

designed environmental flood scenarios to optimise sediment transport and thus

hydrogeomorphic changes to set environmental flows. We contend that scenario

modelling is necessary to help water managers optimise the amount of water allo-

cated to environmental flows and to simultaneously restore and maintain riverine

dynamics in heavily modified rivers.
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1 | INTRODUCTION

Approximately 50% of large rivers globally have been moderately or

heavily modified due to flow alteration by dams and over-allocation of

water for ever-increasing human demands (Grill et al., 2015; Lehner

et al., 2011). These modifications can lead to adverse ecological

changes and degradation (Nilsson et al., 2005; Stewardson et al., 2017)

due to severe hydromorphological alteration, including disrupting sedi-

ment transport dynamics and shifts in the magnitude, timing and fre-

quency of critical components of the flow regime (Poff et al., 1997).

One of the most promising approaches to support ecological

integrity in heavily modified rivers is the concept of “designer flows”
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(sensu Acreman et al., 2014) which aims to define and quantify the

key components of the flow hydrograph which can be replicated as

flow releases from upstream impoundments to create an environmen-

tal flow (hereafter called e-flow) regime. Designed flow releases seek

to trigger important functional processes (Chen & Olden, 2017), which

may otherwise be missing in modified rivers, as mimicking the full nat-

ural flow regime is not an appropriate management goal at these sites

(Poff, 2018).

Floods are one of the key components of natural river systems

heavily controlled by dam operation and diminished by water with-

drawals that causes detrimental impacts on the ecological processes

downstream of dams (Gregory et al., 2018). Flood events can induce

considerable sediment transport (Wohl et al., 2015) and geomorpho-

logical changes (Death et al., 2015), which in turn influence hydrody-

namics (Guan et al., 2015) and flow complexity patterns (Cao &

Carling, 2002; Keylock et al., 2012; Rueda, 2015). In the river environ-

ment, hydrodynamic conditions (particularly during flood) are one of

the most important features of instream habitat (Dunbar et al., 2012).

Complex flow patterns play a significant role in species habitat prefer-

ences (Crowder & Diplas, 2006; Kozarek et al., 2010) and are often

characterised by a multitude of metrics. These metrics include vortic-

ity (Crowder & Diplas, 2002; Lacey et al., 2012; Wilkes et al., 2013),

turbulent kinetic energy (TKE) (Lacey et al., 2012; Li et al., 2019; Li

et al., 2020; Silva et al., 2020), Froude number (Boavida et al., 2011;

Schlunegger & Garefalakis, 2018) and shear stress (Engelund &

Fredsøe, 1976; Meyer-Peter & Müller, 1948; Parker, 1990; Prancevic

& Lamb, 2015; Shields, 1936; Wilcock & Crowe, 2003). Thus, floods

play a crucial role in improving hydraulic conditions in terms of geo-

morphological complexity (Bestgen et al., 2020; Gostner, 2012;

Yarnell et al., 2015) and river ecological health (Bunn & Arthington,

2002; Richter, 2010; Robinson et al., 2018) by influencing hydro-

morphological conditions. There is, therefore, a clear need to maintain

and, where necessary, to improve the hydromorphological and ecolog-

ical conditions of river systems.

Designed experimental floods (also named controlled, artificial,

and managed floods; Gillespie et al., 2015) have increasingly been

used throughout the world to enhance river ecosystem integrity in

heavily modified rivers. Releases of experimental floods as part of

environmental flow (e-flow) programs have been conducted in a num-

ber of river systems around the world, including the United States

(Cross et al., 2011; Patten et al., 2001; Schmidt et al., 2001; Shafroth

et al., 2010), Switzerland (Mürle et al., 2003; Robinson, 2012;

Robinson et al., 2018), France (Loire, Piégay, et al., 2019), Spain

(Magdaleno, 2017), New Zealand (Lessard et al., 2013) and Australia

(Coleman & Williams, 2017). These releases predominantly aimed to

improve the geomorphological and ecological conditions of the rivers

by promoting sediment transport within the river (Scheurer &

Molinari, 2003). In the long-term, those improvements can sustain the

ecological integrity of regulated rivers (Robinson et al., 2018).

Despite the importance of flood events to river health, examining

their hydromorphological impacts has been largely ignored in e-flow

studies (Gregory et al., 2018; Rose et al., 2020; Wohl et al., 2015).

Moreover, it remains a challenge to understand how flood characteris-

tics (e.g. magnitude, duration and falling limb) affect channel morphol-

ogy, sediment transport and hydrodynamics (Kaur et al., 2019; Konrad

et al., 2011; Phillips et al., 2018). Only a few studies have investigated

the effect of flood characteristics on sediment transport (Batalla &

Vericat, 2009; Eaton & Lapointe, 2001; Mao, 2012; Phillips et al.,

2018). Given recent stresses on water resources in many parts of the

world, it is difficult for water managers to deal with the complexity of

allocating water resources to various downstream demands (Cosgrove

& Loucks, 2015). It is therefore vitally important to quantify the effect

of key elements of a flood hydrograph in terms of magnitude and rate

of change and (re)design them to improve hydromorphological condi-

tions while minimising the amount of water released.

This study applies a 2D hydro-morphodynamic model to experi-

mental flood releases to qualify the spatiotemporal effect of flood char-

acteristics (peak magnitude and falling limb rate) on hydromorphological

processes and resulting complexity within a heavily modified Alpine

waterbody (the Spöl River, Switzerland). Various hydraulic and mor-

phologic parameters were extracted to investigate the possible differ-

ences that changing the input hydrograph would make on river flow

pattern and morphology. We performed a comparative analysis of six

different flood scenarios to clarify and improve experimental flow

releases within the e-flow program to maximise hydromorphological

conditions and water release. The objectives of this study are as fol-

lows: (i) to quantify spatiotemporal variation of hydromorphological

changes that occurred within and after flood events, (ii) to assess how

flow magnitude and rate of change of the falling limb of the experi-

mental flood hydrograph affect sediment transport dynamics and flow

structure, with a focus on hydromorphological processes and (iii) to

determine which aspects of the experimental flood releases are most

important in driving increased sediment transport and resultant bed

morphology changes (erosion and deposition of sediment).

