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"The thing the ecologically illiterate don’t realize about an ecosystem,"
Kynes said, "Is that it’s a system. A system!

A system maintains a certain fluid stability that can be destroyed by a misstep in just
one niche. A system has order, a flowing from point to point.

If something dams that flow, order collapses.
The untrained might miss that collapse until it was too late.

That’s why the highest function of ecology is the understanding of consequences."

Frank Herbert - Dune (1965)





Abstract

Rivers sediment (dis)connectivity is a distributed property of river net-
works, emerging from numerous sediment transport processes across
the entire network and their interactions in time and space, and plays a

profound influence on river health and human livelihood. However, anthropic
activities have profoundly altered sediment transport in river systems: dam
construction starves the channel and delta of material, while land-use change
alters the characteristics and rate of sediment delivery. The resulting impacts
range from delta shrinking and banks instability to ecosystem degradation in
the river and on the connected floodplains. Nevertheless, the evaluation of sed-
iment (dis)connectivity degradation by human activities is often performed at
the local scale, ignoring the basin-wide implications on the network morphol-
ogy and the cumulative effects of multiple alterations.

The research in this thesis focuses on developing network-scale sediment
(dis)connectivitymodels for sediment processes characterization and anthropic
alteration impact assessment. First, this work contributes the CASCADE tool-
box for sediment transport modelling , which expands on the original CAS-
CADE (CAtchment Sediment Connectivity and DElivery) model by partition-
ing sediment transport into distinct grain size classes and including fractional
transport formulas. The new structure allows for a more extensive represen-
tation on the type and rate of sediment delivery throughout the network. The
scarcity of input data for networkhydro-morphologydefinition is compensated
by using recently available large-scale datasets and performing extensive sen-
sitivity analysis on the model parametrization. The toolbox is applied on the
Vjosa river in Albania to quantify and characterize sediment transport and its
influence on river forms stability in a data-scarce environment.

A second achievement is the development of D-CASCADE, a dynamic,
network-scale sediment (dis)connectivity model. The framework traces sed-
iment delivery and transport patterns across time and space, allowing for a
more thorough representation of sediment (dis)connectivity. Add-ons com-
ponents are integrated in the flexible model structure for detailed representa-
tion of channel morphodynamic response to sediment delivery alterations. We
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tested the D-CASCADE model on the Bega river network, in Australia, to re-
construct historical morphological changes due to human activities across two
centuries.

D-CASCADE represents an important tool for strategic and sustainable
planning and management of multiple human infrastructures on river systems.
In this research, we focused on water and sediment management in reser-
voirs, and demonstrated the potential of D-CASCADE to quantify the spatio-
temporal effects of dam operations, both locally, e.g, reservoir storage losses
due to sedimentation, and on the broader river sediment (dis)connectivity. The
model network-scale scope allows for the representation of multiple reservoirs
on the same system, and the evaluation of the changes in the cumulative ef-
fects on sediment transport given by different design and timing of reservoirs
management strategies. These may include both standard operations like daily
water release, and exceptional events like drawdown sediment flushing. The
D-CASCADE model is tested on the 3S system, a tributary of the Mekong, to
evaluate strategic water and sediment management in multi-dam schemes.

Finally, the new models presented are designed to be integrated into
optimization-based frameworks for strategic reservoir management, to eval-
uate optimal trade-off between more traditional objectives like hydro-power
production and irrigation demand, and the conservation of natural sediment
(dis)connectivity.

Part of this research has appeared or are about to appear in the following
journal publications:

• Tangi, M., Schmitt, R., Bizzi, S., Castelletti, A., 2019. The CAS-
CADE toolbox for analyzing river sediment connectivity and man-
agement. Environmental Modelling & Software 119, 884 400–406.
DOI:10.1016/j.envsoft.2019.07.008

• Bizzi, S., Tangi, M., Schmitt, R.J.P., Pitlick, J., Piégay, H. & Castelletti, A.F.
(2021) Sediment transport at the network scale and its link to channel
morphology in the braided Vjosa River system. Earth Surface Processes
and Landforms, 46( 14), 2946– 2962. DOI:10.1002/esp.5225

• Tangi, M., Bizzi, S., Fryirs, K., & Castelletti, A. (2022). A dynamic, network
scale sediment (dis)connectivity model to reconstruct historical sediment
transfer and river reach sediment budgets. Water Resources Research, 58.
DOI: 10.1029/2021WR030784

• Tangi, M., Bizzi, S. and Castelletti, A. Strategic water and sediment man-
agement in reservoirs to reduce storage losses and protect network con-
nectivity. (In preparation).
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Sommario

Con il termine (dis)connettività dei sedimenti si indica una proprietà distri-
buita delle reti fluviali, risultante dalle interazioni spaziotemporali di
molteplici processi di trasporto solido lungo tutto il bacino idrografico,

che influenza profondamente la salute del sistema fluviale e il benessere delle
popolazioni locali che da esso dipendono.

Le attività antropiche alterano i processi fluviali di trasporto di sedimenti: la
costruzione di dighe, ad esempio, riduce l’apporto solido a canali e delta, mentre
l’alterazione dell’uso del suolo modifica la tipologia e l’intensità dei contributi
di materiali dai versanti. Queste modifiche portano a ampi impatti sul sistema
fluviale, che possono includere restringimento dei delta, instabilità degli argini
fluviali e deterioramento degli ecosistemi fluviali e delle adiacenti pianure al-
luvionali. Nonostante ciò, le analisi di impatto ambientale vengono solitamen-
te svolte a scala locale, ignorando così le implicazioni a livello di bacino sulla
connettività dei sedimenti e gli effetti cumulati di molteplici alterazioni su un
singolo reticolo idrografico.

La ricerca illustrata nel presente lavoro di tesi è focalizzata sullo sviluppo
di modelli che riproducano la (dis)connettività dei sedimenti a scala di baci-
no, caratterizzando i principali processi morfologici responsabili, e valutino gli
impatti delle alterazioni antropiche.

Nella prima parte viene presentato ed illustrato il toolbox CASCADE, che
permette la simulazione del trasporto di sedimenti sull’intero reticolo fluviale.
Esso espande la struttura dell’originale modello CASCADE (CAtchment Sedi-
ment Connectivity AndDElivery) includendo la rappresentazione differenziata
del movimento di particelle di diverse grandezze attraverso l’uso di formule di
trasporto solido frazionario. Questa nuova struttura permette di esplicitare la
tipologia e la composizione dei materiali trasportati e depositati in ogni pun-
to del sistema fluviale. La mancanza di dati di input distribuiti, raramente resi
disponibili dalle campagne dati locali, è compensata dall’uso di database idro-
morfologici a larga scala e dall’impiego di analisi di sensitività sui parametri in
ingresso al modello. Il toolbox è stato applicato sul fiume Vjosa, in Albania, con
lo scopo di quantificare e caratterizzare il trasporto di sedimenti in un caso stu-
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dio povero di dati e stabilire una relazione tra questi processi e la stabilità delle
forme fluviali.

Un secondo contributo consiste nella presentazione di D-CASCADE, un
modello per la simulazione dinamica della (dis)connettività dei sedimenti. D-
CASCADE risulta capace di tracciare il trasporto di materiali sia nello spa-
zio che nel tempo, garantendo una più completa rappresentazione dei proces-
si morfologici. Componenti “add-on” sono stati integrati nella struttura fles-
sibile del modello, garantendo così una rappresentazione più dettagliata della
morfodinamica dei canali fluviali in risposta a cambiamenti nella disponibilità
e nell’ apporto dimateriali solidi. D-CASCADE è stato testato sul fiumeBega, in
Australia, per la ricostruzione di cambiamenti morfologici avvenuti lungo due
secoli causati da attività umane nel bacino idrografico.

D-CASCADE rappresenta, inoltre, uno strumento innovativo per la pia-
nificazione e la gestione strategica e sostenibile di molteplici infrastrutture
antropiche su una singola rete fluviale.

In particolare, la ricerca qui presentata si concentra sulla regolazione del
bilancio idrico e dei sedimenti nei bacini delle dighe, e dimostra l’ampio po-
tenziale di D-CASCADE per la valutazione degli effetti, dislocati nello spazio
e nel tempo, delle differenti strategie di gestione degli impianti, sia a livello lo-
cale, es. ad esempio attraverso il progressivo interramento dei bacini, sia sulla
(dis)connettività dell’intero reticolo.

La prospettiva a larga scala permette di simulare la presenza di moltepli-
ci dighe su un singolo sistema fluviale, e di valutare gli effetti cumulati del-
le loro operazioni di gestione dei serbatoi sui processi morfologici; siano esse
procedure standard come il rilascio giornaliero dall’impianto, o straordinarie
come interventi di fluitazione a bacino vuoto per la rimozione del materiale
depositato.

Il modello D-CASCADE è stato applicato al sistema 3S, un tributario del
Mekong, per esplorare strategie sostenibili di gestione dell’acqua e dei sedimenti
in molteplici dighe localizzate nello stesso sistema fluviale.

I nuovi modelli proposti sono stati sviluppati per essere integrati in processi
di ottimizzazione della pianificazione e gestione di dighe, al fine di indentificare
compromessi tra obiettivi tradizionali, come la produzione idroelettrica o la
domanda irrigua e la protezione della naturale (dis)connettività dei sedimenti.

Parte della ricerca illustrata nel presente lavoro di tesi è stata pubblicata, o è
in procinto di esserlo, sulle seguenti riviste scientifiche:

• Tangi, M., Schmitt, R., Bizzi, S., Castelletti, A., 2019. The CA-
SCADE toolbox for analyzing river sediment connectivity and ma-
nagement. Environmental Modelling & Software 119, 884 400–406.
DOI:10.1016/j.envsoft.2019.07.008
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morphology in the braided Vjosa River system. Earth Surface Processes
and Landforms, 46( 14), 2946– 2962. DOI:10.1002/esp.5225
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1
Introduction

1.1 River (Dis)connectivity in the Anthropocene

From the monumental meanders of the Amazon river to the humble alpine
creek carving its way through the barren rocks, all rivers share the fundamental
role of key connectors in the global hydrological and geochemical cycles. Wa-
ter is collected across the watershed into the streams, from small tributaries to
the largest channels, and carried across various landscapes to the sea, changing
the morphology, landscape, and ecology of the areas it crosses. Carried along
the bed or in suspension by the current, sediment of different sizes and com-
positions are delivered from many heterogeneous sources downstream to the
floodplains, estuaries, and other oceanic or continental sinks where they de-
posit. Dissolved into the water or bounded to the sediment, nutrients are redis-
tributed along the river’s path, providing fundamental sustenance to riverine
and coastal ecosystems, which contains a complex and interconnected ecologi-
cal web composed of countless different species, all relying on the river for food,
shelter, and transportation (Milliman and Meade, 1983; Syvitski et al., 2003;
Vaughan et al., 2009; Abell et al., 2008).

Given the abundance of resources and services provided by fluvial land-
scapes, it’s no surprise that river basins are regarded as cradles of civilization.
From the first human settlements to the sprawling metropolis of today, human
societies have risen and flourished along water courses (James, 2015), employ-
ing and exploiting the wide array of resources available for agricultural, indus-
trial, cultural, and domestic use (Brismar, 2002). The Millennium Ecosystem
Assessment (2005) classified these services into four broad domains, as listed
in Table 1.1. River goods are continuously extracted or diverted from river
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systems to be used for a variety of purposes, be it water for agricultural, do-
mestic, and industrial uses, aquatic animals and plants for sustenance, wood
and timber from vegetation(Horner et al., 2010) or sediment for construction
(Kondolf, 1994). Riverine forests and floodplains also offer protection and mit-
igation from hydrological extremes. Moreover, river systems provide a reliable
mean of transportation for goods and people and a reliable source of mechan-
ical energy to be exploited. In this context, we can confidently state that rivers
are key connectors of human civilization too.

Ecosystem Services Components

Supporting
Nutrient cycling
Soil formation
Primary production from photosynthesis

Provisioning

Food
Fresh water
Wood and fiber
Sediment for construction

Regulation

Climate regulation
Flood regulation
Disease regulation
Riverbank Stabilization
Water purification

Cultural

Aestetic
Educational
Recreational
Spiritual

Table 1.1: List of the ecosystem services provided by river systems and relative main
components as reported from Millennium Ecosystem Assessment (2005)

Many of the ecosystems services provided by river systems are deeply linked
to the interplay between sediment andwater transport (Gilvear et al., 2013). Hy-
draulic forces, influenced by geomorphic elements in channel and floodplains,
shape the type and magnitude of solid material transport. Both these elements
are in constrain co-evolution, resulting in a variety of different morphologi-
cal structures like meanders, gullies, and knickpoints. These intertwined and
dynamic processes involving water and solid material are commonly grouped
under the term of hydro-geomorphology (Vogel, 2011).

2



1.1. River (Dis)connectivity in the Anthropocene

Human influence on river systems

Human presence and river system disturbances have profoundly affected flu-
vial landscapes, dramatically altering their hydro-geomorphology and ecology.
These alterations are a consequence, deliberate or not, of anthropic interven-
tion intended to directly extract fluvial goods and services or regulate their
availability to increase their utility for human activities. Under the first cate-
gory, we find, for example, the deforestation of floodplains and riverine forests,
sediment mining, and fishing activities. In contrast, the second category in-
cludes all fluvial infrastructures designed to divert, store, and generally control
the availably of water for human use, like weirs, channels, and dams (Gallup
et al., 1999).

The benefits guaranteed by these infrastructures are manifested in their
widespread presence thought human history. Dams have been erected on rivers
as early as the thirdmillennia B.C., with traces of damsmade of rock discovered
on the Tigris, Euphrates, and Nile (Jansen, 2012). These projects were designed
primarily for irrigation and water supply, to compensate for the wide hetero-
geneity in the natural water availability during the year, and for flood control
and protection. In medieval Europe and China, the mechanical push of the wa-
ter current, properly guided acrossweirs andmills, provided energy formilling,
mining, and other intensive activities (Walter and Merritts, 2008). With the
advent of electricity, dams started to be used for hydropower generation. As
the first renewable energy source, hydropower played a pivotal role in the elec-
trification and industrialization of human society starting in the 20th century.
During the second half of the 20th century, starting from Europe and North
America (World Commission on Dams, 2000), the number of dams skyrock-
eted all around the world. While the total number of dams existing nowadays
is uncertain, Vörösmarty et al. (2003) estimated dams above 15 m to be more
than 45000 worldwide. Lehner et al. (2011) stated that including smaller dams,
around 46%ofmajor riversworldwide are dammed. Due to the reservoir’s stor-
age capacity, combinedwith the general predictability of the hydrological circle,
hydropower generation is flexible and reliable, capable of covering both peaks
and base energy demands, which is a unique property among renewable en-
ergy sources. As a relatively clean source whose power generation is not de-
pendent on primary energy sources like fossil fuels, hydropower is considered
a prime instrument for fostering sustainable development, as promoted by the
U.N. Sustainable Development Goals (SDGs) (United Nations, 2019), as well as
reducing dependency in developing countries (Chow et al., 2003) to fuel and
energy imports. Given all these reasons, it’s comprehensible that future pro-
jections show an ongoing boom in dam construction, which, if completed in
its entirety, would increase the fraction of major dammed rivers to 72% (Zarfl
et al., 2015).
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Despite their clear advantages, human infrastructures in river systems of-
ten creates negative environmental externalities (Rosenberg et al., 1997; Bris-
mar, 2002; Vörösmarty et al., 2003; Syvitski and Milliman, 2007). These can
be broadly categorized into two distinct groups. Local externalities affect the
area surrounding the dam and reservoir and range from the social aspects of
expropriating and relocating local population and flooding settlements to the
environmental damages of eradicating fluvial ecosystems within the impound-
ments Brismar (2002). Decomposition of submerged biomass typically releases
a non-negligible amount of greenhouse gases (Almeida et al., 2019;Demarty and
Bastien, 2011; Varis et al., 2012) while the impoundments may pose geophysi-
cal hazards (Liu et al., 2004). Evaporation and percolation from reservoirs may
be responsible for considerable water losses, too (Sivapragasam et al., 2009).
The drop in hydrodynamic forces in the current entering the reservoir also de-
creases the capacity of the current to transport sedimentKondolf (1994). Within
the reservoir and, in particular, near the upstream end, sediment deposits may
form deltas which may enhance flood risks and damage upstream infrastruc-
tures (Stevens, 2000). Moreover, the continuous trapping of sediment within
the impoundments lowers the total storage capacity of the reservoir, decreasing
efficiency and increasing maintenance costs of hydroelectric equipment. While
often not considered while planning, economic losses due to lost impound-
ments may reach 30% of annual costs Palmieri et al. (2001). Globally, annual
storage losses due to sedimentation are estimated to exceed the additional in-
stalled storage capacity (World Commission on Dams, 2000). Once decommis-
sioned, reservoirs affected by heavy sedimentation may leave the former reser-
voir area coveredwith sediments whose removal may be too expensive, render-
ing the reservoir site unavailable for future generations Palmieri et al. (2001);
Wisser et al. (2013).

Beyond local impacts, dams are by design a source of disconnectivity in the
river system, as they physically break the continuity of the river network, and
by doing so disrupt the natural hydro-geomorphic and biotic processes which
are founded on this continuity (Rosenberg et al., 1997). The diversion and stor-
age of water change its physical and chemical features, and releasedwater could
damage the river’s ability to dilute pollutants and purify water near the reser-
voir and destroy animal populations sensible to changes in thewater conditions
(World Commission on Dams, 2000). Moreover, dam release is determined by
its operating rule, which often differs from the natural hydrological regime of
the river. Consequently, alterations in the frequency and magnitude of flows
may have repercussions on the biotic and abiotic processes downstream. Re-
duction in flood pulse intensity may promote vegetation overgrowth, which
increase disconnectivity between channel and banks and floodplains (Richter
et al., 1996; Magilligan and Nislow, 2005). Aquatic fauna may be disoriented
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1.1. River (Dis)connectivity in the Anthropocene

by the disruption of the natural food timing and duration, and time cues for
spawning (Næsje et al., 1995). Sediment connectivity is also deeply affected by
dams. Sediment trapping reduces not only the quantity of sediment delivered
downstream, but since coarser particles more readily deposit within the im-
poundment, it also alters the composition of the sediment released. In turn,
this may have a lasting impact on the morphology and ecology of the river, fur-
ther enhanced by changes in the hydrological cycle and flood frequency due
to the dam operational strategy (Larinier, 2001). Water released from the dam
possesses the energy to move sediment but has little or no material to carry. As
a consequence, this so-called "hungry water" (Kondolf, 1994) erodes the river
bed, causing scouring, incision, and channel degradation, increasing collapse
hazard for building and infrastructures situated close to the river (Bizzi et al.,
2015; Wyżga et al., 2016), and changing and degrading fish habitats and spawn-
ing grounds, damaging local fish populations and the communities that rely
on them (Ligon et al., 1995; Kondolf, 2000; Larinier, 2001). The incision also
increases the disconnectivity between rivers and floodplains, as incised chan-
nels are less prone to overbanking. Reduction in the frequency and intensity
of floods brought by dam operations and channel incision may also reduce nu-
trient delivery to the floodplains and foster vegetation growth near the banks,
further increasing floodplain disconnectivity. This, in turn, may decrease fish
access to floodplains spawning grounds, drain groundwater resources, reduce
soil fertility and lower the damping effects of the floodplain during extreme
events (Sholtes and Doyle, 2011). At the river mouth, the lack of sediment sup-
ply decreases delta resilience, amplifying the risks of delta shrinking and coastal
degradation posed by sea-level rise and coastal erosion (Vörösmarty et al., 2003;
Syvitski et al., 2009; Yang et al., 2011).

Besides dams, most anthropic activities on rivers or their by-products can
potentially alter the river’s natural (dis)connectivity. Land-use change such as
deforestation or urbanizationmay alter soil water retention and increasewater,
nutrient and chemical delivery to the river, as well as change the type and mag-
nitude of sediment material delivered to the river or destabilize banks and hill-
sides, leading to further erosion (Boix-Fayos et al., 2008; Shrestha et al., 2021).
Sediment mining alters the morphology of the river, changing channel shape
gradient andmobilizingmaterial to citerinaldi2005sediment,preciso2012land.
Global climate change threatens to alter the natural hydrological cycle and all
the hydromorphological processes related to it.

River (dis)connectivity impacts mitigation

Tomitigate the negative effects brought by anthropic infrastructure and activi-
ties on river systems, a large variety of different interventions have been tested
and implemented on a variety of rivers all over the globe. The aim of these
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initiatives, which ranges greatly in scale and duration, is often to reconstruct
ot at least partially restore the natural hydrological, biological and morphology
(dis)connectivity of the fluvial systems.

Fragmentation in aquatic species habitats and blocking of migration path-
ways have often very tangible effects on local fishing communities and their
economy (Hortle, 2009; Liermann et al., 2012). Fish by-passes are used all
around the world to allow migratory aquatic species to cross artificial barriers.
These are available in a variety of forms, ranging from poll-and-weirs passes
used mostly on small infrastructures to fish elevators in larger dams (Larinier,
2000).

Permanent alterations of natural hydrological cycles are frequent observed
in regulated rivers. Mitigations, for example in case of multiple dams systems
on a single river network, may consist in changing the combined reservoirs re-
lease strategy to better mirror the natural hydrological seasonal cycles. "Envi-
ronmental flow" is used as an indicator to evaluate thewater demand, in termsof
quantity, quality and timing, necessary to sustain fluvial and coastal ecosystems.
Implementation of environmental flow conservation techniques are nowadays
used worldwide in resulted systems (Acreman et al., 2014), although the ap-
proaches used to characterize this indicator in each river system are often situ-
ational and associated with large uncertainties (Dyson et al., 2003).

Alteration in sediment (dis)connectivitymay have long-lasting and profound
impacts on river systems. Strategies for maintaining or reconstructing natural
sediment transport and delivery patters includes a very broad range of tech-
niques with different objectives, areas of intervention, spatial and temporal fre-
quencies and costs. As Kondolf et al. (2014a) defined in his seminar paper, sed-
iment management techniques in regulated basin falls into three broad cate-
gories: 1) reducing sediment inflow, 2) prevention sedimentation within reser-
voir and 3) removing stored sediment.