2 | STUDY SITE

This study exploits a wealth of pre- and postexperimental flood data

available at the Lower Spöl River, downstream of the Ova Spin reser-

voir. The Spöl River is an alpine river located in Switzerland in the

protected area of Swiss National Park (Figure 1). The source of

the Spöl River is in the Forcola di Livigno at 2315 m above sea level in

Italy. The river consists of two sections of the regulated river,

F I G U R E 1 (a) Drone-based image of the study reach and
sampling points where hydromorphological data was collected (flow
direction from right to left) and (b) map of the lower Spöl River. [Color

figure can be viewed at wileyonlinelibrary.com]
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dominated by the Livigno and Ova Spin reservoirs which operate as

storage systems for hydropower production, and only release con-

stant residual flows (0.9 m3/s) below the reservoir except during the

experimental floods (Scheurer & Molinari, 2003). The Upper Spöl

flows from Livigno reservoir on the border of Italy. The river runs for

approximately 5.7 km before entering the Ova Spin reservoir. The

Lower Spöl section starts from downstream of the Ova Spin reservoir

and merges with the Inn River, which is one of the main tributaries of

the Danube River, at the town of Zernez.

This study was conducted on the lower Spöl between Ova Spin

reservoir and Inn River confluence (Scheurer & Molinari, 2003).

Cluozza is the main tributary of the lower Spöl (Figure 1) and

transports significant sediment input to the river (Scheurer &

Molinari, 2003). River bed substrate in the lower Spöl is dominated by

cobbles and gravels (Kevic et al., 2018). In 1970, flow regulation in the

Spöl began and in 2000, a flood program for releasing experimental

floods was started by the National Park and the Engadine power com-

pany to improve habitat conditions for brown trout (Salmo trutta), the

only fish inhabiting the river (Ortlepp & Mürle, 2003). Two flood dis-

charges prior to flow regulation occurred in 1979 at 42 m3/s and in

1990 at 33 m3/s. Ever since the implementation of the flood program

in 2000, experimental floods continue to release one or two times per

year in the lower Spöl. The timing and magnitude of the released

floods depend on research needs and water availability ranging from

15 to 25 m3/s (1-year return period) to 30–40 m3/s (10-year return

period). The artificial floods are more notable in the lower Spöl for

mobilising the river bed of finer sediment (Kevic et al., 2018) which

are mainly provided by the Cluozza tributary. The duration of floods is

usually between 6 and 8 hours with a peak duration of 2–3 hours.

These flood releases do not act as sediment flushing flows as they are

released from the top of the dam, therefore contribute very little sedi-

ment to the system and predominantly only mobilise sediment that is

already in the river. More details about the hydromorphological condi-

tions of the river before the dam was built are in Uehlinger et al.

(2003) and Robinson et al. (2018). The experimental floods analysed

in this research were two artificial flood releases on 4 September

2018 with a magnitude of 25 m3/s and 8 hours’ duration and on

24 June 2019 with magnitude 40 m3/s and 11 hr duration, down-

stream of Ova Spin reservoir into the lower Spöl.

3 | MATERIALS AND METHODS

The main tool available for modelling hydromorphological processes

within rivers is numerical modelling. Current understanding of hydro-

morphological processes of flood events is largely based on the appli-

cation of these models (Guan et al., 2014; Li et al., 2014; Li &

Duffy, 2011; Simpson & Castelltort, 2006; Tavelli et al., 2020; Wong

et al., 2015; Xia et al., 2010). Over the past two decades, the use of

numerical modelling to connect ecology to hydromorphological pro-

cesses has increased (Escobar-Arias & Pasternack, 2010; Gaeuman,

2014; Lane et al., 2018; Pasternack et al., 2004; Vanzo et al., 2016).

However, the application of numerical models for examining hydro-

morphological impacts of flow regimes and specifically for e-flow is

rare but includes Gregory et al. (2018), for example. Moreover, the

application of these models to evaluate the effect of hydrograph

characteristics of short time-scale and high flow releases (such as

experimental floods) on river hydromorphology has received little

attention (Espa et al., 2022). Numerical modelling provides a powerful

virtual setup to quantify the impacts of different flow scenarios

through simulating flow-sediment interactions. This gives river man-

agers additional flexibility for making decisions about the flow release

characteristics, which eventually help them reach environmental

objectives, especially in heavily modified rivers where hydro-

morphological alterations are the primary concern (EU WFD, 2019;

Gregory et al., 2018).

3.1 | Hydro-morphodynamic modelling

Delft3D model (version 4.02.03 of the Delft3D modelling package)

was selected for this study as it can simulate hydraulic variables and

interactions between the flow and sediment transport (Deltares.,

2014). Specifically, the physical-based, fully nonlinear, open-source

software is an advanced graphically interfaced numerical model that

allows simulation of hydro- and morpho-dynamics (Deltares., 2014).

The Delft3D-FLOW module (2D) was employed to set up the model

and execute the hydro-morphodynamic simulations. Sediment trans-

port and morphological changes were achieved using the Van Rijn

(1984) equation for suspended load transport (suspended sediment

concentration) and the Meyer-Peter & Müller (1948) equation for

bedload transport (Deltares., 2014). Model equations and more details

about the Delft3D model are in Lesser et al. (2004) and specifically as

applied to morphodynamic modelling of gravel bed rivers in Carrivick

(2009); Carrivick et al. (2009, 2010, 2012, 2013); Smith et al. (2014);

and Staines & Carrivick (2015). Numerical simulations resulted in the

calculation of the hydraulic parameters including depth-averaged

velocity, flow depth, Froude number (Fr), bed shear stress (τ) and

complexity metrics including vorticity (ω) and TKE for every node of

the computational mesh. Vertical river bed changes, that is,

morphodynamics (sediment erosion and deposition) were also com-

puted by the model and iteratively updated to feedback affect the

hydraulics in the next model time step.

3.1.1 | Field data on hydromorphological
parameters

Hydromorphological data including water level, flow velocity and

suspended sediment concentration were collected (locations

highlighted in Figure 1a; field data are presented in supporting infor-

mation Data S1 in Figure S1 and Tables S1 and S2) and used for model

calibration and modelling flow and sediment transport (Deltares.,

2014). Flow velocity was measured using a handheld Decature

Surface Velocity Radar (SVR) with ± 0.03 m/s of velocity precision at

0� and ± 4� of vertical angle precision (Manual, 2019) at nine cross-

sectional positions along Wooden Bridge (location 2) during the first

flood on 4 September 2018 and seven cross-sectional positions

during the 24 June 2019 flood event. SVR estimates are reliant on the

selection of a depth-averaged to surface velocity ratio, or velocity

coefficient (α). The default α value of 0.85, a widely accepted value

employed in many rivers, was selected as the valid confirm value

which gives an accurate SVR-based velocity estimate (Welber

et al., 2016).
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Field sampling to measure suspended sediment concentration for

subsequent simulation of suspended sediment transport within the

models was conducted by collecting nine water samples (1 L volume of

sample bottle) at the Wooden Bridge (location 2) where the flow cur-

rent was deepest, during the rising and falling limb of the flood hydro-

graph. The samples were analysed in the laboratory of the University

of Trento (Italy) by using settleable solids in Imhoff cones, and results

were verified with the calibrated turbidity measures of the laboratory

nephelometer. Suspended sediment concentration was used for both

upstream and downstream boundary conditions of the model. A

Wolman pebble count was conducted in 2018 at three locations (loca-

tions 5, 6 and 7, Figure 1a), a minimum of 100 pebbles (from surface

river bed) per sample as outlined in Ruiz-Villanueva et al. (2022). Data

reported in Ruiz-Villanueva et al. (2022) were received by request and

subsequently used to calculate Manning’s n roughness, and boundary

shear stress thresholds were used as model inputs to analyse bed

movement stages. D50 and D90 bed surface grain sizes were used as

the sediment input in the model. Two water level data loggers (In-Situ

Rugged Troll 100 with ± 0.05% precision) were installed at the

Wooden Bridge (location 2) and the Road Bridge (location 3). Water

level data were logged in 15-minute time intervals before, during and

after the flood and were used as the model boundary conditions.

Three cross-sections were employed to illustrate the detail of

hydro-morphodynamic simulation from the most upstream to most

downstream cross-sections. The most upstream cross-section

(location 1, Figure 1) was located after the Cluozza tributary, the mid-

stream cross-section (location 7) was located before the Wooden

Bridge and the most downstream cross-section (location 4) was

located before the confluence of the Spöl River with the River Inn

near the model boundary. These cross-sections were used to show

the downstream variation of hydraulic variables.

3.1.2 | Topographic data

A drone flight was conducted before and after the 4 September 2018

flood event (Figure 1a) to provide high-resolution (< 0.03 m) ortho-

images and point cloud data (using ground control points measured

with dGPS precision ± 0.05 m) covering a 4 km length and extending,

approximately 2.5 km below the Ova Spin reservoir before the main

tributary Ova da Cluozza and extending to the confluence with River

Inn. Pre-and post-flood topographic data were surveyed on 3 and

11 September 2018, respectively. Since the 2010s, drone flights have

been becoming commonplace as a means to collect overlapping opti-

cal images from which very high-resolution and high-precision 3D

models can be made of complex surfaces (Carrivick et al., 2016; James

et al., 2019; Woodget et al., 2017). The drone images consisted of a

digital camera mounted onto a WingtraOne drone. Sensor specifica-

tions are a Sony Rx1r2 camera (normal model) with sensor dimensions

of 35.000 (mm) � 23.345 (mm), camera image size 7952 � 5304

(RGB), effective focal length of 7470.428 (pixel) 32.880 (mm), prime

lens type and global sensor shutter type. The drone was positioned at

240 m above ground level, and images were collected with a high

level of overlap (> 75%). A total of 24 GCPs (ground control points)

were randomly distributed across the site, and their positions were

recorded using dGPS technique. Field condition was blue sky and

slightly windy, and ground sampling distance was 0.024 m. Number of

images that have been used for the reconstruction of the model was

735 and all images enabled. The raw images were processed with

Structure-from-Motion technique (Westoby et al., 2012) using Pix4D

(version 4.2.17) to create point cloud and orthoimages. The precision

of the orthoimages is ± 0.1 m, and point cloud spacing is typically <

0.1 m. The camera model parameters were optimised within bundle

block adjustment (Carrivick et al., 2016). The principal points (C0x and

C0y) were approximately half the resolution of the camera, and the

radial distortion values (R1, R2 and R3) were smaller than 1. The

uncertainties on the focal length and the principal points were negligi-

ble (only a few pixels). The uncertainties on the distortion parameters

(R1, R2 and R3) were close to zero. Tangential distortion parameters

(T1 and T2) of the lens were zero. Finally, the model performed a high

quality calibration as most of the parameters were decorrelated. How-

ever, the observed correlation between the radial distortion parame-

ters was expected.

The drone-based point clouds were subsequently used to create

digital elevation models (DEMs) as a topographic input for Delft3D

model and a DEM of difference (DoD) to calibrate the morphodynamic

model. DEMs (XY resolution of 0.5 m for modelling efficiency,

retaining Z precision of ± 0.1 m) were generated using an image filter-

ing algorithm approach in ArcGIS software version 10.4.1. Firstly, digi-

tal surface models (DSMs) were generated using the point cloud.

Filtering of DSMs was carried out using image classification and seg-

mentation to obtain bare-earth data (Pfeifer, 2008; Sammartano &

Spanò, 2016). The process required four steps of data preparation,

supervised classification analysis (including classifier training), accu-

racy assessment and DEM generation (DEM generation process

explained in more details in the supporting information, Figure S2 and

Table S3). A total of 120 field surveyed check points (CPs) were col-

lected along the river thalweg using dGPS and were combined with an

image filtering algorithm (Zietara, 2017) to generate accurate DEM in

deep, turbid and turbulent water areas (Moretto et al., 2014). For gen-

erating DEMs from overlapping images, it is quality and distribution,

not quantity of CPs, that is important (Woodget et al., 2017).

3.1.3 | Model setup

The resulting DEM was converted to an XYZ file as topography input

for Delft3D, using ArcGIS software version 10.4.1. The Delft3D-

RGFGRID module was used to generate a grid with mesh cell size

1*1 m (longitudinal 1 m, and cross-sectional 1 m), and then topogra-

phy points were mapped into the grid (computational domain and

mesh generation is presented in the supporting information

Figure S3). Mesh size was selected based on performing mesh inde-

pendence analysis. The Delft3D-FLOW module was employed to set

up the model and execute flow and sediment transport. Ten hours of

flow and sediment transport simulation of the base flow (0.9 m3/s)

was run to provide an initial condition for the later flood event

models. The initial condition allows all cells to be initially considered

as wet. Downstream boundaries that define how and where the simu-

lated flow leaves the geometry of the solving field were inserted using

field water level measurements. The flow discharge from the Cluozza

tributary was also added to the model domain (0.93 m3/s during flood

event 2018 and 2.26 m3/s during flood event 2019). We considered

sediment in the upstream (u/s) and downstream (d/s) boundary
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conditions and inserted sediment flux data at both boundaries into

the model. Suspended sediment data were collected on the Wooden

Bridge which were used for both u/s and d/s boundary conditions.