Strategies which minimize sediment intake by reducing material delivery
to the reservoir includes all techniques for reducing catchment sediment yield
upstream the dam, e.g. soil erosion control via reforestation or changes in
agricultural practices within the catchment. In-channel check-dams and sedi-
ment traps decreases sediment yield by reducing channel gradient and therefore
transport capacity for bedmaterial and debris flows (Takahara andMatsumura,
2008;Mizuyama, 2008), or by directly trapping incoming sediment yields (Kan-
toush and Sumi, 2010).

Approaches for sediment routing around and through the reservoirs aim to
impede the incoming sediment flux from depositing in the reservoir. As the
majority of sediment delivery happens during high discharge episodes, these
techniques are usually performed during these events. They include struc-
tural intervention which must be include during reservoir construction, and
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therefore designed beforehand, like sediment bypasses which collects and de-
liver downstream sediment-rich flood water and off-channel reservoir to be
filled only with "clear" water. Alternately, management techniques like draw-
downs sluicing aim to increase hydraulic forces within the reservoir by dis-
charging high flows during sediment-laden flood events, to allow flood water
to be transported through the basin with minimum sedimentation (Annandale,
2013). Sluicing is most effective in narrow reservoir with high discharge capac-
ity, like the Three Gorges Dam (Zhou, 2007) but has proven somewhat effective
in other case studies (Lee and Foster, 2013).

Removal of settled sediment includes all approaches aimed at reducing the
volume of sediment already trapped and stored within the reservoir. Some of
these techniques requires the use of heavy equipment and are often very costly:
mechanical dredging removes solid material via scrapers, dump trucks, and
other heavy equipment after the complete draw down of the reservoir, while
dredging uses hydraulic suction machinery on barges to remove non-cohesive
material (Stevens, 2000; Palmieri et al., 2003).

Other approaches exploit the hydraulic forces of the water current to scour
the reservoir bed and re-mobilise material. Drawdown flushing is one of these
techniques, and involves the total emptying of the dam basin through specif-
ically designed low-level gates, to generate river-like flow conditions in the
reservoir. If the water discharge is sufficient to induce movement in the de-
posited sediment, flushing should results in scouring of the sediment deposit,
especially if performed during high flow seasons (Stevens, 2000; Kondolf et al.,
2014a). However, there are limitations in the effectiveness of drawdown flush-
ing. Flushing is most effective when performed in small, narrow reservoirs,
or on rivers with strong seasonal flows. The drawdown process may be too
difficult or expensive to be performed regularly for large dams, or the scour-
ing effect of flushing may be too narrow for wide reservoirs. Kondolf et al.
(2014a) assessed that the ratio of reservoir storage to mean annual flow should
not exceed 4%, because of the difficulties in the drawdown procedures. Flush-
ing may be ineffective in removing sufficient volumes of the coarser fraction
of the deposited material. Moreover, release of sediment-rich water from these
operations may damage downstream ecosystems, especially if performed dur-
ing typically non-flood seasons, e.g. by destroying in fish spawning ground or
increasing turbidity (Kondolf, 2000; Larinier, 2001). Despite all this, flushing is
considered one of themost effective sedimentmanagement techniques, and has
been performed successfully in numerous reservoirs around the globe (Stroffek
et al., 1996; Atkinson, 1996; White, 2001; Palmieri et al., 2003). Alternatively,
pressure flushing aim to remove sediment from reservoirs by inducing strong
hydraulic forceswithout previous drawdown, by opening bottomgates and cre-
ating a flushing "cone" near the outlet. While less expensive, this technique typi-
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cally affectsmaterial near the intake, and is therefore less effective as a sediment
removal tool (Stevens, 2000; Annandale, 2013).

The frequency and duration of drawdown flushings present interesting
tradeoff between effective sediment removal and power production losses both
during the operation and due to the loss of the entirety of the stored water. Fre-
quent flushings are considered preferable both for the removal ofmaterial from
the reservoir, by consistently reducing storage losses while avoiding the cre-
ation of a cohesive, tough-to-break layer of material on the reservoir floor, and
for the conservation of downstream ecosystems, by producing seasonal sed-
iment delivery episodes which mimic natural morphological conditions. On
the other hand, the cost of frequent flushing may be too high to bear, espe-
cially in large dams where drawdown is more costly (Kondolf et al., 2014a). The
presence of multiple dams on the same river network introduces a new layer of
complexity, as flushing initiativesmust be coordinated to avoid unplanned con-
sequences. For example, in the case of two dams in series on a river, sediment
mobilized from drawdown flushing of the upstream dam may be delivered to
the downstream reservoir, depositing in its basin and reducing its capacity. A
real life example of this is the Genissiat Dam on the Rhône river, which periodi-
cally receives high sediment loads from the flushing operations of the upstream
Verbois Dams and therefore must adopt sediment flushing techniques itself to
avoid excessive sedimentation (Thareau et al., 2006).

River (dis)connectivity alterations assessment

Predicting and quantifying impacts brought by the alteration of the river’s nat-
ural catchment-scale (dis)connectivity has often proved a daunting task. Nega-
tive externalities are commonly underestimated while planning human infras-
tructures and interventions on rivers Ansar et al. (2014), and impact assess-
ments do not account for the interconnected nature of river systems, where
impacts of various origins often extend beyond the vicinity of their local area
of origin to broad Spatio-temporal scales (Rosenberg et al., 1997; Grill et al.,
2015). To exacerbate the problem, large fluvial systems may present multi-
ple infrastructures and alterations along their course, e.g., multi-dam schemes
along the same river network. These works may be planned with years to the
decade between each other and managed independently, like in the case of dif-
ferent stakeholders involved or in transboundary rivers. Consequently, while
the benefits to anthropic alterations are easier to quantify, estimating negative
impacts is often subject to uncertainty and speculations due to the sheer va-
riety and Spatio-temporal scales involved in impact assessment. For example,
otherwise identical dams may have drastically different impacts on the river
system based on their locations, the hydromorphological and ecological prop-
erty of the river system, the management strategy employed, and the presence
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and legacy of other anthropic interventions or infrastructures on the river net-
work (Andrews, 1991; Jager et al., 2015; Naiman et al., 2000). For the same
reasons, adopting conservation strategies and river restoration initiatives may
yield positive outcomes or no significant results and even be detrimental if the
connective nature of river systems is not accounted for during planning.

To tackle this problem in its entiretywould require the adoption of network-
scale integrated modelling frameworks of the multiple domains of fluvial
ecosystems (i.e., hydrology, ecology, morphology) to identify and estimates al-
terations over large temporal and spatial scale and considering the cumulative
impacts of multiple alterations on the same river network (Richter et al., 2010;
Kondolf et al., 2014b). These frameworks should then be included in integrated
water resources management (IWRM) and planning approaches. Then, multi-
objective analyses (M.A.) within these frameworks quantify and compare trade-
offs between the environmental impacts of a proposed project or management
strategy and the performances of said development plans for other objectives, be
they economic, social, cultural or political (Mendoza andMartins, 2006; Zheng
et al., 2009; Castelletti et al., 2008, 2014; Giuliani et al., 2014; Bizzi et al., 2012).
However, integrated frameworks of this scale are often hardly feasible due to
the sheer complexity of the processes involved, the resources requirement for
the large-scale monitoring and data collection, and the numerous uncertainties
correlated with modelling complex processes and quantifying future impacts.
Thus,most hydromorphological and environmental risk-assessmentmodels fo-
cus primarily on reproducingmore-contained andmoremanageable processes,
e.g., the estimation of dam impact on fish migration (Paulsen and Wernstedt,
1995; Kuby et al., 2005; Zheng et al., 2009; Ziv et al., 2012), or adopt broad
indicators to supply simplified indexes of alterations, e.g., a topologic index
(length of disconnected river network) to evaluate river fragmentation (Opper-
man et al., 2017).

Modelling hydromorphological processes presents a broad set of challenges
due to their sheer complexity and lack of monitoring, calibration, and valida-
tion data. However, in recent years we can find examples of large-scale hydro-
morphological models Gilbert and Wilcox (2020); Czuba (2018); Pfeiffer et al.
(2020), which in some cases are included in multi-objective analysis frame-
works for integrated water resource management (Bizzi et al., 2015; Schmitt
et al., 2018a; Wild et al., 2018). It is the scope of the next section to analyze the
reasons behind the appearance of these models and explore advantages, limi-
tations, and future potentials for large-scale hydromorphological and sediment
transport modeling frameworks.
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Figure 1.1: Representation of network-scale sediment transport and delivery as a
"jerky conveyor belt", which mobilized material from the zone of erosion, through
the zone of transit and eventually to the zone of deposition. Figure from Kondolf
(1997).

1.2 The sediment delivery problem

In 1983, Professor D.E. Walling coined the term "the sediment delivery problem"
to indicate the limited knowledge of the underlying hydromorphological pro-
cesses responsible for sediment supply, transport, and storage. In his seminar
paper (Walling, 1983), he called for researchers to examine the internal dynam-
ics governing sediment transport and the pathways and timeframes which reg-
ulate them. This section introduces the fundamental processes controlling sed-
iment delivery both in the watershed and the river network; and the different
and complex interactions that control river hydromorphology.

To use Ferguson (1981)’s analogy, we can visualize river systems as "jerky
conveyor belts" (Figure 1.1), i.e., a series of pathways where materials are trans-
ported heterogeneously through the catchment. On this "belt", we can distin-
guish three different zones: respectively erosion, transport and deposition. In-
stinctively, we would equate these zones to the river catchment’s upper, middle
and lower areas. While this is broadly true from a watershed perspective, this
classification is not always correct at smaller scales, as differences in lithology,
geology, topology, and ecologymay contribute to classifying an area into one of
these categories regardless of its position in the catchment (Fryirs, 2013). Dy-
namic changes within the area, determined by alterations in hydromorphology,
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ecology and human activities, may also lead to periodical or permanent shifts
in the classification (Fryirs and Brierley, 1999).

Sediments of different materials and sizes are delivered to the stream from
the zone of erosion. These areas may be located on the hillslopes or in-channel:
in the first case, sediment formation is controlled by weathering and erosion,
while delivery to the river may be due to continuous, diffusive processes like
rainfall or singular events like rockfalls or landslides; in the second, hydraulic
forces within the stream are responsible for mobilizing sediment on the river
bed or in the banks (Mueller et al., 2005). The sediment yield due to weather-
ing, and by extension the frequency and intensity of singular erosion events,
varies significantly across all scales: between climatic zones (Syvitski et al.,
2003; Meybeck and Vörösmarty, 2005) and large watersheds (Andrews, 1991),
among close catchments and within the same catchment (Fryirs and Brierley,
2001; Mueller and Pitlick, 2013), or even between single hillslopes and ero-
sion events (Sklar et al., 2017). The driving factors behind sediment creation
and delivery are numerous and again vary across scales. On continental scales,
plate tectonics and basin relief greatly influence sediment yield (Syvitski et al.,
2003). On the catchment scale, lithology, morphology, and difference in local
climate and topology are key factors behind variations in sediment production
(Andrews, 1991; Nicholas et al., 1995; Syvitski and Milliman, 2007; Andrews
and Antweiler, 2012; Mueller and Pitlick, 2013). It is at this scale, moreover,
that human influences becomes more relevant (Fryirs and Brierley, 2001; Lu
et al., 2004; Shrestha et al., 2021). Within the same river catchment, sediment
delivery to the river is influenced in varying degrees by discrepancies in local
lithology, vegetation cover and density, elevation, channel morphology, and the
presence of elements of disconnectivity like floodplains, swamps, and human
infrastructures (Fryirs and Brierley, 1999; Sklar et al., 2017).

The combination of all the processes listed above results in sediment deliv-
erywhichmay differ significantly in bothmagnitude and composition (material
and grain size) across continents, catchments, sub-catchments, and hillslopes.
Within zones of transport, the availability and properties of sediments play an
essential role in determining the fluvial transport rate (Wilcock and Crowe,
2003). These, together with the channel morphological properties features, e.g.,
gradient, wet width, and presence of logs and in-channel vegetation, determine
the threshold of particle motion, i.e., the minimum energy exercised by the hy-
drodynamic forces tomobilize grain of a particular size (Engelund andHansen,
1967; Lamb et al., 2008; Wilcock, 1998). Interaction among sediment of differ-
ent grains size may also influence this threshold (Wilcock and Crowe, 2003).
Once mobilized, sediments are transported at different velocities and with dif-
ferent types of motion: coarsematerial like cobbles, pebbles, and gravel are typ-
ically transported as bed-load, rolling, sliding, and hopping along the river bed
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(Meyer-Peter and Müller, 1948; Parker and Klingeman, 1982). Finer grains are
either transported in suspension (e.g., silt and clay), or mixed transport (e.g.,
sand) (Engelund and Hansen, 1967; Wilcock and Crowe, 2003). Again, hydro-
dynamic forces may influence the type of motion observed in grain particles.
The amount of energy available in a reach for the transport of sediment of a
particular grain glass is defined as the reach transport capacity (Engelund and
Hansen, 1967; Molinas and Wu, 2000; Wilcock and Crowe, 2003). As long as
the availability of sediment prone to transport exceeds the transport capacity,
the river reach is defined as" transport-limited", i.e., the transport capacity is the
factor limiting sediment mobilization. On the other hand, when the transport
capacity is not satisfied due to unavailability of material, the reach is identified
as "supply-limited"Whipple and Tucker (2002). Of course, as transport capacity
is specific to a sediment class, the same river reach can fall into either category
according to the grain type considered. Sediment transport is not limited to the
longitudinal scale (i.e., upstream to downstream) but also lateral (i.e.channel to
banks and floodplains) and vertical (i.e., different water layers and between wa-
ter and channel bed).

In most catchments, sediment remains in storage longer than in transport
(Otto et al., 2009). Typically, sediment delivery in rivers is a sporadic and
episodic process, and often the majority of transport occurs during high flow
events (Tabarestani and Zarrati, 2015). At any point, if hydrodynamic forces
drop below the threshold of particle motion due to a decrease in discharge or
changes in channel morphological features, material may be put in storage in
deposit zones. These can be broadly divided into two categories: sediment
stores or sinks(Fryirs, 2013). Sediment stores are transient, short-lived, and fre-
quently subject to reworking. Channel features such as banks and benches fall
into this category, and according to the type and volume of material deposited,
they may form and vanish rapidly, even in the span of two consecutive flood
events (Fryirs andBrierley, 2001). Sinks areas aremore permanent and less con-
nected to the channel; sediment exchange between sinks and river may be con-
strained to exceptional flood events. This category includes slopes, floodplains,
and terraces (Fryirs and Brierley, 2001). The location, type, and frequency of
reworking of deposit zones are thus key drivers of sediment transport in the
network. Often, the creation of a deposit zone is attributable to the presence
of buffers, barriers, and blankets, which are structures, both natural and an-
thropic, that impede sediment transport, like swamps, alluvial fans, dams, and
wooden debris (Fryirs, 2013). The final sediment sinks are found at the network
outlet: estuaries and deltas, which are often consituted by the coarsest fraction
delivered from upstream (Syvitski et al., 2009; Nittrouer and Viparelli, 2014).

All these processes interested in the formation, maintenance, and removal of
the different zones of erosion, transport and deposition on the "jerky conveyor
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belt" contribute to creating complex patterns of sediment supply and transport
at river network scale, which are often unique to each fluvial system Bracken
et al. (2015); Parsons et al. (2015). Therefore, anthropic alterations on river sys-
temsmay disrupt these patterns at different points, times, and rates, resulting in
impacts whosemagnitude, timing, and location depends not only on the type of
disturbance but also on the hydromorphological processes specific to the river
system.

This complex web of dynamic and intertwined sediment transfer processes
in river systems has been given the name of sediment (dis)connectivity (Poole,
2002; Heckmann and Schwanghart, 2013; Fryirs, 2013; Parsons et al., 2015;
Bracken et al., 2015; Poeppl et al., 2020). At the local scale, connectivity can be
defined as thewater-mediated transfer of sediment (longitudinal, lateral, or ver-
tical) between two different compartments in the river network Fryirs (2013). If
we expand this definition to the catchment scale, we can characterize sediment
(dis)connectivity as the connected transfer (or the lack thereof) between sedi-
ment sources and sinks over different temporal and spatial scales. In this way,
we can conceptualize catchment sediment transfer as a combination of individ-
ual processes connecting different parts of the river network. This modeliza-
tion is at the base of new numerical models, which started appearing in recent
times to tackle the problem of describing and quantifying sediment transport
and evaluate human impacts on connectivity on the scale of the entire river net-
work (Czuba and Foufoula-Georgiou, 2014; Schmitt, 2016; Wild et al., 2021).

1.3 State of the art of sediment modelling

Modelling sediment transport and (dis)connectivity at a scale relevant for inte-
gration in basin-wide integrated multi-objective water resources frameworks
has always posed significant research challenges. On the one hand, traditional
morphodynamic models simulates hydromorphological processes in 1D-2D or
3D with high accuracy on a scale of single river reach, reproducing relevant
morphological events like bar and banks dynamics and even response to local
anthropic pressure (Merritt et al., 2003; Briere et al., 2011). However, their ex-
tensive computational time and data requirement, especially for the definition
of the hydromorphological boundary condition of the river stretch analysed,
limits their usefulness to small and well studied catchments and river segments.
On the other hand, large-scale, grid-based hydrological models like SWAT, cou-
pled with empirical soil loss equations, e.g USLE (Wischmeier and Smith, 1978)
and RUSLE (Renard, 1997), allows for the estimation of sediment inputs and
suspended sediment transport (Betrie et al., 2011; Ranzi et al., 2012). At larger
scales, however, these models’ computational effort hinder their viability, as it
limits the possibility for extensive sensitivity analysis and parameters estima-
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tion necessary for research at such scale and level of uncertainty.
One of the biggest limitation in the development of sediment connectivity

models was the scarcity of field data, which, even when available, didn’t have
both the temporal and spatial scale necessary for the initialization and valida-
tion of dynamic basin-scale modelling efforts. However, in recent years, ad-
vances in remote sensing and image processing technologies have lead to an
increase availability of large scale hydromorphological datasets, which allow to
characterize river network properties at large scale with unparalleled accuracy.
The frequent and automated data collection routines of these technologymeant
data are available for longer timeframes, and could therefore register dynamic
hydromorphological changes over time (Van Der Knijff et al., 2010; Schmitt
et al., 2014; Roux et al., 2015;Demarchi et al., 2017; Bizzi et al., 2019; Fryirs et al.,
2019). These new resources spurred the development of new, more concep-
tual and numerical models of sediment connectivity and routing. These mod-
els lacked the accuracy of local-scale, physic-based morphodynamic models,
traded in favour of a more flexible, typically one-dimensional structure which
could cover wider spatio-temporal scales and guarantee lower computational
times. Most importantly, the new frameworks could characterize and quantify
network-scale sediment routing patterns and highlight (dis)connectivity path-
ways across the network (Benda and Dunne, 1997a,b; Wilkinson et al., 2006;
Mueller et al., 2016; Lammers and Bledsoe, 2018; Beveridge et al., 2020; Khan
et al., 2021).

Ferguson et al. (2015) proposed a 1-D multigrain modelling structure for a
long section of the Colorado river to reconstruct the movement of a sediment
pulse, which used empirical transport equation together with an optimization
routine to derive patters of morphological response to disturbances in a data-
scarce environment.

Czuba and Foufoula-Georgiou (2014) developed a dynamic framework
which tracked the spatial and temporal sediment delivery patters on the Min-
nesota river basin. This model represented sediment transfer as the movement
of multiple sediment parcels, each carrying a fixed mass of material and tracked
as they moved downstream according to empirical sediment transport equa-
tions. The framework was expanded in Czuba (2018) with a fractional sedi-
ment transport formula which could account for mixed-size sediment trans-
port. This framework has been applied to delineate sediment delivery patterns
(Czuba and Foufoula-Georgiou, 2014, 2015), the network response to sediment
pulses(Gran and Czuba, 2017), and the effects of post-wildfire sediment deliv-
ery (Murphy et al., 2019). However, this approach lacked both a proper sedi-
mentmass balances for each reach, and a proper tracing of the sediment sources.
Therefore, this approach could not be used to derive information onwhere sed-
iment from a certain source was deposited.
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1.4. The CASCADE model

(Wild and Loucks, 2012b) introduced a daily, basin-scale river basin simula-
tion screening tool for sediment transport and management in controlled river
systems. His approach focuses on defining strategy of sediment management
for series of dams on river systemsWild et al. (2016, 2019, 2021), and thus is not
applied for the characterization of network sediment connectivity patterns.

(Gilbert and Wilcox, 2020) developed SeRFE, a spatially distributed sedi-
ment transportmodelwhich explicitly include representationof floodplain sed-
iment exchange with river channels, and applied to reconstruct floodplain ero-
sion after wildfire events in two watersheds in California. However, the model
did not represent channel geometry changes caused by sediment deposition and
erosion, and focused on simulating only short timeframes.

The frameworks presented here are some of the few available tools that
try to tackle the challenge of reconstructing sediment (dis)connectivity pat-
terns at the network scale. The complexity of this task alone means that ap-
plications of these models to provide indicators of connectivity impact assess-
ment for sustainable water resourcesmanagement are still in their infancy. Few
attempts have been tried to integrate large-scale sediment connectivity mod-
els in decision-making frameworks. Some of the most successful of these en-
deavors have been conductedwith the CASCADEmodel (CAtchment Sediment
Connectivity And DElivery) (Schmitt, 2017), a basin-scale numerical sediment
transport model designed to simulate network sediment (dis)connectivity in
data-scarce environments and provide an exploratory tool to quantify sediment
transport alterations due to anthropic disturbances.

1.4 The CASCADE model

CASCADE forms the structural basis of the work presented in this thesis. This
section explores the structure and functioning of the CASCADE model and its
limitation and potential for further development.

CASCADE employs a graph-based routing scheme, which has proven an ef-
fective tool to describe spatial patterns of connectivity in landscapes (Cheung
et al., 2015; ?) and fluvial systems (Czuba and Foufoula-Georgiou, 2015; Lam-
mers and Bledsoe, 2018; Beveridge et al., 2020). The network is partitioned
into different reaches, or edges, separated by nodes located at the edges. The
nodes sited at the beginning of each river branch are defined as source nodes, and
the reaches in the network that has an upstream node a source node as source
reaches. Each reach is defined as a section of the river network with homo-
geneous hydromorphological features. Network partitioning may be uniform,
with reaches of similar length, or feature-based, where rivers are segmented
according to discontinuities in morphological or hydrological properties. Each
reach is defined by a single set of hydromorphological features, e.g., discharge,
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channel gradient, width, and roughness, and given a unique identification. Typ-
ically, the river network is extracted fromDigital ElevationModels (DEMs) us-
ing software for topological analysis (Schwanghart and Scherler, 2014).

In CASCADE, the sediment delivery is described through the combina-
tion of individual transport processes called "cascades", each one defined by its
source: a single reach in the network. At its source, the cascade is character-
ized by a value of sediment flow and specific grain size. By proceeding through
the reaches downstream the source, cascades can deposit part of its sediment
load until either it depletes completely or it reaches the basin outlet. No new
material con be added to an already existing cascade.

Figure 1.2 visually describes the fundamental concepts of the CASCADE ap-
proach. As they move downstream, multiple cascades may transit in the same
reach. In this case, the sum of the sediment fluxes of the cascades passing
through the reach indicates the total sediment flux. The delivery of sediment
through a reach is controlled by the reach transport capacity, which ismeasured
using standard sediment transport formulas which determine the total energy
available for transportation from the network features (Engelund and Hansen,
1967; Yang, 1984; Wong and Parker, 2006). If the total combined flow carried
by the cascade exceeds the transport capacity, part of the sediment flowdeposits
in the reach. The flow deposited for each cascade varies according to the total
flux carried and the grain class. As transport capacity provides a singular value
of maximum sediment flow, different scenarios of competition are defined to
determine the deposit for each cascade (Schmitt et al., 2016). The total sediment
flux carried by the cascade, now equal to the reach transport capacity, is then
delivered to the downstream reach, where the process is repeated anew.

The resulting intertwined patterns of cascade movement provide numerous
information on the morphological and connectivity properties of the network.
At a reach scale, CASCADE produces information about the magnitude, prove-
nance, and type of transported and deposited sediments. At a basin scale, the
model helps to identify sediment (dis)connectivity patterns in the network and
characterize the morphological role of each reach in the network.

CASCADE is a static model, providing information on the instantaneous
sediment transport and connectivity for a specific water flow regiment. The
estimation of annual sediment transport is thus performed by repeating CAS-
CADE’s runs with different water flow scenarios, covering both average and
extreme hydrological conditions. The simulations outputs and then aggregated
considering the yearly frequency of each scenario to obtain the annual sediment
budget.

By appropriately changing reach features to reflect the introduction of an-
thropic disturbances, e.g., changing the morphological characteristic of reaches
falling flooded by the reservoir of a planned dam, and comparing the resulting
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1.4. The CASCADE model

Figure 1.2: Graphical representation of CASCADE framework. A: river network
subdivision in reaches. B: graph representation of the river network by nodes and
edges. C: sediment sources identification. D: graph expansion in the possible con-
nected nodes. E: representation of the transport capacity for each grain size and for
each reach, indicated by the line width. F: competition corrected transport capacity.
G: routing of sediment cascades. H: informations about the sediment flux, prove-
nance, sorting and connectivity are provided to each reach by the multiple cascades
crossing it (Figure and caption adapted from Schmitt (2016)).
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CASCADE outputs with the baseline scenario, themodel can derive distributed
indicators on the cumulative alterations of sediment delivery and transport
brought by said disturbances. The flexible and data parsimonious structure
of the model allows for stochastic modelling of sediment fluxes to account for
uncertainties and data-scarcity (Schmitt et al., 2018b), or for inclusion in inte-
grated multi-objective water resource management and planning framework,
to evaluate trade-offs between sediment connectivity conservation and energy
production for the development of multi-dam schemes (Schmitt et al., 2018a,
2019).

However, the CASCADE model presents limitations in its structure, which
limits its viability. First of all, attributing to each cascade a single grain size glass
is a somewhat limiting modelling strategy, as, even in the span of a single reach,
localized sediment sources may deliver to the stream material of very differ-
ent sizes. Moreover, using total transport capacity formulas forces the model
to adopt competition strategies to determine priority in deposition among cas-
cades located in the same reach, which may be difficult to justify and validate.

Moreover, CASCADE is by its nature a static model, describing instanta-
neous sediment connectivity in a particular hydrological scenario or a combi-
nation of static scenarios extracted from hydrological records. Therefore, it
cannot account for the temporal dynamics among sediment cascades and the
timing in the delivery of cascades caused by different sediment transport ve-
locities. Furthermore, it cannot explore the consequences of reach hydromor-
phological features evolution brought by dynamic disturbances to the sediment
(dis)connectivity, ascribable to both natural and anthropic causes. Hence, CAS-
CADE cannot evaluate the consequences on the hydromorphology of hetero-
geneous drivers of change that differentiate in timing, location, intensity, and
duration at both the reach and network scales. The model’s static framework
cannot process the effects across years and decades of multiple disturbances
displaced in time and space, e.g., basin-scale land-use change and infrastruc-
ture implementation on the timescale of years and decades. Furthermore, while
CASCADE has been successfully tested in strategic dam portfolios planning
scenarios, it lacks the tools to provide indicators of sediment (dis)connectivity
alterations brought by the cumulative and intertwined effects of multiple reser-
voirs’ operational strategies. Expanding the modelling framework to include
a dynamic representation of sediment transport processes is thus a necessary
step to increase the flexibility and relevancy of the model for applications in
decision-making contexts.
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1.5 Thesis motivation and objectives

Building on the aforementioned research challenges andopportunities in basin-
scale (dis)connectivity modelling and integration in water resource manage-
ment, this research contributes a set of novel modelling tools and techniques
designed to simulate network pattens of sediment transport and delivery with
greater accuracy and including representation of hydromorphological pro-
cesses missing in state-of-the-art modelling frameworks. The foundation of
these techniques remains the original CASCADE model, which is modified,
sometimes substantially, to develop basin-scale sediment transport models in
the pursuit of two different objectives:

1. Morphological assessment and network (dis)connectivity analysis. Sediment
connectivity models for this objective are developed as analytical tools
to estimate network morphodynamic properties, e.g., sediment load and
type and their sensitivity to hydromorphological changes. The CAS-
CADE model is adapted to analyze and disaggregate the effects of mul-
tiple, dynamic, and distributed drivers of change on network sediment
(dis)connectivity patterns. Specific formulas and components are inte-
grated into the framework to evaluate or even simulate morphological
changes in the reaches brought by sediment transport and delivery.

2. Sustainable water resources planning and management. This task focuses on
incorporating tools in the new frameworks to evaluate the river system’s
geomorphological response to multiple human disturbances. These in-
clude multiple alterations displaced in time and space across the network,
e.g., cumulative dam operational strategies, progressive land-use change,
channelization, sediment mining, and others. In these contexts, the mod-
els are designed to provide network-scale sediment delivery and transport
alterations indicators to explore and compare competing and contrasting
development and management plans.

In the work presented, these two broad objectives translate in a series of
focused tasks, which pursuit in greater detail specific aspects of the objectives:

• integration of multi-class sediment delivery and fractional transport ca-
pacity computation in the CASCADE framework;

• development of a open source toolboxwhich includes the basemulti-class
CASCADE model, completed with different customization options and
interactive output visualization tools;

• generation of distributed hydromorphological information in data-scarce
environment, using optimization tools and global sensitivity analysis; the
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model outputs are then integrated into traditional morphological analysis
tool to evaluate channel resilience to fluvial form shifts.

• development of a new dynamic modelling framework for network-scale
sediment transport and reach sediment budget and deposition. The new
model traces and deconstructs Spatio-temporal routing pathways at the
basin level and simulates the combined effects of sediment delivery from
multiple heterogeneous sources displaced in time, location, and type and
magnitude of sediment carried;

• integration in the new dynamic framework of add-ons components to re-
produce dynamic changes in river morphological features, e.g., channel
width and gradient, brought by variations in sediment delivery, deposi-
tion, and entraining;

• inclusion and simulation of the effects of multiple reservoirs on river net-
works. This analysis is not limited to reservoir siting. Instead, it includes
the representation of dynamic variations in water and sediment storage in
the reservoir, the simulation of the network-scale hydrological and mor-
phological effects of different operational strategies, and the integration
of sediment management techniques like drawdown flushing.

Thedevelopment of the two sediment transportmodels represents themajor
novelty presented in this thesis. Both expand the range of river and catchment
sediment (dis)connectivity processes represented in large-scale, data parsimo-
nious modelling efforts and showcase promising potential as exploratory tools
to quantify distributed indicators of morphological alterations brought by an-
thropic disturbances on river systems. These indicators can then be integrated
into optimization-based, multi-objectives decision frameworks for exploring
trade-offs between sediment (dis)connectivity conservation and other objec-
tives among competing river resources management strategies, following the
procedure seen in Schmitt et al. (2018a, 2019).

1.6 Thesis outline

Figure 1.3 illustrates the five main components of this thesis, along with their
main objectives and accomplishments. Each one of the thesis chapters is dedi-
cated to one of these components.

Chapter 2 Chapter 2 presents the CASCADE toolbox, a Matlab-based tool-
box for large scale sediment modelling which expands on the original CAS-
CADE model by including a multi-class representation of cascades and frac-
tional sediment transport capacity formulas which provides a more complete
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Figure 1.3: Overview of the main research tasks accomplished in this thesis, and their
relative outputs.
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representation of the sediment deliver process. The toolbox is designed to be
flexible, data parsimonious and computationally efficient, with multiple cus-
tomization options and output visualization tools to tailor the model to the
specifics of the research objectives and case studies.

The content of this chapter is adapted from Tangi et al. (2019) and focuses
on Objective 1.

Chapter 3 Chapter 3, details the application of the multi-class CASCADE
model described in chapter2 to the Vjosa river network, in Albania, one of
the last unimpaired braided fluvial system in Europe, with the dual purpose
of gaining distributed informations on surface grain size distribution and bed-
load transport, and estimating braided reach resilience to shifts toward single-
channel fluvial forms.

The content of this chapter is adapted fromBizzi et al. (2021) and focuses on
Objective 1.

Chapter 4 Chapter 4 introduces the dynamic CASCADE model, or D-
CASCADE, a dynamic, network scale sediment connectivity and transfer
model. The framework introduces a discrete, daily time representation of sedi-
ment delivery, entraining and deposition. Cascades are routed thought the net-
work according to sediment velocity estimates by empiric hydromorphological
equations. Changes in reach features like bed deposit stratigraphy, channel gra-
dient and width are also modelled via specific add-ons components. The dy-
namic and intertwined representation of these processes allows for simulations
of various morphological events, such as bed armouring and scourging, bank
erosion, variations in reach GSDs, discontinuous or pulse delivery of material
from flood events and punctual sources, and others.

The content of this chapter is partially adapted from Tangi et al. (2022) and
explores aspects of Objective 1 and 2.

Chapter 5 Chapter 5 introduces the Bega river network case study, in NSW,
Australia, and showcases how D-CASCADE can be used to reconstruct the
historical effects of distributed anthropic drivers of change on the network
(dis)connectivity, offering an unique network-scale perspective on hydromor-
phological dynamics and what happens when they are disrupted by multiple,
distributed and time-varying disturbances. The abundance of knowledge on
the Bega river system morphological history, and the availability of large hy-
dromorphological dataset makes the Bega river network an ideal case study for
testing and validating the D-CASCADE model.

The content of this chapter is adapted from Tangi et al. (2022) and pursuits
Objective 1.
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Chapter 6 In Chapter 6, the D-CASCADE model is applied on the 3S river
system, a tributary of the Mekong, to evaluate basin-scale sediment transport
and evaluate the effects of reservoir water and sedimentmanagement strategies
on network connectivity. Specific components are added to integrate reser-
voir impoundment into the network, represent dynamic variations of water
and sediment storage and simulate dam release strategies and their effects on
downstream reaches hydromorphology. Network sediment yield is estimated
for competing dam development scenarios, and with different frequency and
timing of drawdown flushing.

The content of this chapter is adapted from Tangi et al, "Sediment connec-
tivity conservation in the Mekong via strategic reservoirs water and sediment
management." (in preparation) and focuses on Objective 2.

Chapter 7 Chapter 7 summarizes the main achievements and results of the
previous chapters, highlights limitations in the modelling and theoretical ap-
proaches and showcases the potential for further developments in the field of
river sediment (dis)connectivitymodelling and its integration inwater resource
planning and management.

23





2
The CASCADE toolbox for
analyzing river sediment

connectivity and management

Sediment connectivity in rivers directly links tomost fluvial processes and eco-
system services. Modelling network-scale sediment connectivity and its re-
sponse to anthropic alterations, such as dams or land-use changes, is key to
better understanding river processes and to inform river basin management.
This chapter described aMatlab toolbox for network-scale sediment connectiv-
ity based on an implementation of the CASCADE (CAtchment Sediment Con-
nectivity And DElivery) model. CASCADE combines concepts of graph the-
ory with empirical sediment transport formulas to quantify sediment transfers
between many connected sediment sources and sinks in a river network. Im-
proved numerical efficiency compared to common hydrodynamic models en-
ables application to large river networks, stochastic simulations of sediment
connectivity, and screening impacts of many infrastructure portfolios. Input
data requirements are flexible and basic functionality is available with globally
available datasets to ensure applicability to poorly monitored basins. The tool-
box offers options for customization and interactive output visualization tools.

This chapter is developed based on: Tangi, M., Schmitt, R., Bizzi, S., Castel-
letti, A., 2019. The CASCADE toolbox for analyzing river sediment connectiv-
ity and management. Environmental Modelling & Software 119, 884 400–406.
DOI:10.1016/j.envsoft.2019.07.008.
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2.1 Introduction

River sediment connectivity describes the transfer of sediment between many
connected sources and sinks in a river network. Sediment connectivity plays a
crucial role in river management and conservation as it drives processes form-
ing the physical shape (morphology) of river channels, which controls, for ex-
ample, the provision of habitat or the stability of river bed and banks. Connec-
tivity is an emergent property of river networks, as it includes not only spatial
relations between sediment sources and sinks, but also process rates and timing
of sediment transfers (Fryirs et al., 2007; Bracken et al., 2015; Heckmann et al.,
2018; Wohl et al., 2019). These process rates vary across the many sediment
sources in a river network as a function of supply rates, supplied grain sizes, and
the transport capacity of the river network. The transport capacity is, in turn,
a function of the hydromorphologic properties of the network, i.e., river gradi-
ent, width, and discharge, and of the river grain size and the resulting grain size
distribution of transported sediment. These factors make sediment connectiv-
ity of significantly higher complexity than the mere topological connectivity of
a river network. Supply and transport processes driving sediment connectivity
have been greatly altered in many rivers by anthropic disturbances (Clément
and Piégay, 2003; Surian and Rinaldi, 2003; Simon and Rinaldi, 2006; Poeppl
et al., 2017; Gregory, 2019). Land use change, such as deforestation andmining,
increases rates and types of sediment supply. Reservoirs typically trap parts of
the incoming sediment and reduce sediment supply to the downstreamnetwork
(Kondolf et al., 2014b). Changing dischargemagnitude and pattern, e.g., because
of hydroclimatic changes or hydropower operations, alters the conveyance ca-
pacity of river channels (Bizzi et al., 2015). Together, these competing or com-
pounding drivers cumulatively impact sediment connectivity and lead to major
shifts in river processes on local and whole-network scales (Fryirs and Brierley,
2001; Syvitski et al., 2009; Kondolf et al., 2014b; Dufour et al., 2015). Network
scale models for sediment transport are hence a prerequisite to analyze human
impacts and develop river basins plans with less impacts on sediment transport
and related ecosystems services.

Currently, there is a gap in the ability to model sediment connectivity at the
network scale. Morphodynamic models for engineering and research applica-
tions allow modeling river morphologic processes in 1D, 2D and 3D with high
accuracy. However, their computational demand and their data needs make
themgenerally limited to specificwellmonitored river sections , or, even in case
of simplified model formulations, to river segments where well defined bound-
ary conditions of sediment supply and hydromorphology can be defined (Briere
et al., 2011; Lammers andBledsoe, 2018). Evenwhere data and computer power
are available, suchmodels do not take into account the connected nature of sed-
iment transfers, where a single river segment is influenced by sediment supply
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and transport processes in the entire upstream river network (Merritt et al.,
2003; Fryirs et al., 2007).

Recently, numerical models of network-scale sediment connectivity have
emerged (Betrie et al., 2011; Ranzi et al., 2012; Czuba and Foufoula-Georgiou,
2014, 2015; Schmitt, 2016; Coulthard and Van De Wiel, 2017; Czuba et al.,
2017; Czuba, 2018), a developmentwhichwas largely enabled by network-scale
derivation of relevant data from remote sensing (Schmitt et al., 2014; Demarchi
et al., 2017; Bizzi et al., 2019). CASCADE (CAtchment Sediment Connectivity
And DElivery) (Schmitt et al., 2016) belongs to this group of models designed
to merge the representation of relevant complexity in network sediment trans-
port with simplifications required to make their application practical for large
river networks and river basin management tasks (Schmitt et al., 2018a,b).

In this chapter, we present the implementation of CASCADE as an open-
source MATLAB toolbox. The toolbox simulates sediment fluxes and their
provenances for any reach in a network, and allows to integrate disturbances,
such as dams andbarriers, andnatural andman-made local sediment supply fea-
tures such as debris flows flow, alluvial fans, or mines. The toolbox comes with
an interactive user interface supporting visual analytics of model outputs and
allows to explore and quantify how anthropic and natural sediment connectiv-
ity alterations affect basin-scale sediment fluxes from the reach to the network
scale.

2.2 CASCADE model

Fig 2.1 details the three steps to simulate sediment connectivity in a river net-
work using the CASCADE model. In a nutshell, CASCADE first extracts the
river network and assigns hydromorphologic parameters to each reach (Figure
2.1a). Second, additional features area added to the network. Such features can
be sediment sources, defined in terms of sediment supply rates and supplied
grain size distribution (according to the Wentworth classification (Wentworth,
1922) as well as dams and other disturbances (Figure 2.1b). Third, connectiv-
ity for each sediment class from each source is calculated by applying either of
four empirical sediment transport formulas at the network scale. The outputs
can be interpreted in several ways, allowing to track the fate of sediment from a
specific source, as well as determining the sediment flux and origins frommany
sediment sources from the perspective of a downstream reach (Figure 2.1 c).

2.2.1 Network extraction and hydromorphological characterization

As input, the model needs a representation of the river network (Figure 2.1
a) as a directed graph consisting of nodes and reaches. In the network, each
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debris flow alluvional fan dam / barrier bluff / ravine deforestation

Natural 
sediment 
contributions 

Anthropic 
alterations  

sediment source

sediment fluxes 
increasing load

external source

dam / barrier

Reach features
Slope
Length
Drainage area
Discharge

Channel width
D16, D50, D84
Manning's n

Network reach
Network node

b) Definition of external sediment sources and barriers

c) Multigraph expansion and sediment routing

a) Network extraction and hydromorphological characterization

Figure 2.1: Representation of the CASCADE framework. Fig a) shows the extrac-
tion of the river network and the characterization of the features for each network
reach (reported in Table 2.1). Fig b) represents some examples of external sediment
sources that can be included in the model. Fig c) visualizes the sediment routing
process. Each line represents a sediment cascade, i.e., the transport process convey-
ing sediment from a specific source through the downstream river network.
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Data source Parameter Description
Extracted
from
DEM

Slope [m/m] Derived from the upstream and downstream
node elevation of a reach.

Length [m] Desired length of individual reaches. Set by
the user, derived from the network topology
(see Table 2.2), and/or according to user sup-
plied break points.

Ad [Km2] Drainage area at the downstream node of a
reach derived from the DEM.

User
defined

Q [m3/s] Discharge for a chosen discharge scenario.
Obtained from interpolation of gauging sta-
tion datasets (Schmitt et al., 2016) or spatially
distributed hydrological models (Schmitt
et al., 2018b) .

Active chan-
nel width [m]

Width of the channel section for a given
discharge scenario. Obtained from satellite
imagery(Schmitt et al., 2014; Schmitt, 2016;
Schmitt et al., 2018b), field studies, or global
data.

D16, D50,
D84 [m]

Grainsize distribution parameters of sedi-
ment on the surface of the river bed. Inter-
polated from available point sediment sam-
ples, expert-based assessments, or based on
hypothesis regarding river sediment transport
regimes.

Manning’s n Manning’s roughness coefficient for the bed
material in the channel. Obtained from filed
data or estimated from literature.

Table 2.1: Key input parameters and the possible sources for deriving parameters
values on network scales.
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reach connects two nodes and represents a part of the river network with ho-
mogeneous geomorphic and hydraulic features. The reach is the coremodelling
unit in CASCADE, as sediment transport rates are calculated based on reach-
averaged values of geomorphic and hydraulic features. The reach definition can
be automatized based on homogenous user-defined maximum length, network
topology (Heckmann et al., 2015) or by user-supplied break points. The latter
can be used, for example, to segment the network according to a geomorphic
analysis.

The CASCADE toolbox includes all the functionalities to extract and pre-
process a river network, run the CASCADEmodel and visualize and analyse re-
sults. The toolbox relies on Topotoolbox (Schwanghart and Scherler, 2014) for
river network extraction from a Digital Elevation Model (DEM). Each reach is
assigned a set of hydromorphologic attributes related to sediment transport (see
Table 2.1). Some of these attributes, such as channel slope, length and drainage
area, are derived from the DEM. The remaining attributes, such as discharge
and active channel width, require external data sources, from modeling, sur-
veys, field data or a mixture of those. Finally, grainsize distribution (GSD) in
the bed surface (D16, D50, D84) andManning’s roughness coefficient need to be
provided for each reach. This data is rarely available on network scale and can
be initialized using interpolation from scattered field observations or based on
hypothesis about regime calculations (Ferguson et al., 2015). CASCADEmodels
the instantaneous sediment transport fluxes in Kg/s in each reach for a single
discharge value, e.g., themean annual discharge. Sediment transport during dif-
ferent discharge conditions can be represented through individual model runs.

Thehydrologic and geomorphic attributes are used to compute the transport
capacity of each reach, i.e. the amount of energy available in a reach for the
transport of sediment of a specific size. Four alternative sediment transport
formula are implemented in CASCADE: Wilcock and Crowe (2003), Engelund
and Hansen (1967), Yang (1973), Wong and Parker (2006).