For bedload, grain size distributions for the surface river bed were col-

lected at three locations, and D50 and D90 were used to represent

bed material in the model. The time step for simulating flood scenarios

was set as 0.003 min. This was selected based on the Courant number

to avoid instabilities and divergence in the simulation

(Deltares., 2014).

3.1.4 | Model calibration

Model calibration with field measurements is one of the commonly

used approaches to determining model accuracy by adjusting the

model inputs to match the model outputs with the measured data. In

this study, the hydrodynamic model was calibrated by adjusting Man-

ning roughness (n) value and using velocity field measurement data.

n values were changed within reasonable ranges (from 0.02 to 0.055),

and the simulated velocities were compared with the co-located SVR

velocities. The model was calibrated by optimising n values to mini-

mise model error statistics including mean absolute error (MAE) and

root mean squared error (RMSE). To assess the accuracy of the model

after calibration, model error statistics were used based on the follow-

ing equations:

MAE¼
Xn

i

xmod�xobsj j
n

ð1Þ

RMSE¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn

i

xmod�xobsð Þ2
n

vuut ð2Þ

where xmod and xobs are simulated and measured variables

(e.g. velocity) for ith co-located point at the collected grid cell. The

value of the Manning roughness that best replicated the field measure-

ments of flow velocity was then used to simulate different flow

scenarios. The morphodynamic model was calibrated based on the

construction of DEMs of Differences (DoDs). DoDs were produced by

subtracting DEM pairs (Lane et al., 2003) using ArcGIS software ver-

sion 10.4.1. Similarly, pre-and post-flood topographic data were used

to calibrate sediment transport by comparing measured and simulated

DoDs, by adjusting Manning’s n values to minimise MAE and RMSE.

Reasonable Manning’s n values for rivers with coarse bed material

(gravel, cobble and boulder size) ranging from 0.024 to 0.06

(Arcement & Schneider, 1989). Moreover, a visual comparison was car-

ried out between the spatial distribution of simulated hydraulic param-

eters and field photos/videos to distinguish between the behaviour of

the hydro-morphodynamic simulation and what is observed in nature.

3.2 | Designed flow scenarios

The flood magnitude and falling limb rate of single flood events were

examined in order to understand the impact of the real-world flood

hydrographs on the Spöl river hydraulics and morphology downstream

of the Ova Spin dam. Falling limb rate is most important in fish

stranding risk which is the main danger to fish during the flood pro-

cess and can increase fish mortality (Espa et al., 2022; Moreira

et al., 2019). Scenarios were designed according to operational con-

straints including available water restrictions and downstream hydrau-

lic conditions. Two groups of scenarios based on two observed flood

events were designed and modelled. The first group of scenarios

includes Sc1-Sc3. Scenario 1 (Sc1) represents the original flood hydro-

graph from the observed flood release in 2018 (Table 1 and Figure 2),

with a modelled scenario decrease (26%; Sc2) and 100% increase

(Sc3) in falling limb rate. The second group includes Sc4–Sc6. Scenario

4 (Sc4, representative of the observed flood event in 2019) was then

altered with a decrease (26%, Sc5) and increase (100%, Sc6) in falling

limb rate. Sc4 was designed to reflect Sc1 with a constant falling limb

rate (2.5 l/s/s), but with an altered peak flow magnitude (37%

increase), 100% increase in rising limb rate, and 44% increase in flood

duration. Sc5 was designed to reflect Sc2 with a constant falling limb

rate (1.85 l/s/s) but with altered flood characteristics similar to the

changes made between Sc1 and Sc4. Sc6 reflects Sc3 with a 100%

increase in rising limb rate and 61% increase in flood duration. A

60-min step in the rising limb of the Sc4 and Sc6 hydrograph was

designed to model the real-world operational constraints

(e.g. maximum allowable water volume to be released and down-

stream safety) faced during large flood events. This time step is the

time needed for receiving confirmation of the safety of the down-

stream Wooden Bridge before further increasing the discharge. The

rising limb of the Sc5 does not contain the 60-min step due to

the combination of creating a gentle falling limb and available water

volume to be released.

Kruskal–Wallis tests and post hoc Wilcoxon Signed Rank tests

were used to identify the significant differences between spatial–

temporal data (erosion and sedimentation) under different scenarios,

using R software (version 3.6.3).

3.3 | Equations for the fluvial physical process

To better understand the changes in the flow pattern and sediment

transport, we used the concept of Fr number and bed shear stress,

respectively. Although both variables were simulated by the numerical

model at each node in the computational mesh, the Fr thresholds (for-

mula 3) were determined based on the concept of subcritical, super-

critical and critical flow conditions, and bed shear stress thresholds

were calculated manually in the following to characterize bed mobility

stages for a better understanding of the sediment transport behav-

iour. The bed shear stress thresholds which define bed mobility stages

(Escobar-Arias & Pasternack, 2010) were determined based on the

concept of the Shields shear stress (using formulas 4 and 5). The criti-

cal value of shear stress was extracted from the Shields diagram for

each measured grain size fraction including D5, D16, D50, D90 and D95.

Simulated boundary shear stress at each node in the computational

mesh was then compared with these thresholds of the bed mobility

stages determined using Shields’ formula during simulation time steps.

To assess the cross-sectional variation of hydraulic and morphologic

parameters, three cross-sections (locations 1, 4 and 7, Figure 1a) were

employed to illustrate the detail of hydro-morphodynamic simulation

from most upstream to most downstream reach. The effective wetted

area (WA) of computational cells under a given discharge was also
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calculated (Antonetti et al., 2023). The Fr, shear stress and WA were

calculated according to the following equations (Francalanci

et al., 2008; Parasiewicz, 2007):

Fr¼ V

gDð Þ0:5
ð3Þ

τ¼ ρV2

C�2
ð4Þ

τ� ¼ τ

γ Gs�1ð ÞD ð5Þ

WA¼
Xn

i¼1

Ai ð6Þ

where V = depth averaged velocity (m/s), g = acceleration due to

gravity (9.8 m/s2), D = flow depth (m), τ = boundary shear stress

which is the variable that best characterizes the strength of the flow

around the particle (N/m2), ρ = water density (kg/m3), C� = dimen-

sionless Chezy coefficient, τ� = dimensionless critical shear stress, γ¼
water specific weight (9.807 KN/m3), Gs= sediment specific gravity

(assumed to be 2.65), D= sediment grain diameter (mm),

WA=wetted area (m2) and Ai= area of ith computational cell.