While Wilcock and Crowe (2003) is a fractional transport capacity formula,
i.e. it returns transport fluxes for each grain size class, the other formulas pro-
vides only a single value of transport capacity often based on the D50 of the
GSDgiven as input. Thus the toolbox provides two different partitioningmeth-
ods for obtaining fractional transport rates, based on Molinas and Wu (2000).
The BedMaterial Fraction (BMF) approach computes the total transport capac-
ity for each grain size class independently using the desired formula, assuming
uniform sediment size and thus equating the D50 in the formula to the mean
grain class diameter. Fractional transport capacity is then obtained by combin-
ing total transport rates for each class with grain class frequency in the sedi-
ment mixture. This approach is common in numerical models (Molinas and
Yang, 1986; Rahuel et al., 1989; , US), however, it does not consider particle in-
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teractions and shielding effects, and it’s sensible to the number and frequency of
the class sizes used (Hsu and Holly Jr, 1992). The Transport Capacity Fraction
(TCF) approach, instead, first measures the total transport capacity using the
chosen formula for the median grain size of the sediment mixture (D50), then
it obtains fractional transport rates by breaking it into multiple fraction, one
for each grain class, based on a transport capacity distribution function. In the
toolbox, we implement a distribution function proposed by Molinas and Wu
(2000).

2.2.2 External sediment sources and barriers

The CASCADE toolbox can account for user-defined sediment sources from
the hillslopes or river banks (in Figure 2.1 b) and dams and barriers that re-
tain sediment (triangle in Figure 2.1 b). Sediment sources are defined according
to their supply rate and the grain size distribution of supplied sediment. Dams
and barriers can bemodeled using simple representation of reservoir hydraulics
(Schmitt et al., 2018a), empirical formulas (Kondolf et al., 2014b), or from ob-
served trapping rates.

2.2.3 Multigraph expansion and sediment routing

After the network extraction, the definition of reach attributes, the addition of
external sediment sources and the calculation of the transport capacity CAS-
CADE can use these data to simulate sediment connectivity. To do so, CAS-
CADE uses principles of graph theory to describe the spatial relation between
sediment sources and sinks in the river network (Heckmann et al., 2015). Sedi-
ment transport in the river network is described as a combination of “cascades”,
each representing the sediment transport from a specific sediment source
through the downstream network. Each cascade originates from a source in
the network (black dots in Figure 2.1 c) and its path toward the outlet node of
the network is defined by the network topology. As a cascade traverses multi-
ple downstream reaches, it might deposit part of the original sediment load, if
the transport capacity of a reach exceeds the sediment flux. A cascade is termi-
nated as soon as it deposited the entire sediment supply or reaches the outlet. A
river reach can be traversed by many cascades (each from a specific source and
hence with a specific sediment flux and grain size distribution). The original
river graph, in which each edge represented a river reach, is hence expanded
into a multi-graph, in which each multi-edge resents a sediment cascade in a
specific river reach (Schmitt et al., 2016).

Compared to previous CASCADE applications (Schmitt et al., 2016, 2018b),
sediment supply in this toolbox is defined not by a single grain size, but by sed-
iment distribution. This is useful to more realistically represents sediment sup-
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Figure 2.2: Visualization ofmultiple cascades and themodel output structure. Panel a
visualizes how cascades (identified with roman numerals) are partitioned into sub-
cascades carrying sediment of one of the a-priori defined sediment classes (three
in this example), this panel is a cutout from Figure 2.1 c. Panel b visualizes the
structure of the data-structure of outputs, which is as a three-dimensional matrix
of dimensions n x m x c (in this case 4 x 4 x 3). The content of the matrix can be
analysed in different dimensions. Panel c shows the analysis of sediment flux for
a specific grainsize (c=2) for all edges. Cell C, for example, contains the sediment
flux for sediment class 2 originating from source III in reach 4.

ply to river channel. This requires that each cascade is expanded to represent
the transport ofmultiple grain size classes, (Figure 2.2 a). By default, the toolbox
uses 18 grain size classes. In each reach themodel calculates sediment transport
formxccascades, wherem is the number of upstream sources and c is the user-
defined number of grainsize classes.

CASCADE computes a budget for each grain size in each reach. This means
that if the flux of sediment into an edge exceeds the transport capacity of that
edge, part of the sediment will be deposited on the river bed. If, instead trans-
port capacity is higher than the influx, new sediment canbe entrained and trans-
ported, if available from the river bed or hillslopes contributions, generating a
new cascade.
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Figure 2.3: Basic steps of CASCADE and corresponding output and folder structure
in the Toolbox. Dashed box in the Data input column represent optional input data.
The river network extraction step requires the use of functions from the TopoTool-
box.

2.3 Toolbox structure

Figure 2.3 shows the file structure of the CASCADE toolbox. The application
of the CASCADE model is executed in three steps:

1. Extraction of the river network from a DEM, identification of the river
network reaches and definition of the reach features (Table 2.1). This in-
formation is organized as a data structure named ReachData;

2. Evaluation of the sediment fluxes in the network with the CASCADE
model;

3. Visualization and interpretation of the model outputs.

The functions in folder extract_river_network extract the river network and
somemorphologic parameters (length, slope) from aDEM.Users can customize
the resulting river network by changing the inputs to the network extraction
function (See list in Table 2.2).

The network is stored in the ReachData struct, the main input to the CAS-
CADE model. Each row in ReachData represents a single reach in the network
and columns contain reach features (listed in Table 2.1). Features not extracted
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from the DEM are inserted by the user according to the case study. ReachData
struct can be exported as shapefile for visualization and further processing in
any GIS environment.

CASCADE uses ReachData to model sediment transport and connectivity.
The main folder CASCADE_model contains the operations necessary for run-
ning CASCADE. The function in the folder requires as input the ReachData
struct; if user-defined sediment sources are present, they are included in the
model with the damdata and extdata struct, for dams and external sediment flow
respectively. Refer to the user manual for additional information of the imple-
mentation of these data structures.

The CASCADE toolbox allows for the different customization options for
the framework, including differentmethods of sediment transport capacity cal-
culation and hydraulic features estimation, the possibility of limiting the sed-
iment availability of the reaches, and thus the flow of sediment a reach can
entrain in the model, and the incorporation of dams and additional sediment
fluxes. Table 2.2 contains the full list of the customization options available
in the released version of the CASCADE toolbox. A user interface with dialog
boxes is also included, to guide in the selection of the different options of the
model for first-time users.
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Modelling
step

Input op-
tions

Description User-Options

Network
extraction

Minimum
Drainage
Area

Minimum surface area a stream
must drain to be included in
the network. Changes the net-
work complexity, the number
of reaches and the amount of
required input data.

Network
Segmen-
tation

Segmentation to approximate a
fixed reach length (Schwang-
hart and Scherler, 2014), topo-
logic (break at confluences), or
based on user-defined break-
points. It affects length and
number of networks reaches.

• Constant length for uniform
partitioning

• User defined coordinates of
the breaking points for man-
ual partitioning.

CASCADE
framework

Transport
formula

Empirical sediment transport
formula to calculate transport
capacity.

1. Wilcock and Crowe (2003)
2. Engelund and Hansen

(1967)
3. Yang (1973)
4. Wong and Parker (2006)

Hydraulic
parameter
computa-
tion

Approach for approximating
hydraulic conditions (flow
depth and velocity) in each
reach

• Hydraulic Solver, based on
the iterative approach for
flow depth computation
(Schmitt, 2016).

• Manning – Strickler formula
(Manning, 1891).

Dam
imple-
mentation

Dams and barriers in the net-
work.

Matrix of dam’s location and
inferred trapping efficiency.

External
sediment
sources

External sediment supply Matrix reporting the location
and features of the supply.

Erosion
limit

Limits the quantity of sedi-
ment that can be eroded and
entrained in a reach in case
the transport capacity is higher
than the supply (supply limited
vs transport limited)

Scalar value from0 to 1, defined
as fraction of transport capacity
for each grain size class. 0: no
erosion. 1: erosion until trans-
port capacity is matched.

Table 2.2: List of main customization options available in the CASCADE toolbox

2.4 Outputs and visualization options

The main CASCADE toolbox outputs are three-dimensional (nxmxc) m ma-
trices representing sediment transport and deposition in the river networkQtrb
andQdepb . In this representation, n and m indicate the number of reaches and
sediment sources in the network and c the number of sediment classes. Figure
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2 c shows a graphical representation with n=4 and c=3. Each cell [n,m, c] ,
Qtrb andQdepb stores the sediment flux and deposition (both in [Kg/s]) of sedi-
ment class c in reach m originating from source n (Figure 2.2 b ). Through this
structure, CASCADE allows to track the fate of each sediment class originating
from any sediment source in the river network. Results can be aggregated on
the scale of the single reach to analyse, e.g., how much sediment is transported
in total and what the statistic properties (e.g., mean, median, percentile grain
sizes) of transported and deposited sediment are.

The CASCADE toolbox provides the user with several functions which pro-
duce plots to visualize the outputs and aid in the understanding of the model
results. The visualization tools in folder plot_function include the Interactive con-
nectivity assessment (ICA) function, that guides the user in exploring the sediment
connectivity on the scale of the a river network ( Figure 2.4 a and Figure 2.4 b)
and single reaches (Figure 2.4 d), including transported load, provenance and
composition of the incoming cascades. Function Connectivity Alteration Assess-
ment (CAA), included in the same folder, provides, together with the options in
ICA, a visual framework of sediment connectivity on which the user can in-
teractively include or remove dams and external sediment contributions and
visualize the changes in sediment transport, both at the whole network scale
and at the reach scale ( Figure 2.4 c).

2.5 Conclusions and outlook

The CASCADE toolbox was developed to facilitate access to the CASCADE
model (Schmitt, 2016; Schmitt et al., 2018a,b), a computationally efficient, par-
simonious and flexible tool for network scale assessments and management
of sediment connectivity. The CASCADE toolbox contains customization op-
tions to adapt the model to the different requirements of the case study, data
availability, the specific research and management objectives. The toolbox is
supported with fully commented code and a comprehensive user guide. The
toolbox is designed for easy data exchange betweenMatlab and a GIS environ-
ment for input data preparation, data sharing, and visualization. We encourage
the use of CASCADE to evaluate for network and catchment-scale sediment
management to leverage novel, network scale data of fluvial geomorphology
for conceptualizing and quantifying river geomorphological processes at the
basin scale. CASCADE toolbox is freely available from the CASCADE website
(http://www.cascademodel.org/) and from the GitHub repository linked to the
website, together with the user documentation.
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a)

b)

c)

d)

Figure 2.4: Examples of plots obtained from the Connectivity Alteration Assessment
(CAA) function for a synthetic network. CAA allows analyzing various properties
of sediment connectivity in an interactive manner. Panel a shows the total sediment
transported in Kg/s in the network. b visualizes patterns of deposition for a single
sediment class out of the 18 considered in the model (in this case boulders/cobbles).
c shows the changes in total sediment transport caused by the removal of one dam
and two external sediment flows. d shows an analysis of grain size distribution,
sediment sources and deposition and entrainment in a specific reach. Each step
can be interactively controlled by the user using a graphical interface.
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3
Sediment transport at the

network scale and its link to
channel morphology in the
braided Vjosa River system

In this chapter, we apply the CASCADE network-scale sediment connectivity
model to the Vjosa River in Albania, one of the last un-impounded braided
rivers in Europe. The river system is a data scarce environment, which lim-
its our ability to model how this pristine river might respond to future human
disturbance using traditional morphological modelling tools. To initialize the
model, we use remotely sensed data and modeled hydrology from a regional
model. We perform a reach-by-reach optimization of surface grain size distri-
bution (GSD) and bed load transport capacity to ensure equilibrium conditions
throughout the network. In order to account for the various sources of uncer-
tainty in the calculation of transport capacity, we performed a global sensitivity
analysis. The modelled GSD distributions generated by the sensitivity analysis
generally match the six GSDs measured at different locations within the net-
work. The modeled bed load sediment fluxes increase systematically down-
stream, and annual fluxes at the outlet of the Vjosa are well within an order of
magnitude of fluxes derived from previous estimates of the annual suspended
sediment load. We then use the modeled sediment fluxes as input to a set of
theoretically derived functions that successfully discriminate between multi-
thread and single-thread channel patterns. This finding provides additional
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validation of themodel results by showing a clear connection betweenmodeled
sediment concentrations and observed river morphology. Finally, we observe
that a reduction in sediment flux of about 50% (e.g., due to dams) would likely
cause existing braided reaches to shift toward single thread morphology. The
proposed method is widely applicable and opens a new avenue for application
of network-scale sediment models that aid in the exploration of river stability
to changes in water and sediment fluxes.

This chapter is developed based on: Bizzi, S., Tangi, M., Schmitt, R.J.P.,
Pitlick, J., Piégay, H. & Castelletti, A.F. (2021) Sediment transport at the
network scale and its link to channel morphology in the braided Vjosa
River system. Earth Surface Processes and Landforms, 46( 14), 2946– 2962.
DOI:10.1002/esp.5225
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3.1 Introduction

Understanding of sediment transfers in river networks is key to characteriz-
ing the spatial distribution and origins of fluvial forms, interpreting historical
changes in channel patterns, and predicting future trajectories Fryirs (2013).
The combination of processes regulating sediment production, routing, and
deposition across space and time is commonly referred to as sediment con-
nectivity Bracken et al. (2015); Wohl et al. (2019). Connectivity is the result of
basin-scale processes which link the intrinsic structural properties of the land-
scape (structural connectivity) to the processes which function to carry water
and sediment (functional connectivity) (Heckmann et al., 2018; Keesstra et al.,
2018). Thus, studying river sediment connectivity requires a network scale con-
sideration of the provenance, timing and quantity of sediment moving through
the entire network Schmitt (2017). Recently, different definitions of sediment
connectivity have been proposed and, and geospatial indices have been devel-
oped to quantify the magnitude and patterns of sediment connectivity (Cavalli
et al., 2013; Heckmann and Schwanghart, 2013; Heckmann et al., 2015). How-
ever, our ability to quantify and simulate sediment connectivity in data-scarce
settings is still quite limited (Keesstra et al., 2018).

In this study we focus specifically on modeling longitudinal sediment con-
nectivity at the network scale. Network-scale river sediment connectivity de-
scribes how the sediment supplied to a river system is entrained, transported,
and deposited throughout the channel network. Over the last decade, emerg-
ing remote sensing technologies have fostered the generation of network-scale
geomorphic datasets concerning hydrology (Van Der Knijff et al., 2010) and ge-
omorphology (Roux et al., 2015; Demarchi et al., 2017; Fryirs et al., 2019; Bizzi
et al., 2019). The availability of this new information, along with advances in
data processing capabilities, has led to the development of a new generation of
sediment connectivity models that are capable of simulating sediment transfer
at drainage basin scales (Czuba and Foufoula-Georgiou, 2014; Schmitt, 2016;
Beveridge et al., 2020; Gilbert andWilcox, 2020). These new sediment connec-
tivity models require specification of not only the boundary conditions, and
input information on hydrology, slope and channel geometry, but also formu-
lation of computational routines for estimating source area sediment supply
(both quantity and grain size). In most basins the source-area sediment sup-
ply is unknown, and this is a particularly important problem in reaches where
the sediment transport capacity may not be in balance with the sediment sup-
ply. Model initialization is not the only challenge of such modelling exercises.
Indeed, our ability to validate results and judge the veracity of simulated net-
work fluxes has been limited because data on sediment transport at the network
scale are often scarce or non-existent. Interestingly, recent findings (Schmitt
et al., 2018b) have proven that even shown that even a few reaches with data
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on transported grainsizes and fluxes can significantly constrain the scenarios
of basin-scale sediment connectivity patterns. It is worthmentioning that most
of the sediment connectivity models developed so far have focused on simu-
lating the transport of bed-material and not on wash load. The latter is fine
material that originates from sources other than the channel bed, and once en-
trained, travels out of the reach. The former is relatively coarse material that
makes up the bed and lower banks of the channel and, consequently, it is of ma-
jor importance in determining channel morphology (Church, 2006). For this
reason, sediment fluxes computed in sediment connectivity models should be
linked to river morphology. The river classification schemes that have been de-
veloped over the years (e.g.Schumm (1985); Church (2006)) have stressed the
importance of sediment load (sediment size as well as mass flux) on channel
patterns but functional links between sediment size and load and channel pat-
tern have been quantified in relatively few studies. Indeed, sediment transport
formulae and consequent bed load estimations have been developed more or
less independently from the interpretation of channel patterns and processes
(Church, 2006; Church and Ferguson, 2015). Notably, amongst the various
studies of network-scale sediment connectivity (Schmitt, 2016; Czuba, 2018;
Gilbert and Wilcox, 2020; Beveridge et al., 2020), none have investigated links
between network sediment connectivity and reach-scale transitions in channel
patterns. This limitation presents an opportunity to use sediment connectiv-
ity models to identify thresholds in water and sediment discharge which define
a transformation in channel pattern. For instance, empirical evidence shows
that, over the last century, braided rivers across the globe have shifted towards
single-thread channels due to sediment starvation and construction of flood
protection works (dams and levees) (Kondolf, 1997; Liébault and Piégay, 2001;
Surian and Rinaldi, 2003; Piegay et al., 2009; Bizzi et al., 2019). Establishing
a quantitative link between simulated sediment transport and observed river
morphology would thus advance our ability to: i) validate the meaning and va-
lidity of simulated network-scale sediment transport values, and ii) to predict
future channelmorphological adjustments under various scenarios of sediment
connectivity. In this paper, we implement the network-scale sediment connec-
tivity model CASCADE (Schmitt, 2016; Tangi et al., 2019) for the Vjosa River
basin, in Albania. The Vjosa River is one of the last un-impounded rivers in
Europe, and is considered to be a hotspot for biodiversity. The Vjosa River is a
free-flowing gravel-bed river that exhibits numerous transitions from braided
to single-thread channel patterns along its course. It has some of the largest
braided reaches still existing in Europe, but it drains a basin in which numer-
ous hydropower projects are being planned (Schiemer et al., 2018; Peters et al.,
2021). The objective of this paper is to implement CASCADE in a data-scarce
environment to generate a network-scale assessment of sediment fluxes, and to
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use this knowledge to link transitions in channel pattern to the quantity and
grain size of the sediment transported. In detail, we test an optimization rou-
tine to define source area grain size distributions in the absence of field data, and
we implement a sensitivity analysis to explore the main sources of uncertainty
in calculating sediment fluxes across the network. We then link the modeled
bed load fluxes to transitions in channel morphology observed across the net-
work. To do so, we test an empirical model to discern between braided (Multi-
Channels,MC) andSingleChannel (SC) types based on sediment concentration,
grain size, discharge and slope (Mueller and Pitlick, 2014). The empirical model
is fed by CASCADE outputs in terms of sediment concentration and median
grain size (D50), whereas channel patterns are observed by available orthopho-
tos. Finally, we use the findings to assess the potential for the braided pattern
of the Vjosa River to be lost if the construction of hydropower dams upstream
results in reductions in sediment supply. Based on this case study, the paper
also discusses broader challenges of initializing and validating network-scale
sediment connectivity models in general. Our case study demonstrates the sig-
nificance of having a few strategically but located field data for use in validating
the model. In so doing, the paper points out the opportunity of network scale
modeling to leverage limited sediment data to a develop a wider andmore con-
sistent understanding of network scale processes. This work also successfully
links modeled sediment transport rates to channel morphology, opening up the
possibility that we can predict channel planform sensitivity to alternative sce-
narios of water and sediment management.

3.2 Case Study

The Vjosa River is one of the last remaining free-flowing fluvial systems in Eu-
rope. The river originates in Greece, but most of its unimpeded 260 km course
is in Albania. Almost all tributaries of the Vjosa are not regulated by any hu-
man infrastructures making the Vjosa stand out from other heavily modified
Mediterranean rivers (Belletti et al., 2020). In Greece, the river, locally named
Aaos, passes thought the Vikos-Aaos National park, where it forms impressive
canyons. After entering inAlbania, theVjosa is joined by the Sarantaporos river,
which displays wide braided channel patterns upstream of its confluence with
the Vjosa (see Figure 3.1). The Vjosa then flows in a narrow valley, maintain-
ing a relatively small width, incised in low terraces made of conglomerates de-
posits. After passing through the Dragot gorge, the river meets one of its two
main tributaries, the Drinos. The valley then widens, the slope reduces and
the river forms impressive braided sections up to two kilometers wide. The
second largest tributary, the Shushica, enters the Vjosa near its delta. In total,
the river drains an area of 6,700 km2 and discharges in average 204 m3/s at
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Figure 3.1: Location of the Vjosa River, the grain size distribution (GSD) sites for
samplings, and the network representation of the river used in this paper. Multi
channels are highlighted with a grey bold line. Two images around GSD sites
5 and 3 show two typical examples of Vjosa channel patterns, a multi-channel
braided section upstream of Kalivaç (5) and a confined single channel pattern
east of the Dragot gorge (3) (satellite images: ©2021 Google/Airbus, Maxar Tech-
nologies). At the bottom, morphotypes are reported for source reaches: Multi-
Channels Gravel-Bed (MCGB), Single-Channel Gravel-Bed (SC-GB), Single-
Channel Gravel/Boulder-Bed (SC-GBB), and Single-Channel Boulder Bed (SC-
BB)
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its mouth. The Vjosa falls into the pluvio-nival hydrological regime, with heavy
rainfalls and consequent peak-flows in spring. While the average annual rainfall
is around 1500 mm, in the upper, mountainous regions of the basin, where the
coastalMediterranean climate gives way to the continental climate, annual pre-
cipitations reach around 2500 mm/year (Schiemer et al., 2018). Geologically,
the Vjosa River crosses the active graben system and the active frontal thrust
system of the Albanides. The Vjosa River drains through ophiolites, flysch de-
posits, carbonate rocks, and Quaternary sediments. Limestone and sandstone
represent the majority of riverbed sediment. The Vjosa River has various lev-
els of alluvial terraces and recent analyses show that their formation is mainly
controlled by climate changes which occurred during the Pleistocene (Carcail-
let et al., 2009). In the middle part, the river flows over flysch deposits and the
existing gorges follow an E-W transverse (E–W) along the frontal active trust,
and then meanders on the coastal plain to the Adriatic Sea in the west.