To compare bed elevation changes between different flood sce-

narios induced by flood geomorphic processes, ‘net deposition’, ‘net
erosion’ and ‘net change’ were determined for each scenario. The net

deposition was computed as the sum of positive cells computed from

the first and last DEM. The net erosion was calculated as the sum of

negative cells computed from the first and last DEM. The net change

was calculated as the sum of positive and negative cells derived from

the first and last DEM.

4 | RESULTS

4.1 | Model calibration

Model calibration using adjusted Manning’s n (ranging from 0.02 to

0.055) to minimise MAE and RMSE reveals calculated error statistics

for both measured and simulated flow velocity (Figure 3). Manning

roughness 0.04 reflected the minimum calculated error statistics.

Therefore, this value was selected to have the best model predictive

capability. The overall calibration value of 0.04 is comparable with

that found in other studies (Carolli et al., 2017; Espa et al., 2015).

Comparing modelled DoD generated from Delft3D with measured

DoD generated from pre-and post-flood drone-based data, under Sc1,

also shows the combination of hydrodynamic modelling and applied

T AB L E 1 Hydrograph characteristics of the released (Sc1 and Sc4) and designed flow scenarios (Sc2, Sc3, Sc5 and Sc6) at the Lower Spöl
River, downstream of the Ova Spin reservoir.

Flood hydrograph elements

Flood scenarios

Sc1 Sc2 Sc3 Sc4 Sc5 Sc6

Base flow (m3/s) 0.9 0.9 0.9 0.9 0.9 0.9

Rising limb avg. rate (l/s/s) 2.5 2.5 2.5 5 5 5

Peak flow magnitude (m3/s) 25.9 25.9 25.9 40.9 40.9 40.9

Peak duration (minutes) 120 120 120 105 105 105

Falling limb avg. rate (l/s/s) 2.5 1.85 5 2.5 1.85 5

Flood duration (minutes) 480 480 345 690 690 555

Released water vol. (m3) 457,830 488,682 324,630 1,040,490 992,268 989,550

Note: avg. is average and vol. is volume.

F I GU R E 2 Designed flow scenarios for the Spöl River, downstream of the Ova Spin reservoir; cms stands for cubic meters per second; *
slope of the rising limb is due to restriction on available water volume to release. [Color figure can be viewed at wileyonlinelibrary.com]
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bedload transport formula acceptably matched with field measure-

ments (Figure 3). Moreover, a good agreement was found between

the behaviour of the hydro-morphodynamic simulation and what is

observed in nature (Figure 4).

4.2 | Flood scenario modelling

Hydro-morphodynamic modelling of the six flood scenarios shows a

varied response in hydraulic and geomorphological conditions. An

increase in flood magnitude from 25 to 40 m3/s (around 60% increase

in flood magnitude and 127% increase in total volume of released

water from Sc1 to Sc4) resulted in an increase in wetted area by 14%

(corresponding to 9,386 m2; details of the total wetted area is pres-

ented in the supporting information Table S4). Decreasing the falling

limb rate (represented by Sc2 and Sc5), both caused a 1% increase in

wetted area compared to Sc1 and Sc4, however, by increasing the fall-

ing limb rate from 2.5 to 5 L/s/s in Sc3 and Sc6 respectively, a reduc-

tion by 2% and 4% of wetted area occurred. The most profound

differences are between Sc1 and Sc4 with two different flood magni-

tudes and are analysed in Figure 5. According to this figure, the river

flow under Sc1 (during the peak flow) reached a velocity of 4.14 m/s,

flow depth 2 m, Fr 2.13, bed shear stress 233.8 N/m2, vorticity 1.26

1/s and TKE 3.46 m2/s2. However, the river flow under Sc4 experi-

enced flow velocity of 5 m/s, flow depth 1.75 m, Fr 2.41, bed shear

stress 327.6 N/m2, vorticity 2.41 1/s and TKE 5.79 m2/s2. The figures

for Sc1 also show that the mean hydraulic values changed before and

after the floods with velocity from 0.57 m/s (pre-flood condition) to

0.72 m/s (post-flood condition, 900 min after flood initiation), flow

depth 0.19 to 0.13 m, Fr 0.44 to 0.59, bed shear stress 10.1 to

13.3 N/m2, vorticity 0.48 to 0.7 1/s and TKE 0.009 to 0.006 m2/s2. A

similar trend has been observed for Sc4.

The overall spatial pattern of hydraulic parameters (Figure 6)

shows that the flow pattern is strongly altered after the flood. The

floods caused an increase in the flow velocity and total submerged

area in the floodplain and change in spatial pattern of bed shear stress

and flow complexity metrics.

To illustrate temporal changes in hydraulic conditions between

flood scenarios, simulated Fr during floods and the percentages of

nodes with various Fr classes were compared in Figure 7. These

results show that increasing the rate of the falling limb of the flood

hydrographs (Sc3) diminished the variety of flow conditions during

the flood, in comparison to Sc1 and Sc2 with the same flow magni-

tude. Sc3 created 23% (12 999 m2) less wetted area within the range

of 0.5 ≤ Fr < 1 (subcritical) in comparison to Sc1 and Sc2. Sc3 also

generated 12% (6919 m2 area) and 17% (9732 m2) fewer mesh nodes

within the range of Fr < 0.5 (subcritical) and Fr ≥ 1 (super-critical) in

comparison to Sc1 and Sc2. By decreasing the falling limb from Sc1 to

Sc2, 7% (4036 m2) more mesh nodes with Fr > 0.5 are created.

The same case applied to Sc6 (with Qpeak = 40 m3/s) when com-

paring this scenario with Sc4 and Sc5 with the same peak flow magni-

tude. This scenario generated 13% (7,496 m2), 25% (13,771 m2) and

8% (4,613 m2) fewer mesh nodes with range Fr < 0.5, 0.5 ≤ Fr < 1

and Fr ≥ 1 in comparison to Sc4 and Sc5. By increasing in the peak

flow magnitude, Sc4 (with Qpeak = 40 m3/s) in comparison to the Sc1

(with Qpeak = 25 m3/s) has 12% (7,137 m2), 47% (26,974 m2) and

F I GU R E 3 (a) Model calibration using velocity errors of measured and modelled flow velocity at the Wooden Bridge, using mean absolute
error (MAE) and root mean squared error (RMSE), under Sc1 to calibrate the hydrodynamic model; (b) measured DEM of difference (DoD);
(c) modelled DoD under Sc1; (d) difference between measured and modelled DoDs; (e) a close-up of the measured DoD; and (f) a close-up of the
modelled DoD. Negative and positive values show erosion and deposition respectively; flow direction from right to left. [Color figure can be
viewed at wileyonlinelibrary.com]
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F I GU R E 4 Visual comparison between the spatial distribution of simulated hydraulic parameters (a, b, c) and field photos (d, e, f, g);
(a) simulated water depth before the flood; (b) simulated water depth during flood Sc4; (c) simulated sediment erosion and deposition after flood
Sc4; (d) before flood Sc4; (e and f) during flood Sc4; and (g) after flood Sc4. Arrows show the flow direction. Circles with similar colours show
corresponding locations in the model and nature. Comparing figures a and b with d and e (water level changes at the left river bank before
Wooden Bridge) represents a good agreement between the hydro-morphodynamic simulation and what is observed in nature; this agreement can
also be observable by looking at yellow circles which shows the same location of an inundated area in model and nature. The light blue circle in
figure c presents sediment erosion and deposition patterns in much the same pattern as is in figure g. [Color figure can be viewed at
wileyonlinelibrary.com]

F I GU R E 5 Descriptive summaries of multiple hydraulic variables for pre-flood, peak flood (360 min after flood initiation) and post-flood
(900 min after flood initiation) conditions for the entire river reach under all flood scenarios.
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F I GU R E 6 Detailed example view of simulated hydraulic parameters under Sc4 (Qpeak = 40 m3/s) near the Wooden Bridge; (a) pre-flood,
(b) during peak flood and (c) post-flood conditions; flow direction from right to left. [Color figure can be viewed at wileyonlinelibrary.com]
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91% (52,545 m2) more areas with Fr < 0.5, 0.5 ≤ Fr < 1 and Fr ≥ 1

thresholds, respectively.

4.3 | Morphodynamic variation

Calculation of the critical shear stress (See supporting information

Table S5) shows the entrainment thresholds required to move differ-

ent grain size fractions and various phases of sediment transport

including fine, medium, coarse and very coarse gravel mobility stages.

Simulated boundary shear stress at each node in the computational

mesh compared with the thresholds of the bed mobility stages during

different time steps (Figure 8) resulted in boundary bed shear stress

thresholds of 5.5 ≤ τ < 9.9 for washing fine gravel stage, 9.9 ≤ τ <

23 for medium gravel movement stage and 23 ≤ τ < 57 and τ ≥ 57 for

the full mobility stage.

Increasing the rate of the falling limb (Sc3) resulted in a reduction

in the percentage of mesh nodes within a specific shear stress thresh-

old for the entire simulation area. Sc3 involved the river bed 37% less

in the full mobility (23 ≤ τ < 57 and τ ≥ 57), 43% less in the medium

gravel movement (9.9 ≤ τ < 23) and 46% less in the fine gravel mobil-

ity (5.5 ≤ τ < 9.9) in comparison to Sc1. Similarly, Sc6 involved the

river bed in 18% less in the full mobility stage, 35% less in the medium

gravel movement stage and 22% less in the washing fine gravel stage,

in comparison to Sc4. By increasing the magnitude of the flood in Sc4,

the number of mesh nodes with full mobility increased by 42%

F I GU R E 7 Percentages of the number of cells within Fr number classes per the total count of wet nodes under Sc1, Sc2 and Sc3 with
Q = 25 m3/s and Sc4, Sc5 and Sc6 with Q = 40 m3/s. [Color figure can be viewed at wileyonlinelibrary.com]
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(24,382m2 wetted area), and fine gravel mobility increased by 4%

(2,450m2), but the number of mesh nodes of medium gravel mobility

decreased for 7% (4,263m2) in comparison to Sc1.

The transport of sediment particles during simulated flood events

was divided into suspended load and bedload. Table 2 presents a

cross-sectional variation of total load, suspended load and bedload

transport volume (m3) for two upstream (U/S) and downstream (D/S)

cross-sections (Cross-sections 1 and 4 are shown in Figure 1; more

information on bed elevations at the cross-sections is provided in the

supporting information Figure S4) under all flood scenarios. Cumula-

tive sediment transport shows that in all cases the suspended load

accounts for 76% to 87% of total sediment. By increasing flow magni-

tude (comparison of Sc1 and Sc4), the total volume of transported

sediment increased from 1,172 to 2,695 m3 (an increase of 130%) in

the upstream cross-section. Increasing the flow magnitude did not

equally contribute to increasing suspended and bedload transport.

It resulted in a 170% increase in the transported bedload volume

and a 120% increase in the transported suspended load volume. By

decreasing the rate of the falling limb in Sc2 (compared to Sc1), there

was an increase in the rate of the total sediment, suspended load, and

bedload transport by 12.3%, 13.2% and 8.5%, respectively. However,

increasing the rate of the falling limb in the Sc3 caused a decrease in

the rate of the total sediment, suspended load and bedload transport

by 13.2%, 14.2% and 12.8%, respectively. All flood scenarios repre-

sented an average decrease in the total transported sediment volume

by 47% towards the end of the reach.

F I GU R E 8 Percentages of cells within entrainment thresholds per the total count of wet nodes under Sc1, Sc2 and Sc3 with Q = 25 m3/s
and Sc4, Sc5 and Sc6 with Q = 40 m3/s. [Color figure can be viewed at wileyonlinelibrary.com]
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Interplay effects between the flow and bed morphology are

observable in sedimentation and net elevation change. The median

net elevation change and net total volumetric change are shown in

Figure 9 and Table 3 under all flood scenarios. There was a difference

between Sc1 (953 m3) and Sc2 (1,048 m3) of 10% in volumetric

changes. The difference between Sc1 (953 m3) and Sc3 (885 m3) was

a 7% change. The difference between Sc4 (1,956 m3) and Sc5

(1,984 m3) was just 2%, and between Sc4 and Sc6 (1,795 m3) was 8%.

Comparing net total volumetric changes between Sc4 and Sc1

resulted in just over a doubling (105%). Median net elevation change

between scenarios with the same peak flood magnitude was not sig-

nificantly different (0.15 m under Sc1, Sc2 and Sc3, and 0.20 m under

Sc4, Sc5 and Sc6). Contrastingly, there was a 33% change between

Sc1 (0.15 m) and Sc4 (0.20 m).