Due to this geological context, channel types, as described, display a remark-
able variety: the river forms gorges and incises the terraces in the upper and
middle catchment, and braiding channel patterns are then observed when the
valley widens with a transition to meandering towards the mouth. We assume
that the transition between braiding and single channel patterns is regulated by
the magnitude and grainsize of sediment supply, the stream power, and the de-
gree of confinement. UsingCASCADEoutputs, we aim to establish quantitative
links between those single versus multi-channel pattern.

3.3 Methods

3.3.1 The CASCADE model

The CASCADE model (CAtchment Sediment Connectivity And Delivery)
(Schmitt, 2016) is a network-scale sediment transportmodel, which implements
empirical sediment transport equations within a directed graph representing
the river network (Tangi et al., 2019). CASCADE produces disaggregated infor-
mation on sediment transport, deposition and delivery, allowing to track both
the fate of sediment from a specific sediment source and the composition and
origins of sediment in any downstream river reach. CASCADE has been ap-
plied in previous case studies to assess sediment connectivity in large river net-
works (Schmitt, 2016, 2017) and to evaluate alterations of sediment transport
regime caused by anthropogenic alterations such as dams (Schmitt et al., 2018a,
2019). In the present study, we use the CASCADE toolbox (Tangi et al., 2019)
to quantify bed load sediment fluxes in the Vjosa River network (Figure 3.1).
CASCADE is a flexible and scalable tool to model network sediment connec-
tivity using a relatively small number of remotely sensed and hydrological data
to be calibrated. These include specification of the discharge, channel geometry
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Figure 3.2: CASCADE model conceptualization, for each reach the GSD are shown,
source reaches are highlighted in red.

and grain size distributions (GSDs) for each river reach (Figure 3.2). However,
for the Vjosa, similar to probably most larger river systems worldwide, there
are relatively few point measurements of GSDs. Here, we use an optimization
routine, which was previously developed by Ferguson et al. (2015) for a single
river channel. We expand the approach to an entire-network scale and use it
to define bed GSDs in all river reaches. In the next sections, we describe how
transport capacity is calculated in CASCADE and how we implement the opti-
mization routine. Then, we describe howwe derive the reach attributes needed
to calculate transport rates at the network scale.

3.3.2 Transport capacity calculation

The bed load transport capacity is calculated using a function presented by
Parker and Klingeman (1982) This function is used primarily because it is for-
mulated for sediment mixtures, and thus can predict transport rates of individ-
ual size fractions; this is important when trying to predict the GSDs from one
reach to another. The subsurface- and surface-based versions of this function
fit field data very well when calibrated to a reference shear stress (Parker and
Klingeman, 1982; Mueller and Pitlick, 2014). The bed load transport capacity
for sediment size class i (Qsedi , [kgs−1]) is defined as:

Qsedi = BatW
∗
i Fiρs(τ/ρ)

(3/2)(∆g)(−1) (3.1)
whereBat is the channel width [m] over which active transport (at) occurs,

46



3.3. Methods

W∗i is the dimensionless transport rate for sediment size class i, Fi is the fraction
of size class i in the bed surface sediment, ρs and ρ are the sediment and water
density, respectively, g is the gravitational acceleration, and∆ is the submerged
specific gravity of sediment. W∗i is calculated using a function introduced by
Parker and Klingeman (1982)

W∗i = 11.2(1 − 0.853τri/τ)
4.5 (3.2)

where τ is the bed shear stress [kgm−1s−2]:

τ = ρgHS (3.3)
and τri is the reference shear stress [kgm−1s−2] for an individual grain size, di
[m]; τri is estimated from a hiding function:

τri = τr50(Di/D50)
γ (3.4)

where τr50 is the reference shear stress [kgm−1s−2] for the median grain size,
D50 [m] of the bed surface sediment; τr50 is estimated using an empirical equa-
tion presented by Mueller et al. (2005) that accounts for variations in the refer-
ence shear stress with increasing channel slope:

τr50 = ρg∆D50(0.021 + 2.18S) (3.5)
The other variables in equations 3.3, 3.4, 3.5 are the mean depth,H [m], the

reach-average slope,S [-], and the hiding function exponent,γ. Values ofγ close
to zero are indicative of conditions, where transport is weakly size-selective
(equal mobility), whereas values of γ > 0.1 are indicative of conditions where
transport is predominantly size-selective. The average flow depth is found us-
ing the Manning-Strickler formula (Manning, 1891). The fraction of each size
class in the bed surface sediment layer Fi is extracted from the reach GSD. The
total transport capacity of the reach is found by summing the transport capacity
across all size classes.

Initialization of GSDs for source reaches and routine for optimizing GSDs
across the network Each first-order reach in the network is considered a source
reach (these reaches are highlighted in red in Figure 3.2). To assign a grain size
distribution (GSD) to each source, we visually classified the associated first-
order reaches into four morphotypes as shown in Figure 3.1. Eachmorphotype
was assigned a range of GSDs at the sources, based on Liébault’s (2003) cate-
gorization and raw data of gravel GSDs in Mediterranean limestone mountain
rivers. Morphotype MC-GB (D50 from 27 mm to 48mm) is characterized by a
large active channel width (defined here as the flow channels and unvegetated
exposed gravel bar width) and narrow, well-defined low flow channels (mul-
tiple channels) and gravel-bed; Morphotype SC-GB (D50 from 33 mm to 52
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mm) is characterized by a single narrow low flow channel dominated by gravel
(no boulders present) but with a narrower active width compared to Morpho-
type MC-GB; Morphotype SC-GBB (D50 from 44mm to 79mm) has an active
channel width of less than about 20m, with bed material consisting of gravel
mixed with boulders. Morphotype SC-BB (D50 from 63mm to 100mm) is sin-
gle channel characterized by high density of boulders in the channel bed. Source
morphotypes for the Vjosa network are indicated in Figure 3.1. The GSDs for
each of the remaining reaches are generated using the optimization routine pro-
posed by Ferguson et al. (2015), where the GSD is adjusted until the sediment
transport capacity within a reach is in equilibrium with the upstream sediment
supply. The sediment supply of the source reaches is derived as follows. First,
we assign sourceGSDs according to the above classification. Then, we calculate
the transport capacity for theGSDbased on localGSDs and hydro-morphology.
We finally assume that source reaches are in equilibrium too, i.e., sediment
supply is equal to the local transport capacity. For the remaining downstream
reaches, the GSD is then determined by modifying the parameters of the Rosin
distribution (Ferguson et al., 2015) a cumulative distribution function used to
represent the range in bed material grain size (Shih and Komar, 1990)

F(< D) = 1 − exp(D/k)s (3.6)
where k is the mode of the distribution and s an inverse measure of the

spread. We then use the Genetic Algorithm toolbox in Matlab to minimize the
difference between the local transport capacity in a reach and the incoming sed-
iment flux from the upstream network by altering the two parameters s and k
of the Rosin distribution. Each set of s and k results in a different set of fre-
quencies, Fi (see eqn. 3.1), for each grain size class to be used in calculating
the local bed load transport capacity. Thus, we assume that the local GSD in a
reach will change to accommodate sediment supply from upstream under local
hydromorphologic conditions (gradient, width, discharge). Thus, network sed-
iment flux only increases at confluences. However, changing the GSD implies
that there can be erosion or deposition of specific size classes, resulting in spe-
cific morphodynamics. For example, if the optimization for a reach results in a
GSD that is finer than the incoming GSD this fining could be related to either
finematerial being eroded from the channel or to deposition of coarsematerial.
In each reach, to maintain equilibrium, the deposition of some sizes is compen-
sated by the entrainment of others. This process generates GSD patterns across
the network.

3.3.3 De�ning river network reaches

In this section, we define how the river network was extracted from the avail-
able Digital elevation Model (DEM), and how it was segmented into river
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reaches with specific channel attributes, such as slope and channel type. For
the Vjosa, we extracted the river network using the TanDEM-X DEM (Rizzoli
et al., 2017; Wessel, 2018), with a pixel spacing of 0.4 arcsec, corresponding to
a ground accuracy of approximately 10.9 m across the study area, with rela-
tive vertical accuracy of 2 m (slope < 20%) and absolute vertical accuracy of 10
m. The network was defined using a combination of the CASCADE toolbox
(Tangi et al., 2019)and Topotoolbox (Schwanghart and Kuhn, 2010). We set a
minimum drainage area of 100 km2 to identify the river network to be simu-
lated. The river network is defined as a connected graph consisting of nodes
linked to directed edges. Each edge represents a reach of the river network and
is assigned a set of physical attributes including average slope, active channel
width, channel roughness coefficient, bed material grain size distribution and
discharge (Schmitt et al., 2016). These hydromorphic properties are then used
to estimate the reach-scale sediment transport capacity, eqns. 3.1-3.5, from
whichwe construct a reach-scale sediment budget, i.e., the balance between sed-
iment supply and transport capacity, and the volume of sediment exported or
deposited. Given that because each edge in the river network has a single set of
attributes, the corresponding river reach should have quasi-uniform geomor-
phological features. We thus manually segmented the river network by visu-
ally identifying reaches with homogenous channel planform patterns, focusing
particularly on differences in active channel width. Local channel widths were
measured on available orthophotos from the most recent Google Earth images
by selecting active sections of the riverbed with little or no vegetation. A to-
tal of 400 river width measurements were extracted from orthophotos before
proceeding to network segmentation. The resulting river network is divided
into 139 reaches, with average length of 4.3 km. Reaches with multiple channel
width measures were attributed an active width equal to the average of these
measures. Channel gradients were calculated from the DEM based on the el-
evation difference between the upstream and downstream node of each reach.
Each reach was then classified as multi-channel or single thread, as shown in
Figure 3.1. We also collected information on confinement, differentiating be-
tween confined or unconfined channels. Confinement was evaluated from or-
thophotos and reaches were classified as confined where terraces and hillslopes
adjacent to the channels were visible. Channels bordered by floodplains were
classified as unconfined.

3.3.4 River Network Hydrology

Themagnitude and frequency of discharges used to calculate sediment loads for
each river reach were estimated using a hydrological model. The dataset was
generated by the LISFLOOD model, a rainfall-runoff model which provides
daily flow data across a 5km x 5km grid (Van Der Knijff et al., 2010; Forzieri
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Figure 3.3: The ratio of active transport width (Bat) with water width (Bw) plotted
versus the dimensionless stream power (ω∗). Data from Lugo et al. (2015).

et al., 2014). Model simulations provided daily discharge data from 1990 to
2014. We assigned each reach in the CASCADE model to the grid cell of the
hydrological model with which it had most overlap. From that cell, we then
extracted the hydrologic time series and divided it into eight discharge classes
corresponding to specific percentiles (0, 0.1, 2.3, 15.9 ,50, 84.1, 97.7, 99.9, 100).
We also determined the frequency with which discharge was in each percentile.
Thus, we assigned eight discharge classes and time fraction to each reach, which
we then used to simulate daily sediment loads (in kg/s), which are aggregated
using the annual frequency of each discharge to obtain the annual sediment flux.

3.3.5 Relation between channel width and discharge

Active transport widths along the Vjosa River can vary appreciably with wa-
ter discharge, particularly in braided reaches. To account for these variations,
we developed a rating curve between active transport width and discharge that
could be applied to each reach. A rating curve such as this is needed because the
calculations of bed load transport capacity are sensitive to variations in chan-
nel width and depth. There is no detailed information on channel cross sec-
tions for the Vjosa. Thus, we took an empirical approach, forming a relation
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between discharge and active transport channel width for each reach. (Lugo
et al., 2015)presented a relationship between dimensionless stream power (ω∗)
and the ratio between active transport width and water width (Figure 3.3):

ω∗ =
QS

(Bw

√
(gδD3

50))
(3.7)

whereQ is the flow discharge, and Bw is the water width. The relationship
calculated by interpolation of the data in Figure 3.3 is:

r =
Bat

Bw
= max(0.2,min(2.36ω∗ + 0.09, 1)) (3.8)

where r is the ratio between active transport width (Bat) and water width
(Bw).

In the flume experiments conducted by Lugo et al. (2015), the active trans-
port width corresponds to the portion of the channel where bed load sediment
transport occurs, whereas the water width refers to the portion of the channel
covered by water. For our purposes, we assumed that the values of active chan-
nel width measured along the Vjosa on Google Earth images (see previous sec-
tion) correspondwith the water width of their flume experiments. This is likely
reasonable only for dischargeswith return period of twoormore years, whereas
could be overestimating it for discharges that are big enough to transport sedi-
ment but not necessary flooding the entire active channel. We are aware of the
inherent uncertainty related to this estimate of active transport width and also
of its importance in the implementation of the sediment transport model and
for this reason it will be included in the sensitivity analysis discussed below.
Dimensionless stream power is computed within CASCADE and then a value
of the ratio (r is derived for each reach and discharge scenario. The measured
active channel width from orthophotos is thenmultiplied by this ratio (r) to ob-
tain the active transport width (Bat) to be used to calculate transport capacity
(see eqn. 3.1).

3.3.6 Sensitivity Analysis

We implemented a global sensitivity analysis on key parameters used in the
CASCADE simulations, focusing on source GSDs, the hiding function expo-
nent λ and the active transport widthBat. Source GSDs are not known and are
provided in terms of plausible ranges for each morphotype (see tables of Figure
3.1). The hiding function exponent λ is allowed to vary from 0 to 0.1 to examine
howdifferences in particlemobility affect downstream trends inGSDs. To con-
sider the uncertainty in active transport width, Bat is randomly perturbed by a
uniform distribution around plus or minus the 20% of the central estimates we
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derived using Lugo et al. (2015) method. We aim at assessing how these ranges
of parameter uncertainties simultaneously affect the modeled sediment fluxes
and GSDs. In this analysis we do not investigate the relative importance of each
of these factors, whichwould require additional consideration of parameter co-
variances. Here, we only assess the uncertainty in sediment transport measures
(total load and GSD in each reach) as a cumulative result of uncertainty in indi-
vidual parameters. For each parameter that is included in the sensitivity analy-
sis (GSD, hiding factor and active transport channel width) values are sampled
between the proposed ranges to best cover the parameter space. We use the
Sobol’s method, a technique to perform global sensitivity analysis which gener-
ates quasi-random low-discrepancies parameters sequences(Hadka and Reed,
2015). For our case study, this resulted in 2300 independent parameter sets,
with each set containing a distinct value for each of the three parameters. For
each of parameter set, we performed eight CASCADE runs, one for each dis-
charge percentile, to generate the estimates of GSD and annual bed load trans-
port rates in each reach estimates. The analysis of 2300 CASCADE simulations
allow us to assess uncertainty domains for the estimated yearly sediment fluxes
and associated GSD patterns.

3.3.7 Field Data for validation

We carried out field surveys and collected grain size data in 6 reaches in Febru-
ary 2018. We sampled the bed material in two braided reaches close the mouth
of the Vjosa River (Pocem and Kalivaç), a more upstream single thread reach
(Drinos), a confined reach in theDragot gorge (VjosaGorge), a braided tributary
reachwith high sediment supply (Sarantaporos), and a single thread reach in an-
other tributary (Drinos), see Figure 3.1 for site locations. We tookbetween 5 and
10 pictures of the bed at different locations on exposed gravel bars. We took pic-
tures by using a digital camera positioned vertically and about 1.5 m above the
ground. We placed a scale bar in each frame to pinpoint the measurement scale.
Picture resolution is 4032 x 3024 [px] resulting in an average pixel dimension of
0.5 [mm/px] for the selected 1.5 m distance from the ground. GSDs were calcu-
lated using Base Grain software (Detert andWeitbrecht, 2013), an object detec-
tion software tool for the analysis and extraction of granulometric information
from images of non-cohesive gravel beds. Base Grain automatically separates
grain areas (coarser than 8 mm) and interstices filled with finer sediment in the
image using filtering techniques to identify the area of each gravel particle in
the field of view. From there, the software extracts the grain size distribution of
the coarser (>8mm) fractions of the surface sediment. The distribution is then
completed with an estimation of the fraction of the finer, non-detectable par-
ticles, via Fuller curve estimation (Fehr, 1987). From the GSDs we can derive
metrics such as D16, D50 and D84.
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Test of the threshold between single-and multi-thread channels As noted
in the introduction, links between network sediment connectivity and reach-
scale transitions in channel patterns have not yet been studied. Here, we pro-
pose to calculate a channel pattern threshold using CASCADE outputs to dis-
cern single and multi-thread-channels. Mueller and Pitlick (2014)modified the
approach developed by Millar (2005)and Eaton et al. (2010) to derive an equa-
tion that predicts the threshold between single- (SC) andmulti-thread channels
(MC) on the basis of a threshold in sediment concentration, and an assumption
that braided channels will form at width to depth ratios greater than 50. The
Mueller-Pitlick threshold is based on a regime relation (eqn. 3.12) presented by
Mueller and Pitlick (2014):

Bbf
H

= 425Q∗0.12C ′−2.30µ ′−2.9 (3.9)

whereBbf is the bankfull river width andH is the flow depth at bankfull dis-
charge. µ ′ is a dimensionless ratio of the relative erodibility of the bank versus
the bed material.Q∗ is the dimensionless discharge defined as

Q∗ =
Qbf√

(s− 1)gD50D
2
50

(3.10)

C
′
= − log10C , where C is bed load sediment concentration, defined as

the ratio of bankfull volumetric bed load discharge, Qsedbf (m3/s), to bankfull
water discharge (m3/s), Qbf (C = Qbv,bf/Qbf) (Mueller and Pitlick, 2014).
Equation 9 can be rearranged and simplified to find the critical sediment con-
centration,Ct, under the assumption of Bbf/H = 50:

Ct = 10(−2.54Q∗0.052µ ′−1.26) (3.11)
Equation 3.11 defines the threshold between MC and SC patterns. We ap-

plied this formula to all alluvial unconfined or semiconfined reaches present
within the Vjosa network. We neglected confined reaches because, in most
cases, channels in these reaches are nonalluvial. Sediment concentration and
grain size values for implementing equation 3.11 are derived byCASCADE sim-
ulations. In order to further test the validity of CASCADE outputs, we also plot
the braiding threshold proposed by Eaton et al. (2010) which is based on slope
(S) not on sediment concentration:

St = 0.4Q∗−0.43µ ′1.41 (3.12)
where St is the critical slope derived for the threshold case where Bbf/H =

50. We then calibrated these thresholds (eqn. 3.1 and 12) altering the value ofµ ′
to find the threshold that best discerns SC fromMCpatterns in the Vjosa basin,

53



3. Sediment transport at the network scale and its link to channel morphology
in the braided Vjosa River system

as also proposed by Millar (2005). The value of µ ′so obtained incorporates all
errors, including systematic errors in the theoretical relations. However, this
approach is necessary to include how vegetation density and bank material af-
fect the resistance to erosion. µ ′ near 1.0 is used for themost sparsely vegetated
categories, indicating that bed and banks are approximately equally erodible,
and progressively increase with vegetation density or changes in bank material
towards more resistance texture to between 1.5 and 1.9 for the most densely
vegetated channels.

3.4 Results

3.4.1 CASCADE validation

Figure 3.4 shows the pattern of mean D50 generated by CASCADE (the aver-
age value over 2300 simulations) for the entire network. In general, modelled
grain size distributions are coarsest in headwater reaches and in single-thread
reaches upstream of the Vjosa Gorge. An overall pattern of downstream fining
is evident at the network scale. Figure 3.4 compares the GSDs generated by the
2300 CASCADE simulations for each reach (red lines) with themeasured GSDs
for the same reaches (green lines). In general, the CASCADE generated GSDs
match the patterns observed in the field (Figure 3.4 and Table 3.1): the coarser
grain sizes which are located along the Drinos and Sarantaporos tributaries
and in the Vjosa Gorge are well-differentiated from the finer grain sizes in the
downstream braided reaches, Vjosa-Drinos, Kalivac, and Pocem, respectively.
The modeled GSDs broadly overlap with the measured GSDs, particularly in
the four reaches above the Vjosa-Drinos confluence. In the two downstream
reaches– Kalivac and Pocem– the modeled GSDs are generally finer than the
measured GSDs, although the mean distributions (indicated by the bold solid
lines) are quite close (Fig. 5). The percentile values listed in Table 3.1 suggest
that the modeled D84 and D50 are comparable to Base Grain estimates across
all sites. In contrast, it appears that the finer grain sizes simulated by CAS-
CADE, e.g. D16, are biased, overestimating their sizes in comparison to Base
Grain estimates.

The simulated annual bed load fluxes for the entire network are presented in
Figure 3.5, which shows average values amongst all the 2300 simulations. Fig-
ure 3.5 shows also a series of box plots indicating the range of simulated fluxes
for selected locations, including the outlet of the Vjosa River and its main trib-
utaries. Bed load estimates from our sensitivity analysis indicate that the me-
dian annual bed load at the outlet of the Vjosa is approximately 0.58Mt/yr with
50% of the simulated fluxes falling between 0.25 and 0.86 Mt/y. The simulated
sediment fluxes can be validated only at the outlet, where a few published es-
timates of the annual suspended sediment load are available. ? Milliman and
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Figure 3.4: At the top the river network shows range in mean D50, amongst all the
2300 simulations. GSD sampling locations are shown together with multi-channel
patterns. At the bottom GSD sites show the grain size distributions modelled and
observed (the numbers in the graph titles match the GSD site numbers in the top
map). Green lines are GSD for each picture derived by Base Grain, in red the
CASCADE set of simulated GSDs, bold red line shows the mean among all the
simulations.
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Figure 3.5: Top figure: mean (across the 2300 simulations) yearly bed load transport
values are reported across the network for all reaches, multi-thread channels (MC)
reaches are represented by double lines in gray. Bottom figure: the boxplots report
the range of yearly bed load values generated by CASCADE simulations at the
outlets for the Vjosa and its main tributaries (the values correspond to the fluxes of
the last reach of the tributary before the confluence with the Vjosa River). The red
central mark in the boxplot indicates the median, and the bottom and top edges of
the box indicate the 25th and 75th percentiles, respectively. The whiskers extend to
the most extreme data points not considered outliers.
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D16 D50 D84 Source

Sarantaporos 11 33 72 Modelled
4 36 97 Observed

Drinos 16 47 98 Modelled
3 31 83 Observed

Vjosa-gorge 20 58 125 Modelled
4 41 100 Observed

Vjosa-Drinos 11 33 70 Modelled
3 27 61 Observed

Kalivac 6 19 40 Modelled
2 20 42 Observed

Pocem 6 26 40 Modelled
3 27 66 Observed

Table 3.1: Modelled and observed D84, D50 and D16 values for 6 reaches are re-
ported in mm. Modelled values report the average amongst the 2300 CASCADE
simulations (red bold lines in Figure 3.4, bottom figure). Observed values the av-
erage between the Base-Grain estimations from pictures (green lines in Figure 3.4,
bottom figure). For site locations Figure 3.4, top figure.