Moreover, the results of the Kruskal–Wallis test (p < 0.001) on

spatial and temporal variation of erosion and deposition indicated sig-

nificant differences between scenarios, with a post hoc pairwise

Wilcoxon test (p < 0.001 for all the tests) indicating that all scenarios

are significantly different from one another. Therefore, changing

down-ramping rates resulted in changes in the spatial–temporal varia-

tion of sediment erosion and deposition which are significantly differ-

ent under different scenarios.

5 | DISCUSSION

Using the detailed streambed topography and experimental flood

release conditions found at the Spöl River, it was possible to use two

experimental flood releases to calibrate and validate a 2D hydro-

morphodynamic model. The model was subsequently used to estimate

how alterations to the flood magnitude and falling limb (using mod-

elled scenarios) altered hydraulic and geomorphological conditions

within the study reach. In general, the modelled flood scenarios were

found to be highly informative.

5.1 | Effect of the flood magnitude on hydro-
morphodynamic conditions

The difference between the measured DoD and the simulated DoD

showed the patterns of field and modelled DoDs were identical. Com-

parison of the hydro-morphodynamic model results with the field

observations shows that sediment transport and the resultant mor-

phological change affected the wetted area extent and the flow pat-

tern within the Spöl River. More interestingly, the flood enhanced

spatial heterogeneity of flow complexity metrics (e.g. vorticity and

TKE). With a 60% increase in flood magnitude from Sc1 to Sc4 (from

25 to 40 m3/s with a similar falling limb rate), the wetted areas

(Table S4) corresponding to available velocity, Fr and bed shear stress

ranges increased by 9,160 m2, wetted area corresponds to vorticity

and TKE values raised by 9,386 m2 and net total volumetric change

raised by 1,002 m3 (Table 3). These findings are similar to those found

by Schlosser (1995) who reported that extreme high discharges

increased the length of the stream edge and perimeter of the lateral

flow areas. Wright and Kaplinski (2011) and Rueda (2015) stated that

the flood hydrograph characteristics (such as peak discharge and fall-

ing limb) could strongly influence the flow complexity metrics, affect-

ing channel morphology by altering bed shear stress and sediment

transport. This increase in wetted area is important in creating spatial

heterogeneity in flow pattern and hydraulic conditions as determined

by hydromorphological diversity. This result is also consistent with

Van Appledorn et al. (2019), who documented the effect of floods on

wetted areas caused by morphologic changes.

The modelling has also shown that the floods increased net total

volumetric changes and led to hydromorphological modifications.

Results from simulating two different flood magnitudes showed that

increasing the flood magnitude increased the net total volumetric

change by more than double (Table 3). This suggests that the 40 m3/s

floods have more sediment transport capacity than the smaller

25 m3/s floods and moved larger sediment particles as bedload. The

T AB L E 2 Cumulative sediment transport (m3) for both upstream (U/S) and downstream (D/S) cross-sections in post-flood condition (900 min
after flood initiation); local peak Q includes Cluozza discharge.

Flood scenario Location

Flow discharge characteristics Cumulative volume (m3)

Local peak Q (m3/s) Falling limb rate (L/s/s) Total transport Bedload Suspended load

Sc1 U/S 26.83 2.5 1172.3 232.9 939.3

D/S 26.83 2.5 615.6 77.7 537.9

Sc2 U/S 26.83 1.85 1316.4 252.8 1063.6

D/S 26.83 1.8 707.6 93.3 614.3

Sc3 U/S 26.83 5 1018.0 199.8 819.0

D/S 26.83 5 526.4 68.6 457.8

Sc4 U/S 43.16 2.5 2694.9 628.4 2066.4

D/S 43.16 2.5 1447.8 267.7 1180.0

Sc5 U/S 43.16 1.85 2605.9 592.5 2013.3

D/S 43.16 1.85 1371.3 239.0 1132.3

Sc6 U/S 43.16 5 2422.6 581.8 1840.7

D/S 43.16 5 1281.8 243.7 1038.0
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increase in sediment mobility observed in the both magnitude flood

events is likely to have enhanced geomorphological complexity by

transporting sediment and driving sediment erosion and deposition to

create a new flow and hydraulic conditions (Lane et al., 2020; Wyrick

et al., 2014). In addition, Gostner (2012) found that

hydromorphological changes had a significant impact on the ecological

function of the river ecosystem. Future work should assess the effect

of such morphological changes on enhancing aquatic habitat ecologi-

cal conditions. Median net elevation change under different peak

flood magnitudes was not significantly different (Table 3). Pfeiffer

et al. (2019) observed that the relationship between peak flood mag-

nitude and the bed elevation change is not linear, and bed elevation

might show little or even zero response to the highest peak discharge.

In other words, they noted that there is a lack of a relationship

between flood magnitude and changing bed elevation. This highlights

the need for carefully designed experimental flood releases (Lane

et al., 2020; Loire, Grosprêtre, et al., 2019). In this context, an essen-

tial benefit of morphodynamic modelling is that it quantifies erosion

and deposition during a flood and for different flow scenarios that

would otherwise be unobtainable.

The complexity of the flow pattern is strongly altered after the

floods due to sediment transport, erosion, deposition and changes in

bed morphology (as shown in Figure 6). Before the floods, low flows

created many patches. In contrast, the floods readjusted the river bed

morphology and reworked the river bed, leaving a more uniform

gravel extent. For instance, the spatial pattern of TKE showed signifi-

cant improvement in post-flood conditions compared to pre-flood

conditions. This is because of the effect of flood on the river bed mor-

phology (Tamminga et al., 2015). The interaction between sediment

erosion and deposition (induced by changes in shear stress) and

altered flow complexity metrics (i.e. vorticity and turbulent flows)

changed spatial extent of gravels. Future work should investigate the

effect of complexity flow metrics on enhancing river habitat heteroge-

neity after releasing experimental floods. Studies show that too much

erosion can lead to scouring and washing organisms out (Downes &

Street, 2005), while deposition of large quantities of sediment can

lead to burial (Conroy et al., 2018; Wood, 2005). The ability to design

and model appropriate flood hydrographs helps improve the amount

and distribution of geomorphological structures without too much

scouring or sediment deposition and also reducing the pressure on

F I GU R E 9 Net total volumetric change for the entire study reach at different time steps under (a) 25 m3/s and (b) 40 m3/s flood scenarios.
[Color figure can be viewed at wileyonlinelibrary.com]

T AB L E 3 Net sediment deposition, erosion, and change under Sc1–Sc6 for the entire study reach.