Farnsworth (2011) report that the annual suspended sediment load of the Vjosa
River is approximately 8.3 Mt/y; in a separate study, Fouache et al. (2001) re-
port a slightly lower load of 6.7 Mt/y. The bed-load fraction in the Vjosa is
reported in the range of 15-20% of the total load (Ciavola, 1999). If we assume
a somewhat broader range, e.g., that bed load is 10-20% of the total load (bed
load plus suspended load), then the annual bed load flux should fall in the range
of 0.7-2.1 Mt/yr, depending on which values of suspended load we use, and
what assumptions we make about the fraction of bed load to total load. The
differences between bed load fluxes estimated from suspended sediment mea-
surements and the fluxes generated by the CASCADE simulations (0.58 Mt/yr
at the Outlet) are not large and suggest that the simulated fluxes are within an
order of magnitude of the expected fluxes.

3.4.2 Multi-channel / single channel threshold

We further analyzed results for a possible correlation between modelled bed-
load transport and observed channel patterns. The channel pattern thresh-
old given by eq. 3.11 (Mueller and Pitlick, 2014) indicates that the distinction
between MC and SC reaches depends on various factors, including sediment
concentration, C, relative bank strength, µ ′ , and dimensionless discharge, Q∗
(which in turn depends on Qbf and D50). Using average values amongst the
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Figure 3.6: Relation between sediment concentration and Q∗ for all unconfined
reaches. Circles represent multi-channel reaches (MC) and rectangles single chan-
nel reaches (SC). Colors refer to different sub-basins. Lines show alternative thresh-
olds for braiding for different values of the relative bank strength parameter, µ’ =
1 (solid line), 1.24 (dashed line) and 1.28 (dash-dot line).
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Figure 3.7: Relation between slope andQ∗ for all unconfined reaches. Circles repre-
sent multi-channel reaches (MC) and rectangles represent single channel reaches
(SC). Lines show alternative thresholds for braiding for different values of the rel-
ative bank strength parameter µ’= 1 (solid lines), 1.24 (dashed line) and 1.28 (dash-
dot line).

2300 simulations of sediment fluxes and D50 generated by CASCADE, we can
plot sediment concentration versusQ∗ for all the unconfined reaches, and com-
pare with the threshold relation, eqn. (11). The results are shown in Figure 3.6.
Rectangles correspond to SC reaches and circles correspond to MC reaches.
Colors refer to specific sub-basins, and the diagonal lines indicate thresholds
corresponding to three assumed values of µ ′ : 1.0, 1.24 and 1.28. With few ex-
ceptions the SC reaches are well-discriminated from the MC reach for an as-
sumed valued ofµ ′ = 1.28. The value of 1.24 is an example of a different thresh-
old which could apply to reaches in the Shushica basin (light orange points). In
order to further explore the threshold between SC andMC patterns, Figure 3.7
plots the slope-dependent threshold given by eqn. 12. Using this threshold, SC
reaches (squares) are relatively well-discriminated from MC reaches (circles).
Figure 3.7 plots the same three thresholds shown in Figure 3.6 for µ ′ equal to
1.0, 1.24 and 1.28. Compared to the concentration-based threshold, the slope-
based threshold has awider zone of overlap. Indeed, SC andMCreaches coexist
primarily in between µ ′ values of 1 and 1.28.

A third plot illustrating the combined influence of slope and grain size on
channel pattern is shown in Figure 3.8. Here the symbol colors and sizes have
the same meaning as in Figures 3.6 and 3.7, but D50 is plotted instead ofQ∗ on
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Figure 3.8: Slope and D50 are plotted for all unconfined reaches: circles represent
multi-channels (MC) and rectangle single channel (SC). Colors refer to differ-
ent sub-basins, dot size is proportional to the active channel width normalized by
drainage area. i.e., very large dots indicate reaches which are very wide relative to
their drainage area.

the x axis, and dot sizes are proportional to active channel width normalized
by drainage area. This latter parameter provides information on active chan-
nel width once the size effect of drainage area is removed (Piegay et al., 2009;
Bizzi et al., 2019). The results shown in this figure indicate that, for similar val-
ues of channel slope, SC reaches are characterized by coarser D50 and lower
values of normalized active channel width, whereas for similar values of D50,
MC reaches have higher slope and higher values of normalized active channel
width. These observations suggest that the formation of MC patterns is likely
driven by floodplain availability and degree of confinement. Indeed, when the
channel can widen into the floodplain, it develops a MC pattern characterized
by a wider active channel, which may in turn reduce the average depth, and
thus lower the sediment transport capacity compared to SC reaches. The lower
transport capacity may in turn trigger a condition for aggradation, as well as
finer D50. In such cases, the MC reach needs a much higher slope than the SC
reach to transport the same grain size.

It is evident from the results presented above that the discriminations be-
tween SC reaches and MC reaches are sensitive to the relative bank strength
parameter, µ ′ . In addition, as explained in the Methods, we considered how
uncertainties in other parameters (γ, source GSDs and active width,Bat) might
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Figure 3.9: Sediment Concentration and Q∗ are plotted for all unconfined reaches
along the main stem of the Vjosa. Red rectangles show single-channel (SC) reaches
and blue circles multi-channels (MC) reaches. Filled markers indicate the mean
value for each reach. The grey line indicates the braiding threshold calculated with
µ’ equal to 1.28.

affect CASCADE outputs, and the discrimination between SC reaches andMC
reaches. The results of our sensitivity analysis are summarized in Figure 3.9,
which plots the 2300 simulated values of sediment concentration versusQ∗ for
only themain stem reaches of theVjosaRiver. The red rectangles are SC reaches
and the blue circles showMC reaches. Filled markers indicate the mean values
amongst the 2300 simulations for each type of reach. The line indicating the
braiding threshold corresponds to µ ′ = 1.28. The cloud of red and blue points
indicating the CASCADE simulations shows that even when we include uncer-
tainty in key parameters there is a clear separation between the two channel pat-
terns along the Vjosa. An important trend that emerges, which was also evident
in Figure 3.6, is that the range in simulated sediment concentration is relatively
narrow. It appears, therefore, that concentration is less important compared
toQ∗ in discerning SC fromMC. This result is mostly driven by the modelling
hypothesis that the sediment transport capacity within a reach is in equilibrium
with the upstream sediment supply. This point is discussed further in the Dis-
cussion section.

Another practical result that emerges from this analysis is that once the SC-
MC threshold is defined, river reaches close to the threshold are more likely
to shift from one pattern to another compared to reaches further away from
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Figure 3.10: Sediment Concentration and Q* are plotted for all unconfined reaches
along the main stem of the Vjosa: rectangles show single-channel (SC) and circles
multi-channels (MC) reaches. Point color is proportional to the sediment reduction
applied to each reach. The braiding threshold (grey line) has µ’ equal to 1.28

the threshold. Focusing on the Vjosa reaches and using average values amongst
all the simulations, Figure 3.10 shows how reductions in sediment concentra-
tion could produce a channel-pattern shift with respect to the braiding thresh-
old. TheMC reaches along the main stem of the Vjosa (circles in Figure 3.9 and
3.10) are all located downstreamof theDrinos confluence (see Figure 3.5 or Fig-
ure 3.1) andQ∗ increases moving downstream. For the first six braided reaches
downstream theDrinos confluence a sediment reduction of 40%would be suffi-
cient to locate them near the braiding threshold, whereas themost downstream
ones would reach the threshold for a sediment reduction around 50-60%. This
suggests that a sediment reduction of about half of the yearly sediment load
would likely threaten the existence of the entire Vjosa braided system.

3.5 Discussion

3.5.1 Model initialization and validation with GSD and sediment
�uxes

In this paper we assessed longitudinal sediment connectivity in one of the last
un-impounded braided rivers in Europe. We developed an approach to robustly
initialize and validate a network scale sediment connectivity model in a data
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scarce environment. The proposed approach demonstrates the importance of
a few specific steps in model initialization which affect our system functioning
hypotheses. First, we developed a hypothesis about the range of possible GSDs
and sediment supply in source reaches (see Figure 3.1 at the bottom). We then
assumed that subsequent reaches are in amorphodynamic equilibrium, i.e., that
the transport capacity of the reach balances the upstream supply, similar towhat
Ferguson et al. (2015) proposed for the Fraser river. In addition, we performed a
more in-depth sensitivity analysis. The significant degree of uncertainty in local
sediment transport calculations is well known(Ancey, 2020a,b) and this is even
more critical in a data scarce environment. In the Vjosa River, detailed data on
channel geometry is not available and hydrology is derived from a spatially dis-
tributed model with a coarse spatial resolution. In addition to the uncertainties
in hydrology and channel geometry, the sediment flux within a reach depends
on sediment supply from upstream, so these uncertainties propagate and pos-
sibly amplify through the network. For this reason, we explored results based
on a wide range of possible combinations of source GSDs and different param-
eterizations of two key variables in the sediment transport formula calculation:
the hiding function exponent and the width-discharge relationship.

Despite the wide uncertainty in parameter values and scarce field data on
grain size and sediment fluxes, the CASCADE simulations generate plausible
and coherent patterns of sediment fining that match observed sediment size
distributions along the Vjosa River and its tributaries (see Figure 3.4 and Ta-
ble 3.1). The CASCADE-generated estimates of D50 and D84 are comparable
to those observed in the field, whereas the model overestimates the size of the
finer fractions. The bias in finer sizes is mostly a numerical effect related to the
difficulty of resolving grain sizes finer than 8mmwith the Base Grain software.
In the twomost downstreamreaches, PocemandKalivac, themodeledGSDs are
overall finer than themeasuredGDS, but the averages are similar. This effect for
the downstream reaches is mostly due to two aspects of the modelling frame-
work: 1) CASCADE simulates transport across all sediment size classes defined
in the network and finer sediment might be underestimated in our observed
measures of surface grain sizes, e.g., because of armoring; and 2) as mentioned
earlier the fine tail of the distribution cannot be easily compared. Volumetric
sampling would be required in this situation.

The hydrologic model adopted is validated at the European scale but with-
out data from this basin (VanDerKnijff et al., 2010). In the absence of long-term
hydrological data, it is not possible to even speculate how uncertainty in hydro-
logic drivers affects model results. With this in mind, our modelled sediment
fluxes at the outlet of the Vjosa network are in the same order of magnitude as
previous estimates (Fouache et al., 2001; Milliman and Farnsworth, 2011; Cov-
ault et al., 2013).
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In the present study, the hypothesis about the morphodynamic equilibrium
state of the river is the most critical and the least generalizable to other stud-
ies. Given that the Vjosa River is a pristine river system, where human in-
fluence had limited impacts, the hypothesis of morphodynamic equilibrium
is reasonable. However, In many settings, sediment connectivity has been al-
tered by human disturbance, e.g., through the construction of dams and di-
versions, in-stream gravel mining and increases in sediment supply caused by
changes in land use (deforestation and cultivation). In rivers with a legacy of
(dis)connectivity driven by human disturbance, or a landscape legacy of natural
disturbance (e.g., landslides), equilibrium assumptions may not be valid (Brier-
ley and Fryirs, 2005; Rinaldi et al., 2013; Gurnell et al., 2016). In such circum-
stances, the process of initializing models such as CASCADE can be improved
by measuring source-area grain sizes, and, if possible, source-area sediment
supply (Tangi et al., 2019). In addition, hillslope sediment supply can be derived
from stochastic models of mass wasting (Beveridge et al., 2020), and river bed
surficial grain size availability along river networks can be inferred from empir-
ical relationships based on slope, drainage area, and river morphology (Snelder
et al., 2011). For these reasons, even in contexts where morphodynamic equi-
librium cannot be assumed, models such as CASCADE, when integrated with
a sensitivity analysis, allow us to test multiple hypotheses on sediment supply
and transport capacity, and to select the subset of model results which best re-
produce the observed data.

As presently structured, CASCADE does not model the direct influence of
hillslope processes on sediment connectivity. For this reason, the integration of
sediment connectivity indices with models focusing on geomorphic processes
occurring on hillslopes and floodplains (Cavalli et al., 2013; Heckmann et al.,
2015) represent an important next step for generating information on sedi-
ment supply from sources outside the channel (Beveridge et al., 2020; Gilbert
and Wilcox, 2020). Further developments may also better integrate channel-
floodplain interactions including river lateral mobility and bank erosion mod-
elling (Gilbert and Wilcox, 2020; Lauer et al., 2016). However, for a network-
scale sediment connectivity model to be efficient, it is important to simplify
local-scale processes without losing the ability to represent the main driving
forces and connectivity patterns. In many circumstances, as this study demon-
strates, trends in bed surface GSDs, represent a first order and effective way to
infer sediment supply in network-scale sediment connectivity models.

3.5.2 Linking sediment �uxes and GSDs with river morphology

In spite of limited data availability, the Vjosa River basin provides a valuable
opportunity to evaluate the link between modelled sediment fluxes and river
morphology. The link between sediment loads and channel morphology has
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been discussed in a number of papers (Schumm, 1985; Knighton, 1998; Kon-
dolf et al., 2003; Buffington and Montgomery, 2013), but a quantification of
these physical links is often missing (Church, 2006). To this aim, we applied a
threshold formula to discern MC from SC based either on sediment concen-
tration as proposed by Millar (2005) and Mueller and Pitlick (2014), or slope,
as proposed by Eaton et al. (2010). Such a threshold is particularly meaningful
for the Vjosa basin since here the river network experiences various transitions
throughout its course frommulti-thread to single-thread channel patterns. Our
findings support previous models developed to discriminate between multi-
and single-thread channel patterns and show that theMC/SC transition can be
robustly modelled even under uncertainty (Figure 3.9). Our results suggest that
the transition between MC and SC patterns is well defined by a threshold that
varies with sediment concentration and relative bank strength, µ’. We treated
µ’ as a calibration parameter but note that it incorporates all errors, including
systematic errors in the theoretical relations. The importance of this param-
eter in discerning SC from MC patterns has been discussed in a recent review
(Candel et al., 2021). Analyzingwhat differentiatesMC fromSC reaches (Figure
3.8), we observed a clear pattern that can be interpreted as follows. The chan-
nel’s ability to widen into the floodplain is a primary driver of the formation of
MC reaches, which are characterized by a higher channel width, lower chan-
nel depth, finer grain sizes, and possibly higher slopes compared to adjacent
lowland SC reaches. This interpretation reinforces the idea that bank strength,
floodplain extent, and sediment composition are critical parameters in the for-
mation of braided reaches, as discussed in the work of Candel et al. (2021) and
Hohensinner et al. (2021).

We have shown that CASCADE modelling outputs can be used to establish
thresholds between multi- and single-thread channels. To our knowledge, this
is the first time that such thresholds are used in a dynamic context with simu-
lated data and not field data. This is also the first time that the threshold the-
ory has been applied to alluvial reaches in an entire river network. This has
not been done previously because the data needed to implement the underlying
equations (Eaton et al., 2010; Millar, 2005) are generally not available contin-
uously across the network. This is an important step towards quantifying the
link between connectivity and fluvial forms at the basin scale and in assessing
channel sensitivity to change.

The results shown in Figures 3.6-3.8 merit further comments about CAS-
CADE simulations, which are not obvious when looking only at GSDs and
fluxes at the outlet. The Sarantoporos is a braided tributary of the Vjosa repre-
sented by red dots in Figures 3.6-3.8. We note that these reaches have geomor-
phic characteristics that are consistent withMC reaches, whereas in Figure 3.6,
they plot close to or just below the braiding threshold due to low values of sedi-
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ment concentration. This inconsistency suggests that simulated sediment fluxes
for this basin are likely underestimated. This could be due to: i) underestima-
tion of discharges generated by the hydrological model and/or ii) inadequacy of
the sediment equilibrium hypothesis, particularly in a very dynamic and sedi-
ment rich sub-basin, such as the Sarantoporos. This latter point has probably
likely has wider implications beyond the Sarantoporos reaches. We have sug-
gested that the range of sediment fluxes generated by CASCADE is likely nar-
rower than in reality. This is evident particularly in Figures 3.9 and 3.10 when
comparing the range of sediment concentration values compared to the range
of Q∗. This result is due in part to the equilibrium hypothesis which allows
sediment fluxes to increase only at confluences. Other hypotheses on sediment
transport mode and availability, as previously discussed, could be tested in the
future following a more exhaustive and field-based river geomorphic analysis.

3.5.3 Assessing river morphology sensitivity and implications for
management

A planform shift from braided or wandering channel patterns to single-thread
patterns is a well-known consequence of alterations in water or sediment sup-
ply. In sediment starved rivers the changes can trigger a chain of reaction from
river-bed incision, bank and infrastructure destabilization, aquatic and ripar-
ian habitat degradation and groundwater table alterations (Surian and Rinaldi,
2003; Kondolf, 1997; Bizzi et al., 2015, 2019). For this reason, being able to pre-
dict river channel response to alteration in sediment delivery is of paramount
importance to support river management activities. Recent studies focusing
on river sensitivity to changes in water and sediment supplies (Reid and Brier-
ley, 2015; Fryirs, 2017) have highlighted the importance of understanding these
links to be able to predict future channel change and better support river man-
agement strategies.

In the present study, we used average values of CASCADE simulations to
calibrate the braiding threshold with µ’ = 1.28, then determined how different
degrees of sediment reduction would move MC reaches toward and perhaps
across the threshold for SC reaches. This perspective is relevant for the Vjosa
where hydropower development might alter one of the last undammed braided
rivers in Europe (Schiemer et al., 2018; Peters et al., 2021). We have shown
that cutting the annual sediment load in half could transform the Vjosa from
a braided river system to single thread. This information is critical for future
management decisions regarding the Vjosa River since damming of upstream
tributaries or sediment mining often reduces the amount of sediment delivered
to reaches downstream (Liébault and Piégay, 2001; Simon and Rinaldi, 2006;
Kondolf et al., 2018).

Further studies are needed to assess the degree of accuracy of such a thresh-
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old. At what point in the sediment concentration-Q* plane would a river that
today is braided turn into a river that is single channel? This is untested at the
moment. A distinction between MC reaches and SC reaches clearly emerges
but the distinction is based on the validity of model estimates and on the spa-
tial distribution of reaches. What is needed is information on some reference
reaches for which we can determine their trajectories over time. To build such
historical trajectories we need data on sediment loads and grain size for the
past, which often do not exist. What is more achievable is to start monitor-
ing these trajectories in the future by mapping changes in channel morphology
with respect to new positions in the sediment concentration-Q∗ plane. Such
knowledge could then be integrated into more comprehensive assessments of
how alterations in sediment load and hydrology, translate to changes in channel
form and function. Those assessments can then be used to informmanagement
strategies such as mining regulations or the strategic siting or removal of dams.

3.6 Conclusion

This paper presents the application of the CASCADEmodel to the Vjosa River.
We demonstrate how to initialize a network-scale sediment connectivitymodel
in a context where data on hydrology and sediment information are scarce. In
order to include how various source of uncertainties about key river attributes
affect the calculation of transport capacity, we performed a global sensitivity
analysis. The GSDs generated by the model generally match observed GSDs,
except in the two downstream-most reaches where the finest modeled sizes are
underrepresented. The modeled bed load sediment fluxes increase systemati-
cally downstream, and annual fluxes at the outlet of the Vjosa are well within
an order of magnitude of fluxes derived from previous estimates of the annual
suspended sediment load.

In addition to these results, we link simulated sediment fluxes and grain size
across the network to observed river channel planform types. We used pub-
lished braiding thresholds, which require information on water and sediment
discharges, to discern MC from SC patterns. Feeding the empirical threshold
model with CASCADE outputs we are able to discern these two patterns after
calibrating the relative bank strength parameter. This is a remarkable result
because it is an additional form of validation which supports the hypothesis
that simulated sediment fluxes and their size distributions across the network
are realistic and coherently linked to observed channel patterns. It is the first
time that the adopted braiding threshold is calculated with data generated by a
sediment transport model and not with field data. It is also the first time that
suchmodel output is applied and validated continuously at the scale of an entire
river network. Inconsistency in these relationships also highlights some rele-
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vant limitations of the model, related to discharge estimation and the sediment
equilibrium hypothesis adopted.

The findings presented herein advance our ability to link sediment connec-
tivity to river planform patterns and the sensitivity of the patterns to sediment
management. For example, a 50% reduction of sediment transport along the
main stem of the Vjosa, e.g., because of the proliferation of hydroelectric dams
(Peters et al., 2021), would likely alter the unique braided character of the river.
Future applications can develop more informed strategies for sediment man-
agement and tools to assess the consequences of network-scale alterations in
sediment connectivity and channel planform stability.
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4
The Dynamic CASCADE model

Modelling network-scale sediment (dis)connectivity and its response to an-
thropic pressures provides a foundation understanding of river processes and
sediment dynamics that can be used to forecast future evolutions of the river
geomorphology. However, this requires a solid understanding of how a sys-
tem is currently operating, and how it operated in the past. In this chapter, we
present the basin-scale, dynamic sediment connectivity model D-CASCADE,
which combines concepts of networkmodellingwith empirical sediment trans-
port formulas to quantify spatiotemporal sediment (dis)connectivity in river
networks. D-CASCADE accounts formultiple factors affecting sediment trans-
port, such as spatiotemporal variations in hydrological regime, different sedi-
ment grainsizes, sediment entrainment and deposition. Add-ons are included
in the D-CASCADE environment to model local changes in river geomorphol-
ogy driven by sediment-induced variations in features such as channel gradient
and width.