Topographic change
ΔZ� ΣVol ΔZ� ΣVol ΔZ� ΣVol
(m) (m3) (m) (m3) (m) (m3)

Sc1 Sc2 Sc3

Net deposition 0.154 8008 0.158 8215 0.150 7813

Net erosion �0.142 �7054 �0.144 �7167 �0.137 �6928

Net change 0.15 953 0.15 1048 0.14 885

Sc4 Sc5 Sc6

Net deposition 0.206 11,532 0.206 11,433 0.199 11,261

Net erosion �0.188 �9576 �0.186 �9450 �0.188 �9466

Net change 0.20 1956 0.20 1984 0.19 1795

Note: ΔZ � is the median net elevation change and ΣVol is the net total volumetric change of all numerical cells in the computational domain. Deposition

and erosion refer to aggradation and degradation, respectively.

1040 HASHEMI ET AL.

 10969837, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/esp.5749 by T

est, W
iley O

nline L
ibrary on [21/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com


the reservoir water volume (Lenzi & Marchi, 2000; Rainato

et al., 2018).

Based on the results, increasing the flow magnitude during the

rising limb of the hydrograph (Table 2) had a more effect on bedload

transport than suspended load (nearly more than 20%), even though

suspended load counts for 76% to 87% of the total sediment trans-

port in all flood scenarios. This aligns with Hsu et al. (2011) and Rueda

(2015) reported suspended and bedload transport that differs on the

rising and falling limbs. This could be because the smaller flood magni-

tudes already transported suspended sediment as the flow is above

the threshold of fine particle transport. In contrast, larger floods were

associated with a longer flow duration above the threshold of coarse

sediment motion which transports bedload.

5.2 | Effect of the falling limb

The rate of falling limbs of flood releases greatly influenced sediment

transport and morphological changes in the downstream river. In

gravel bed rivers, the falling limb rate organises the spatial distribution

of substrate, and this organisation can have a significant impact on

bed morphology and resulting hydraulic conditions (Newson &

Newson, 2000). The decline in the sediment deposition and available

wetted areas due to the increasing falling limb rate may reflect the

fact that it affects river bed morphology and bed development pro-

cesses (Hayes et al., 2019; Mao, 2012; Pitt & Kendy, 2017; Staines &

Carrivick, 2015; Welcomme & Halls, 2004). Therefore, to create a

dynamic hydraulic condition and minimise the risk of fish stranding, it

would be more ecologically suitable to design the falling limb of a

flood to be gradual enough to permit the complete reworking of bed

morphology (Hayes et al., 2019). Additional effort should be con-

ducted in future research to model fish drift and stranding within the

Spöl, including validation with observed fish data.

Similarly, a reduction in the falling limb slope (increasing duration

of falling limb represented by Sc2 and Sc5; Figure 9 and Table 3) led

to increased net total volumetric change and extended post-flood

wetted areas. Comparing the temporal pattern of bed shear stress

revealed that it remained beyond the mobility threshold even during

the hydrograph’s falling limb, which means the falling limb still influ-

ences sediment transport, although the flow discharge is declining.

The results show that a more gradual falling limb keeps high shear

stress (more than the mobility threshold) for a more extended period,

which causes the river bed to experience sediment entrainment

mobility much longer (Figure 8). Therefore, the falling limb’s slope and

duration play an essential role in the sediment transport volume

and bed morphology after the peak flood (Hassan et al., 2006; Stähly

et al., 2020).

Comparing results between downstream and upstream cross-

sections (Table 2) revealed that all flood scenarios caused more

suspended and bedload transport in upstream cross-sections than in

the downstream sections. Additionally, it is evident from the results

that a lower falling limb slope eventually increased the total trans-

ported sediment through the whole system. This longitudinal pattern

indicates that some mobilised sediment was subsequently stored

within the study reach, rather than being fully evacuated, which could

mean that the falling limb’s duration affects both sediment transport

and bed morphology. Spatial and temporal variation in sediment trans-

port within two cross-sections in a river reach has been reported in

other studies (Liedermann et al., 2018; Wohl & Cenderelli, 2000).

5.3 | Designing experimental floods

In this study, real-world constraints were part of the design choice,

including the maximum authorised water volume and peak flow to

release to avoid the river experiencing a floodplain inundation

downstream of the River where there are agricultural farms and also

endangered the Wooden Bridge’s safety. The magnitude of this

flood scale (i.e. bank-full 1.6–2 year return period) was a small flood

compared to what a natural river may experience. It is critical to the

habitat if it never receives a floodplain flood and only in small

bank-full floods. However, it seems that there is a threshold of

flood magnitude that enables sediment transport and prolongs this

(shallower recession limb) and therefore allows more bed change.

These design criteria and thresholds could be taken into account by

reservoir managers.

6 | CONCLUSION

Using 2D numerical modelling to simulate flood scenarios, this study

found releasing higher flood peak magnitude caused more net total

bed volumetric change. However, releasing a lower flood peak

(25 m3/s rather than 40 m3/s) magnitude may be sufficient to flush

sediment and improve hydromorphological conditions and the com-

plexity of flow patterns in the Spöl River. We also found that the fall-

ing limb is an important feature of the flood regime in changing spatial

patterns of bed morphology to create a dynamic flow pattern. Distri-

bution of TKE along the river showed significant improvements of

flow complexity pattern in post-flood conditions compared to pre-

flood condition. Preferring any released flood over another one

depends lastly on the objectives and operational goals of the release.

Alternative objectives may include higher sediment transport regime

or reworking existing river bed morphology to maximize flow hetero-

geneity as observed in this study.

The results presented in this paper illustrate the importance of

using high-resolution geomorphologic datasets coupled with hydro-

morphodynamic models. This allows the design of experimental floods

simply not only by considering the available flow (Whipple &

Viers, 2019) but also by considering other key ecological metrics

such as sediment transport, river bed morphology (Ashworth &

Ferguson, 1986) and flow complexity metrics. Modelling sediment

transport and changes in river bed morphology is imperative because

the interaction of the two sets of processes determines hydraulics

and flow complexity metrics. Therefore, taking these interactions into

account when designing high flow releases from reservoirs is critical,

particularly in heavily modified rivers, which are substantially changed

in hydromorphological character (Acreman et al., 2014). The work

presented here provides information and tools for river managers to

optimise flood release programs that improve hydromorphological

conditions considering water resource availability and operational

constraints in the River Spöl.
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