This chapter is developed partially based on: Tangi, M., Bizzi, S., Fryirs, K.,
& Castelletti, A. (2022). A dynamic, network scale sediment (dis)connectivity
model to reconstruct historical sediment transfer and river reach sediment bud-
gets. Water Resources Research, 58. DOI: 10.1029/2021WR030784
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4.1 Introduction

Sediment (dis)connectivity is a fundamental property of river networks, emerg-
ing from temporal and spatial interactions (or the lack thereof) among sediment
of different composition and grain sizes, delivered to the river from sources
with varying supply rates, timing, and spatial distribution. Hydromorpholog-
ical properties of river channels (e.g. width, gradient, and discharge) regulate
sediment transport capacity and entrainment, transport, and deposition dy-
namics and rates. Spatiotemporal variability in the magnitude, frequency, and
location of flood events that drive basin-scale patterns of discharge will also
change the distribution and strength of these processes (Fryirs, 2013; Bracken
et al., 2015; Sklar et al., 2017; Heckmann et al., 2018). To adequately and realisti-
cally model natural systems, these dynamics need to be properly accounted for
in sediment transport models. Direct or indirect anthropic alterations disrupt
sediment (dis)connectivity, leading to major shifts in the morphology of river
channels at both the local (e.g. reach) and network scale. As (dis)connectivity
is a distributed property of river systems, multiple drivers, whose intensity and
effects may be spatially and temporally heterogeneous, may produce positive
or negative feedbacks that alter the operation of the sediment cascade (Surian
and Rinaldi, 2003; Vörösmarty et al., 2003; Fryirs, 2013; Bizzi et al., 2015; Wohl
et al., 2019; Gregory, 2019). Thus, the characterization of basin-scale sedi-
ment (dis)connectivity is critical to improving our capacity to quantify possible
future alterations following anthropic disturbances, whether direct (e.g. con-
struction and management of a reservoir, or removal of vegetation), or indi-
rect (e.g. land use change, climate change, or implementation of restoration),
and determine how to manage them (Kondolf et al., 2014a,b; Wohl et al., 2019).
Currently, available models and tools struggle to account for the complexity
of these processes when applied at large temporal and spatial scales. Tradi-
tionalmorphodynamicalmodels allow for detailedmodelling of river processes
with high accuracy, but, due to high computational demand and in-situ data
requirements, analysis is often limited to short and well-studied river reaches
or segments, where the boundary conditions can be defined precisely (Briere
et al., 2011; Lammers and Bledsoe, 2018). However, such models do not take
into account the (dis)connected nature of sediment transport that occurs at the
whole basin-scale (Merritt et al., 2003). Recently, the increased availability of
remotely sensed datasets of hydromorphological networks has allowed char-
acterization and interpretation of geomorphic processes at the entire river net-
work scale (Schmitt et al., 2014; Demarchi et al., 2017; Bizzi et al., 2019).This has
led to the development of novel numerical models of network-scale sediment
(dis)connectivity (Heckmann and Schwanghart, 2013; Schmitt, 2016; Czuba
et al., 2017;Gilbert andWilcox, 2020;Wild et al., 2021). Thesemodels trade part
of the local-scale accuracy of more traditional models for a wider scale frame-
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work that can run over longer timeframes and over larger areas to produce re-
sults that characterize (dis)connectivity patterns among different components
of the river network. The CASCADE model (Schmitt, 2016) is a network scale
sediment connectivity model that describes the movement of material from
many individual sources across a network as separate transport processes called
“cascades”. Each cascade is identified by its provenance and carries a specific
sediment volume that can be partly or completely deposited as it moves down-
stream, and interacts with other cascades. In this way, CASCADE can be used
to quantify the rates at which each sediment source is connected with down-
stream reaches and to calculate the statistical properties of connectivity be-
tween different sediment sources and sinks. Therefore, CASCADE can eval-
uate (dis)connectivity alterations due to changes in both sediment sources and
network hydro-geomorphic features for any given type of disturbance event
(whether natural or anthropic) (Schmitt et al., 2018a, 2019). Tangi et al. (2019)
expanded the description of the sediment cascade by defining sediment cas-
caded not by a single grain size, but by multiple grain size classes each carry-
ing different volumes, to allow for a more thorough representation of sediment
supply and transport (Bizzi et al., 2021). CASCADE, however, is a static model
that can only represent spatial (dis)connectivity at one point in time, under static
network properties and features. In this chapter, we present D-CASCADE, a
newdynamic, network-based sediment (dis)connectivitymodel that can be used
to explore the spatiotemporal evolution of sediment supply and delivery across
a basin. D-CASCADE maintains all the properties of the original CASCADE
model, but includes a temporal representation of sediment processes that is
able to trace the position andmovement of cascades over time, as well as across
space. Thus, D-CASCADE can investigate the effects ofmultiple heterogeneous
drivers of change that vary in magnitude, location, duration, or timing, as well
as pinpoint and characterize the contribution of each driver to the cumulative
change. D-CASCADE is designed to be a flexible and highly customizablemod-
elling environment that can be adapted for different purposes, data availability,
and level of detail needed. The model structure allows for the inclusion of mul-
tiple modelling add-ons that are designed to simulate 2D and 3D processes that
the 1D structure of the basic D-CASCADE framework cannot capture.

4.2 Model structure

The structure, core components, and procedures of theD-CASCADEmodel are
shown in Figure 4.1. The model setup is divided into two phases: initialization,
and main D-CASCADE loop.

D-CASCADE shares the same graph structure which constituted the basis
of the original CASCADE model (Schmitt, 2016) and the CASCADE toolbox
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Figure 4.1: D-CASCADE framework modelling steps
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(Tangi et al., 2019). Thus, the initialization phase includes the network extrac-
tion and reach features characterization. However, as detailed in the following
section 4.3 D-CASCADE dynamic structure and morphological features mod-
elling means network features may need to be either characterized for each
modelling timestep, or initialized for the first timestep, according to the pres-
ence of specific add-ons components for modelling reach features response to
changes in sediment delivery.

As described in Sections 1.4 and 2.2, in the original CASCADE framework
the operations to determine sediment transport capacity, cascade delivery, de-
position and routing are repeated for each network reach. The order of the
reaches in the loop is determined by the reach hierarchy, i.e. the number of up-
stream reaches; therefore, source reaches are processed first, while the outlet
reach is the last. the D-CASCADE modelling approach expand this structure
by including two nested loops. The reach loop, which also integrates reach de-
posit stratigraphy and morphological features modelling, is repeated for each
daily timestep, as detailed in Section 4.4.

4.3 Initialization

The initialization phase defines the input data necessary to run D-CASCADE
and delineates the structure of the simulation itself. The model’s primary input
is the river network, represented as a graph comprised of nodes and reaches,
like in the static CASCADE model (Tangi et al., 2019). The reach is the core
modelling unit in both versions of CASCADE and is defined as a section of the
river network between two nodes characterized by homogeneous geomorphic
and hydraulic features. Each reach is defined by a unique set of geomorphologi-
cal features, which are used by the modelling framework to derive information
on sediment transport (such as transport capacity and velocity) via empirical
formulas. In the modelling framework, these features fall into three categories:

1. Static features, which are kept fixed for the entirety of the simulation and
must be defined once for each reach;

2. dynamic features, whose values may change in each timestep, and are de-
fined a priori for each reach and for each timestep by the user;

3. modelled features, whose changes are simulated in each timestep by a spe-
cific component in the modelling framework, and thus only require ini-
tialization for the first timestep.

The reach features used by D-CASCADE are reported in Table 4.1. Depend-
ing on the confidence limits of knowledge of the study systemand the data avail-
able, a feature may be better implemented as static, dynamic or modelled. For
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Features Description
Slope [m/m] Channel slope. Derived fromdata surveys or Digital El-

evation models (DEMs)
Length [m] Desired length of individual reaches. Depends on the

partitioning method used on the network.
Q [m3/s] Discharge in the timestep. Obtained from interpola-

tion of gauging station datasets (Schmitt et al., 2016) or
spatially distributed hydrological models (Schmitt et al.,
2018a).

Active channel
width [m]

Width of the channel section in the timestep. Ob-
tained from satellite imagery (Schmitt et al., 2014, 2016,
2018b), field studies, or global data (Yamazaki et al.,
2014; Frasson et al., 2019)

Grain size dis-
tribution (GSD)

Grainsize distribution parameters of sediment in the
river bed. Interpolated from available point sediment
samples, expert-based assessments, or based onhypoth-
esis regarding river sediment transport regimes.

Manning’s n Manning’s roughness coefficient for the bedmaterial in
the channel. Obtained from field data or estimated from
the literature.

Sediment
deposit [m3]

Total amount of sediment stored in each reach, in each
timestep. Initialized from data from by field surveys
or expert assessments, and modelled directly in D-
CASCADE.

External sed-
iment inputs
[m3]

External sediment contributions from the watershed in
each reach, in each timestep. Estimated by field surveys,
empirical soil loss equation (USLE, RUSLE) or large-
scale, grid based erosion models.

Table 4.1: Key input features and possible sources for deriving their values on network
scales in D-CASCADE
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example, the active channel width may be kept constant (static), or changed in
each timestep by the user (dynamic), e.g. according to the discharge, or be sim-
ulated by a specific component in themodelling framework to reproduce chan-
nel width changes due to sediment erosion (modelled), as in the case of the Bega
case study. Moreover, the initialization phase also includes the definition of the
boundary conditions of the simulation, such as its time horizon, the numerical
precision in themeasurement of the sediment volumes, and the provenance and
quantity of sediment routed in the model.

Sediment volumes routed through the network may be derived from mate-
rial initialized in the reaches as a sediment deposit, or as external, user-defined
sediment contributions supplied to individual reaches in specific timesteps, e.g.
to reproduce sediment delivery from the hillslopes. Cascades are defined by the
ID of the reach where the volume was initially delivered or stored, and the total
sediment volume transported [m3], subdivided into different grain size classes.
The size and composition of the sediment classes are pre-determined and de-
fined in the initialization phase, and are selected according to the composition
of the material transported and the level of detail desired.

4.4 Main D-CASCADE loop

The main D-CASCADE loop, which constitutes the core of the modelling
framework, is comprised of a series of operations, broadly described in Fig-
ure 4.1, which are repeated for each reach and for each timestep as: i) mobilized
sediment definition, ii) change in geomorphic features, iii) and sediment deliv-
ery.

4.4.1 Mobilized sediment de�nition

In each reach, the total volume mobilized and transported downstream in each
timestep is comprised of cascades either delivered from upstream in the pre-
vious timestep, stored in the deposit layer or both. The deposit layer is con-
ceptualized as a series of distinct tiers stacked on top of each other, with each
tier comprised of a single cascade (Figure 4.2a and 4.2b). This modelling struc-
ture guarantees that newly deposited cascades form a tier above the previously
deposited material, and at the same time entrained sediment is removed from
the upper tiers of the deposit first. At any timestep t, the total sediment volume
[m3] in the deposit and the incoming cascades layers of a reach is measured as:

Vd,t =
∑

all cascades
in the deposit
layer at time t

Vc,d,t (4.1) Vi,t =
∑

all cascades in
the incoming
layer at time t

Vc,i,t (4.2)
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Figure 4.2: An example of how the mobilized sediment volume is defined in a reach
in a single model timestep. a) shows the modelled network as a graph composed
of reaches and nodes, b) to e) show the passages to define the mobilized sediment
volume for reach 4. The colours of the tiers indicate the reach of provenance in the
network. In b) the model extracts the incoming cascades and deposit layer in the
timestep, in c) the deposit is divided into active and substrate layer, in d) the model
calculates the transport capacity for the sediment in the active layer, according to
the layer Grain Size Distribution (GSD). Finally, in e) the mobilized volume and
new deposit layer are defined.

Where Vc,d,t and Vc,i,t are the total volumes transported by individual cas-
cades located respectively in the deposit and incoming layers at time t, given
by the sum of sediment volumes for each sediment class. As illustrated in Fig-
ure 4.2c, the upcoming sediment cascades are stacked above the deposit layer to
form a single column, with volume Vf,t = Vd,t + Vi,t. This volume is then di-
vided into an active layer Va,t and a storage/subsurface layer, according to the
maximum active layer volume Vmaxa,t (similar to the procedure used in Czuba
et al. (2017) and Czuba (2018), measured as:

Vmaxa,t =Wtdal (4.3)
where l is the reach length [m],Wt [m] is the channel width at time t. da

[m] is the active layer thickness, which indicates the depth of the sediment layer
that can be mobilized in a single daily timestep, defined either as a constant
or as a variable in space and time according to the hydraulic and geomorphic
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conditions of the network. Cascades in the top part of the column are put in
the active layer until its volume Va,t reaches the maximum volume Vmaxa,t or
there are no more cascades available. If a cascade is situated on the boundary
between active and substrate layers, it is divided according to the remaining
available volume in the active layer.

The volumeVm,t mobilized in the reach at time t is determined by the sedi-
ment transport capacity, i.e. the maximum sediment discharge passing through
a section allowed by the hydromorphological characteristics of the reach in the
timestep considered. The instantaneous transport capacity Qs [m3/s] can be
calculated using empirical formulas, which requires a definition of the grain size
distribution (GSD) or themedian grain size (D50) ( Jr and Yang, 1989). The GSD
used in the sediment transport is relative to the sediment volume in the active
layer (Figure 4.2d). The instantaneous transport capacity is then converted into
daily transport capacity to determine themobilized volumeVm,t for timestep t.
Thus, the cascades in the active layer are mobilized starting from the top layer,
until a volume equal to theVm,t is reached or the active layer is emptied. These
cascades will be transported downstream. Conversely, the volume not mobi-
lized in the active layer is stacked on top of the storage layer to form the new
deposit layer (Figure 4.2e).

4.4.2 Change in geomorphic features

Selected modelling add-ons can be used to quantify changes in modelled ge-
omorphic features between timesteps from the variation of sediment storage
defined in the previous step. These add-ons can include traditional 2D or 3D
morphodynamical modelling techniques, or a simplified model calibrated on
observed historic channel evolution.

For example, (Czuba et al., 2017) uses a simple components tomodel changes
in channel slope due to sediment accretion or entrainment in the channel which
takes advantage of the graph structure of the river network, and can be easily
repurposed inD-CASCADE. Sediment volumes added or removed froma reach
are placed in its own reach and in the reaches immediately upstream. This is
done to adjust bed elevation and thus slope, according to the equation:

η
(u)
i,t+1 = η

(u)
i,t +

(Vd,i,t+1 − Vd, i, t)

(Wi,tli +
∑
u=UWu,tlu) ∗ (1 −φ)

(4.4)

Where η(u)i,t is the elevation of the upstream node of reach i at time t,Wu,t

and li are the reach width and length,U is the set of reaches directly upstream
and the (1 −φ) term accounts for the sediment porosity of the deposit. Chan-
nel slope is then calculated as:
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Si,t+1 =
η
(u)
i,t+1 − η

(d)
i,t+1

li
(4.5)

WhereSi,t+1 is the channel slope of reach i at time t+ 1 andη(d)i,t+1is the ele-
vation of the downstream node of reach i at time t+ 1. This methodology gen-
erates a negative feedback loop, where erosion decrease slope, and thus trans-
port capacity, and this in turn decreases the volume eroded in future timesteps.
Conversely, deposition increases slope and transport capacity, leading to more
sediment entrainment the next timestep.

4.4.3 Sediment delivery

The mobilized volume in each reach is delivered downstream according to the
characteristic velocity of sediment vs,i of each reach i. The rate of transport of
a mobilized sediment volume in the i-th reach is defined as:

vs,i =
Qs,i

WiHaφ
(4.6)

where Qs,i is the instantaneous transport capacity of the mobilized sedi-
ment in reach i [m3/s],Wi is the channel width [m], φ is the sediment poros-
ity andHa is the characteristic vertical length scale for sediment transport [m],
which can be a function of the water height or kept constant. In reality, the
characteristic velocity varies substantially depending on a variety of factors in-
cluding the composition of the solid material transported and the hydromor-
phological conditions of the river reach. This formulation has been used in
other distributed sediment models (Hassan et al., 1991; Czuba and Foufoula-
Georgiou, 2014) and guarantees an estimate of sediment velocity that is useful
for large-scale modelling efforts. However, it provides a single estimation of
sediment velocity for the mobilized sediment volume, without discriminating
between different sediment classes. An alternative approach to derive sediment
velocity for each grain class is to assume sediment velocity is independent from
grain size distribution, i.e. interactions between grains of different classes do
not influence sediment velocity. Therefore:

vs,c,i =
Qs,c,i

WiHa,cφ
(4.7)

Where vc,s,i is the velocity of sediment movement for grain class c in reach
i,Ha,c is the characteristic vertical length of sediment transport for grain class
c, Qs,c,i is the transport capacity for that sediment class, measured using em-
pirical transport capacity formulas, assuming uniform sediment size and thus
equating the D50 in the formula to the mean grain class diameter. While both
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these approaches are based on empirical equations which provide simple esti-
mates of virtual velocity of sediment load, the first assume the sedimentmixture
to move as a single entity, while the second consider each grain size class inde-
pendently, Therefore, the choice of velocity formula depends on the modelling
goals and the type of sediment class considered. The first equationmay bemore
suited for modelling efforts in rivers with uniform or semi-uniform grain size
distributions, where the sediment classes are few and close between. On the
contrary, the second formula may be more appropriate if the model accounts
for sediment of widely different sizes, which are bound to move at vastly dif-
ferent velocities.

For each sediment volume Vm,t, the model first derives sediment velocity
for all the downstream reaches (and for each sediment class), from which it ob-
tains the daily travelling distance, and then the destination reach, where the
material will be delivered in the next timestep from the incoming layer Vi,t+1.
Sediment leaving the network through the outlet is stored in an appropriate,
out-of-bounds layer.

4.5 Conclusion

In this chapter, we presented the new dynamic D-CASCADE framework as
a promising tool to explore the complex dynamics and patterns of river sedi-
ment (dis)connectivity across a catchment and over time. The inclusion of add-
ons in its modelling environment allows for the evaluation of more complex
and localized multidimensional morphological processes, which the basic 1D
model structure cannot capture. The flexible and adaptable potential of the D-
CASCADE framework allows for a wide array of future applications, includ-
ing more complex representations of local morphological processes associated
with sediment (dis)connectivity and integration with other large-scale models,
e.g. distributed hydrological and morphological models. Limited data require-
ments and computational time also promote its use for relatively quick test-
ing of model uncertainties and parameter sensitivity for use in final simula-
tions. As with the original CASCADE model, D-CASCADE is also designed
to be employed in strategic decision-making contexts, to provide indicators
of sediment (dis)connectivity alteration as part of a multiple decision portfo-
lio (Schmitt et al., 2018a, 2019). The novel dynamic framework also allows for
the exploration of the competing or compounding effects of time-varying sedi-
ment management strategies, e.g. basin-wide water release and sediment flush-
ing strategies for multiple reservoirs in different part of the network (Kondolf
et al., 2014b, 2018; Wild et al., 2021). Both uncertainty analysis and portfolio
performance exploration are supported by the limited computational require-
ment and scalability of the D-CASCADEmodelling environment, which allows
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for fast and repeatable model simulation.
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5
D-CASCADE application to

reconstruct historical sediment
transfer and river reach

sediment budgets

This chapter presents an application of theD-CASCADEmodelling framework
to the well-documented Bega River catchment, NSW, Australia, where signif-
icant geomorphic changes to rivers has occurred post European colonization
(after 1850s), includingwidespread channel erosion and sedimentmobilization.
The Bega catchment also provides a useful case study to test D-CASCADE, as
original source data on the historical sediment budget are available. By intro-
ducing historic drivers of change in the correct chronological sequence, the D-
CASCADE model successfully reproduced the timing and magnitude of major
phases of sediment transport and associated channel adjustments over the last
two centuries. With this confidence, we then ran the model to test how well
it performs at estimating future trajectories of basin-scale sediment transport
and sediment budgets at the river reach scale.

This chapter is developed based on: Tangi, M., Bizzi, S., Fryirs, K., & Castel-
letti, A. (2022). A dynamic, network scale sediment (dis)connectivity model to
reconstruct historical sediment transfer and river reach sediment budgets. Wa-
ter Resources Research, 58. DOI: 10.1029/2021WR030784
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5.1 Introduction

To validate the effectiveness of D-CASCADE in reproducing major patters of
sediment (dis)connectivity, sediment delivery and morphological change, we
apply D-CASCADE to the Bega River network, NSW, Australia, with the ob-
jective of reproducing the known geomorphic changes and trajectories of river
adjustment that have occurred due to anthropic disturbances post-European
settlement (ES). TheBega catchment case studywas chosen to testD-CASCADE
because of the wealth of well-documented and published data on river change
and sediment budgets (e.g. see Brooks and Brierley (1997); Fryirs and Brier-
ley (2001); Fryirs et al. (2007); Brierley and Fryirs (2013)). We return to the
historical record and use the original source data to reconstruct the pre-ES
river morphology. We then define the magnitude, timing, and location of dom-
inant historic drivers of geomorphic change over the last 170+ years to set the
boundary conditions for the simulation. Given the large uncertainties in the
reconstruction of some historical parameters, a sensitivity analysis is used to
explore different scenarios of geomorphic change in response to different hy-
draulic conditions over time. Knowledge of system evolution is then used to
delineate possible trajectories of future geomorphological adjustments across
the river network.

5.2 Case study

The Bega River catchment is located on the south coast of NSW, Australia,
and drains an amphitheater-shaped area of 1930 km2, divided into six differ-
ent subcatchments, namelyWolumla, Candelo, Tantawangalo, Sandy, Bemboka
and Brogo (Figure 5.1a). An escarpment encircles the catchment on three sides,
rising to 1200 m asl, which abruptly gives ways to elevated uplands, and after
the confluence withWolumla Creek, a lowland plain, where Bega township, the
largest settlement in the area, is located. The climate is characterised as temper-
ate but there can be prolonged period of drought and no-flow that are abruptly
broken by intense rain events that produce floods (Brooks and Brierley, 1997).
The largest flood on record, in February 1971, had a discharge of 1800m3/s at
Morans Crossing. A technical report by Cardno (2018), estimated that a flood
event with 1% of annual exceeding probability, similar to the 1971 flood, could
have a discharge of 10400m3/s near the outlet.

Rivers in the Bega catchment underwent catastrophic geomorphological
changes following the establishment and expansion of European settlements,
starting from the XIX century, as described in the timeline in Figure 5.1b.
Brooks and Brierley (1997); Fryirs and Brierley (1998, 1999, 2001). Prior to Eu-
ropean settlement, the Bega catchment was dominated by open woodland with

82



5.2. Case study

a) b)

c)
Bega valley

Figure 5.1: Features and timeline of changes in the Bega River valley. a) Present-day
River Styles (Fryirs and Brierley, 2001)in the Bega catchment, NSW, Australia;
defined by Brierley and Fryirs (2000). Channelized fills were originally intact val-
ley fills or swamps, but due to anthropic interference have experienced widespread
erosion, incision and sediment release. b) Timeline of the major geomorphological
changes in the Bega catchment from 1850 to 2020. c) Classification and sediment
yielded since European settlement for the reaches of the Bega river network (in
m3/km) as defined by Fryirs and Brierley (2001). The amount of sediment yielded
is represented by the line thickness. Sediment delivery ratios used for validation of
the model outputs are also displayed.
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scrubby undergrowth and intact valley fills (swamps) at the base of the escarp-
ment. Many parts of the Bega tributary networks were characterized by dis-
continuous watercourses with no well-defined channels (Brierley et al., 1999)
which greatly limited sediment transport and produced significant buffers and
barriers to sediment (dis)connectivity (Fryirs et al., 2007; Poeppl et al., 2020).

The river along the lowland plain was likely a suspended or a mixed load
system (Brooks and Brierley, 1997). Early European settlements are dated to
1840’s and 1850’s, with Bega township being founded in the early 1850’s. By
the 1890’s, around 90% of the lowland vegetation cover was removed from the
floodplains (70% of the total vegetation cover of the basin) and riparian vege-
tation and wood was removed from the river channels (Brooks and Brierley,
1997). The channel expanded from around 40 - 50 m in the 1850s to 120 –
150 m by 1890, before being stabilized by exotic willows on the banks by 1926
(Brooks and Brierley, 1997). The material released by bank erosion was around
100,000 – 200,000m3/km of fine to medium sand (mean grain size 350 – 500
µm) (Brooks and Brierley, 1997; Fryirs and Brierley, 2001). Channel expansion
to varying degrees also occurred along large sections of the middle reaches of
the Bega and Brogo trunk streams.

At the base of the escarpment, incision and channel expansion into formerly
intact valley fills (swamps) occurred from about 1900 (Brierley and Fryirs, 1998;
Brierley et al., 1999; Fryirs and Brierley, 1998, 1999, 2001). In total, around 10
million m3 of material was released. Today, intact valley fills persist in only
two locations in the network (Towridgee Creek and Frogs Hollow). The release
of material from these valley fills was rapid, producing a sediment slug com-
posed mostly of coarse granular sand (mean grain size 1 – 2 mm) which trav-
elled downstream through the middle reaches of the system and was deposited
in the lowland channels and floodplains (Fryirs and Brierley, 2001). This sup-
ply changed the sediment regime of the lowland plain river to a sand-dominated
bedload system (Brooks and Brierley, 1997). Sediment released by these river
changes created a large sediment slug that still remains in the system today.

During the last decade, it has been observed a reappearance of vegetation,
mostly non-native species, alongside the banks of most of the downstream
reaches. The recovery of vegetation cover along the banks and on the sediment
bars both contribute to increase bank stability and consolidating the position
of the sediment slug in the lowland reaches. (Fryirs et al., 2018).

Using the D-CASCADE modelling framework we aim to test whether the
most impactful geomorphic changes observed in the basin, i.e. erosion and sed-
iment release from the valley fill swamps, channel expansion along the lowland
plain, and sediment slug formation and movement can be recreated and mod-
elled.
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5.3 Methods

Using the D-CASCADEmodelling framework, we aim to test whether themost
impactful geomorphic changes observed in the Bega River basin post European
settlement can be recreated and modelled. These include erosion and sediment
release from valley fill swamps, channel expansion along the lowland plain, and
sediment slug formation and movement, as well as the sediment budget alter-
ations. For the model parameterization, we first define the network features
and the historic hydrology. We then introduce the modelling components for
the geomorphic changes and the simulation structure. Finally, we define vali-
dation parameters for the model outputs based on literature and available data.

5.3.1 Network features de�nition

Table 5.1 describes themainD-CASCADE features, their source and theirmod-
elling type, according to the classification described in Section 4.3. River net-
works of the Bega catchment were extracted using a Digital Elevation Model
(DEM) provided by Geoscience Australia, with 2 meter resolution, using the
Topotoolbox software(Schwanghart and Scherler, 2014). Uniform reaches with
an average length of 2 km were extracted, excluding reaches corresponding to
former swamps, which are considered sediment sources and were therefore ex-
tracted as a single reach without segmentation. This helps to avoid sediment
stagnation between consecutive source reaches. In total, the network is parti-
tioned into 263 reaches. To model the historic geomorphological changes in
D-CASCADE, reaches are classified into 4 categories according to the type and
magnitude of geomorphic changes experienced (Figure 5.1c):

• Type 1 reaches are located above the escarpment line or along still
vegetated river stretches that experienced no significant morphological
changes.

• Type 2 reaches are in themiddle portion of the basin and have experienced
minor channel expansion.

• Type 3 reaches are in the lower part of the basin and have experienced
substantial channel expansion.

• Type 4 reaches are the valley fill reaches at the base of the escarpment that
were affected by incision into swamps.

Modern day values of channel width, bed grain size distribution, and chan-
nel roughness coefficient are obtained from satellite images and field surveys,
and historical data is drawn from the published literature. The original sedi-
ment budget data fromFryirs andBrierley (2001) have also been used. Elevation
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Features Description Classification
for the Bega
case study

Slope [m/m] Channel slope. Derived from the Dig-
ital Elevation models (DEMs) provided
by Geoscience Australia

Static feature

Length [m] Desired length of individual reaches.
Defined by the reach classification in
Fryirs and Brierley (2001)

Static feature

Q [m3/s] Discharge in the timestep. Obtained
by combining gauging station datasets
with a spatially distributed hydrological
model (see section and Appendix A1.

Dynamic
feature

Active channel
width [m]

Width of the channel section in the
timestep. Initialized by field studies and
hystorical reconstructions.

Modelled
feature

Grain size dis-
tribution (GSD)

Grainsize distribution parameters of
sediment in the river bed. Initialized by
field studies and hystorical reconstruc-
tions.

Modelled
feature

Manning’s n Manning’s roughness coefficient for the
bed material in the channel. Obtained
from field studies.

Dynamic
feature

Sediment
deposit [m3]

Total amount of sediment stored in
each reach, in each timestep. Initial-
ized by sediment budget estimations in
Fryirs and Brierley (2001).

Modelled
feature

Table 5.1: Key input features, sources for deriving their values on network scales and
how these features are reproduced in D-CASCADE for the Bega river network case
study.

data from theDEMare used to derive channel slope; as no data on pre-ES chan-
nel gradient are known, we assumed slope to be a static network feature. For
type 2 reaches, the pre-ES channel width is set equal to 80% of the current value,
to account for a 20% width expansion. For type 3 reaches, the channel width is
expanded from 40 m to 135 m before 1890, while the original bed grain size
is assumed equal to the estimated pre-ES bedload (Brooks and Brierley, 1997).
For type 4 reaches, the last remaining intact swamps in the network are used
as pre-ES analogues. These swamps are relatively wide (150-180 m) and steep
(0.02 – 0.028). The types of sediment released from type 4 reaches is medium
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to coarse sand (1 - 1.4 mm) as documented in Fryirs and Brierley (1998) for the
valley fill stratigraphy. Due to the lack of historical datasets, grain size distri-
bution for type 1 and 2 reaches are assumed equal to present day value. For
the pre-ES condition, we assigned a relatively high roughness coefficient for all
reaches, given the known presence of dense riparian vegetation and wood in
the channels, equal to 0.2 for type 4 reaches and 0.1 otherwise. Roughness coef-
ficients associated with vegetative recovery after 1980 have been defined using
expert judgement as well as historic and contemporary satellite images. For ex-
ample, in the lowland channels, roughness shifts from 0.1 pre-ES, to 0.04 after
riparian vegetation removal, to 0.08 today with vegetative recovery. By 2001,
around 90%of themobilized volumeswere delivered to the lowland plain chan-
nels. Only around 16% of the releasedmaterial has been delivered to the estuary
(Fryirs and Brierley, 2001) (Figure 5.1c). These volumes are used in the simula-
tion to initialize the pre-ES sediment deposit in each reach, assuming uniform
grain size distribution.

5.3.2 Reconstruction of hydrology

As D-CASCADE models daily timestep, a complete simulation of the full time
horizon would require continuous daily discharge data for all 263 reaches over
170+ years, which are not available. Therefore, given that most of the sedi-
mentmovement along the BegaRiver network occurs during intermittent flood
events, we chose to simulate only the daily timesteps when historic flood events
with a 1-year relative flood return period (RP) or more occurred, and assumed
sediment transport to be nil or negligible otherwise. For detailed information
on the hydrology reconstruction, refer to Appendix A.1.

In total, 168 daily flood events have been identified. Historical hydrological
dataset from 1850 are only available for gauge height and relative flood RP in
specific locations. To account for uncertainty in the correlation between gauge
height, flood RP, and discharge, we defined four scenarios that are designed
to cover a wide range of possible discharge conditions. Each scenario classi-
fies each flood events into a RP class (1-, 2-, 5-, 10-, 20-, 50-, 100-year flows)
correlated to a specific discharge for each reach. The scenarios are: Medium
discharge scenario (MedQ), High discharge scenario (HighQ), Low discharge
scenario (LowQ), and Mixed discharge scenario (MixQ). The MixQ scenario is
designed to account for higher flood magnitude in upstream reaches compared
to lowland ones, and then to increase sediment erosion and release in the type 4
reaches: the same flood event is classified in a higher PR class in type 4 reaches,
and in a lower class otherwise.

To explore future sediment transport trajectories in the network, we created
100 scenarios lasting 100 years each, assuming a maximum of one flood event
per year, by generating independent flood events extracted from the yearly
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probability distribution of the historical dataset.

5.3.3 Add-ons modelling components

For the Bega case study, we introduce two add-ons to D-CASCADE to repro-
duce changes in channel width and the effect of overbank floods on the in-
channel sediment storage. These components are described in detail in Ap-
pendix A2

The channel expansion add-on simulates channel width change caused by
bank erosion, by increasing its value proportionally to the erosion of the ini-
tialized reach sediment budget, up to observed present-day conditions. The
overbank flooding component accounts for part of the discharge going over-
bank during particularly large floods, which decreases the potential for sedi-
ment erosion on the channel bed. This is especially important in the lowland
reaches, where overbank flooding has historically led to sediment deposition on
the floodplains and lower erosion potential of the channel bed. In each timestep,
this add-on reduces the value of the discharge used to quantify the erosion of
the deposit layer to a value corresponding to the highest non-overbank flood,
while sediment transport and velocity remain unaltered.

5.3.4 Simulation structure
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Phase 1
(1850 - 1900)

Phase 2
(1901 - 1910)

Phase 3
(1911 - 1980)

Phase 4
(1981 - 2020)

Type 1 • Channel rough-
ness decreased
linearly to pre-
vegetative recovery
values

• Overbank flood
add-on component
is active

• Overbank flood
add-on component
is active

• Channel rough-
ness increased lin-
early to present day
values where veg-
etative recovery is
observed
• Overbank flood
add-on component
is active

Type
2-3

• Channel rough-
ness decreased
linearly to pre-
vegetative recovery
values • Sediment
deposit made avail-
able for erosion
proportionally
to the changes in
channel roughness
• Channel width
increased up to
present day value
as modelled by the
channel expansion
add-on

• Overbank flood
add-on component
is active

• Overbank flood
add-on component
is active

• Channel rough-
ness increased lin-
early to present day
values where veg-
etative recovery is
observed • Over-
bank flood add-on
component is active

Type 4 No changes • Channel rough-
ness decreased lin-
early to pre- vegeta-
tive recovery values
• Channel width
decreased linearly
to 10 m

• Channel width
increased up to 50
m as modelled by
the channel expan-
sion add-one

• Channel rough-
ness increased lin-
early to present day
values where veg-
etative recovery is
observed

Table 5.2: Timeline of morphological drivers introduction and add-ons activation in
the historic simulations for each reach types and temporal phases.

We introduced the drivers of geomorphological change in themodelling en-
vironment in a temporal sequence relative to known phases of change from the
historical record. Table5.2 describes the structure and length of each phase and
summarizes how andwhen the different drivers of change are introduced to the
simulation. The temporal phases are:

• Phase 1 (1850 – 1900): vegetation removal along lowland river that re-
sulted in bank instability and channel expansion.

• Phase 2 (1900 – 1910): valley fill incision and channel expansion along
type 4 reaches.
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• Phase 3 (1911 – 1980): delivery and stalling of the sediment slug along the
lowland plain channel and floodplain.

• Phase 4 (1981 – 2020): vegetation recovery and subsequent decrease in
sediment mobilization.

In this study, we consider seven sediment classes from very fine sand to peb-
bles (-5.5, -4, -2.5, -1, 0.5, 2 and 3.5 ϕ in Krumbein logarithmic scale, corre-
sponding to 45, 16, 5.6, 2, 0.70, 0.25, 0.088mm). Aswe reproduce themovement
ofmostly sand in the network, we applied eq 4.6 formeasuring virtual sediment
velocity independently from the grain size classes considered. The active layer
thickness da (see eq. 4.3) and the vertical length for sediment transportHa (see
eq. 4.6) are kept constant in all reaches and equal to 1 m and 0.1 m respectively
(Czuba, 2018), and the sediment porosity φ = 0.4 (Wu and Wang, 2006). To
avoid excessive computing time and data storage, new sediment cascades are
defined only if they carry at least 0.1m3 of sediment in at least one grain size
class. The transport capacity is calculated using theAckers-White formula (Ack-
ers and White, 1973), the bedload transport capacity formula also employed in
Fryirs and Brierley (2001). The formula requires estimation of D35, obtained
via interpolation of the grain size distribution of the active layer, and values of
water height and velocity, derived using the Manning-Strickler formula (Man-
ning, 1891). Ackers-White is a total transport capacity formula, so the Molinas
andWupartitioning formula (Molinas andWu, 2000) is used to derive fractional
transport capacity for each sediment class.

5.3.5 Validation parameters

To quantify how the D-CASCADE model simulation performs at reproducing
quantifiable effects of major historical changes observed in the network, we de-
fined four indicators based on field data and historical reconstruction, which
compare the model outputs for the 2000s with field data collected in the same
years (Brooks and Brierley, 1997; Fryirs and Brierley, 2001):

1. SedDelRt: Fryirs and Brierley (2001) extrapolated from field data the
sediment delivery ratio (labelled SedDelRt) of the mobilized deposit at the
mouth of different subcatchments since ES.We can derive sediment deliv-
ery ratio (SDR) from the model outputs by comparing the amount of sed-
iment, deposited or mobilized, present in a subcatchment at time t with
the same value at t=1

SDRi,t =

∑
j=ur_i(Vd,j,t + Vm,j,t)∑
j=ur_i(Vd,j,1 + Vm,j,1)

(5.1)
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Where SDRi,t is the sediment delivery ratio in reach i at time t and ur_i
is the set of all reaches situated upstream reach i,i included. In particular,
we used the sediment delivery ratio in 3 different downstream locations
as indicators (see Figure 5.1c ): at the Bega River just before the Wolumla
Creek confluence (SDR = 90%), the Bega River at Bega township (SDR =
68%), and just before the estuary (SDR = 16%). The sharp decrease in SDR
between these sections is indicative of one of the major morphological
changes observed, i.e. the trapping of material released as a sediment slug
in the lowland sections of the river.

2. Type 4 - % incised: According to the historic reconstruction (Fryirs and
Brierley, 2001), sediment material initialized in the deposit layer of type
4 reaches (Figure 5.1c )should have been completely transported down-
stream by 2001. By measuring the percentage of total sediment initialized
along these reaches eroded by 2001, we can validate if the methodology
used to model sediment erosion is sufficiently able to reproduce incision
of the valley fills and subsequent channel expansion.

3. Type 3–Width: validatedwhether the channel expansion add-on is able to
reconstruct the historic changes in channel width along the lowland plain
(Brooks and Brierley, 1997) by comparing the modelled average channel
width with present day field-measured values.

4. Type 3 – D50: checked whether the model is able to replicate the coars-
ening of bed material grain size in the lowland reaches, and therefore the
change in sediment regime from mixed load to bedload, by determining
whether the average D50 of the modelled bed material matches the field-
measured present day average of 1.4 mm (Brooks and Brierley, 1997).

5.4 Results

5.4.1 Historical sediment transport trajectories

Figure 5.2 shows the D-CASCADE simulation outputs for the MedQ scenario,
for selected sections of the river network. Lowland reaches are classified into
8 different sections (Figure 5.2a, from A to H), each of which is comprised of 2
to 4 reaches. Total sediment volume in each timestep is defined as the sum of
the mobilized volumeVm,t and the deposit layerVd,t of all reaches in a section.
Figure 5.2b shows the evolution of total sediment volume and channel width
for the lowland sections in the simulation horizon. D-CASCADE provenance
tracing allows us to categorize the total volume according to the original supply
location. In this case, we distinguish between provenance from type 2 and 3 or
type 4 reaches.
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a)

c)

b)

Figure 5.2: Variations in total sediment volume and network features in different
locations in the river network for the MedQ scenario. Sections in the downstream
reaches are identified in figure a). Bars on the background of b) and c) indicate
the flood RP each year, with a 3 timestep average. Figure b) show trajectories for
the downstream reaches, separating sediment from channel expansion (type 2 and
3, in green) from material from incision of valley fills (type 4, in orange). The
figure also shows channel expansion due to bank erosion (red lines). Figure c) shows
the decrease of the original sediment budget in type 4 reaches, following swamp
drainage, incision and channel expansion.
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According to themodel, channel expansion in type 2 and 3 reaches occurred
between1850 and1900,mostly driven by large flood events. Before 1900, all the
bankmaterial thatwas available has been eroded and channelwidth increases to
present-day values. Most bank material is transported downstream, depositing
mostly in section D-F. After 1900, sediment released from incision of the val-
ley fills transits easily through sections A to C, before accumulating mostly in
sections D to F. Figure 5.2c shows trajectories for type 4 reaches for the MedQ
scenario. Before 1900, all simulations show that sediment release from type 4
reaches is almost non-existent due to the unincised nature of the valley fills,
characterised by no channel and high surface roughness that greatly reduces
transport capacity. After 1910, swampdrainage and channelization led to chan-
nel incision and sediment slug formation, which continues for the rest of the
simulation horizon. Variations in the hydrology of each reach explainswhy sed-
iment is released at different rates, e.g. Reedy and Colombo Creeks are mostly
emptied before 1950, while Pollacks Flats, Greendale and SouthWolumlaCreek
retain material past the year 2000.

After 1980, the increase in riparian vegetation and channel roughness leads
to a visible decline in sediment mobilization in both upstream and downstream
reaches, even during large floods.

Figure 5.3a shows sediment delivery and deposition in the lowland reaches
for the four hydrological scenarios. Most noticeably, under the HighQ and
MedQ scenario, less sediment is stored in section E, and more in section F
downstream of the Brogo confluence. Channel expansion rates remain largely
the same across all scenarios.

The performance of the four scenarios for the four validation parameters
are shown in Figure 5.3b. Sediment delivery of the material initialized follows
similar patterns, as all scenarios present sediment sinks along the lowland plain
(sectionD-G) while upstream sections function as sediment source and transfer
zones. Consequently, all scenarios show a clear decrease in sediment delivery
between sections C and H.

Conversely, lowland channel expansion in all scenarios follows the pattern
defined by historical observations, with channel width reaching present-day
conditions around 1890-1900. All simulations reproduce the coarsening of bed
material along the lowland plain.

Scenarios with the highest discharge in type 4 reaches (HighQ and MixQ)
exhibit more pronounced erosion of valley fill sediment and higher sediment
delivery ratio to the lowlands, while LowQandMedQ are associatedwith lower
percentages in both parameters.
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a)

b)

Figure 5.3: D-CASCADEmodel output and performances for the different hydrology
scenarios. a) Variation of total sediment volume and channel width along the low-
land plain, for the four hydrological scenarios. Discharge is shown for the HighQ
scenario. b) Performance of the four hydrological scenarios for the four valida-
tion parameters. The grey and black lines represent, respectively, the pre-ES and
the present-day values for the parameters. Scenarios closer to the black line have
better performances.
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Figure 5.4: Trajectories and performances of future hydrology scenario, in the pre-
restoration and present-day roughness scenarios. a) Variation of total sediment
volume for the downstream reaches identified in Figure 5.2a, from 1850 to 2120,
for the two future scenarios. Trajectories from 1850 to 2020 are relative to the
MixQ scenario. A Montecarlo fan chart is used to visualize the future trajectories
of the parameters after 2020. Each color gradient defines a 20% frequency range of
future trajectories. b) Performance of the two future hydrology scenario, for the last
timestep of the simulation. The red line represents the performance of the MixQ
scenario relative to the final year of the historic horizon (2020). The color gradient
indicates the mean yearly flood discharge at the outlet for the future trajectories.
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5.4.2 Forecasting future sediment transport trajectories

As the MixQ scenario is performing the best relative to the majority of the val-
idation criteria, we used this classification method to generate discharge values
for 100 future discharge scenarios with which to run forecasting exercises.

The red lines in Figure 5.4a show the projected range of variation of sedi-
ment volume and sediment delivery ratio for the downstreamreaches as defined
in Figure 5.2a. This simulation runs for 100 years from 2020 to 2120. Type 4
reaches provide little further insight on the system evolution because they are
largely already depleted of sediment. However, for the lowland plain reaches, it
is forecasted that the trend of sediment delivery from upstreamwill persist into
the future, as any remaining material from upstream is delivered. However, a
noticeable increase in sediment delivery only occurs in section D. Sections E
to F experience a remarkable lack of sediment mobilization as all material is
retained and stored in section D. Over the next 100 years a slow increase in
sediment delivery ratio is forecast (brown lines in Figure 5.4b). This trend is
more pronounced in upstream sections, as sediment from upstream is deliv-
ered to section D. While the majority of sediment remains trapped in sections
E to F, a small fraction does exit the system, as shown by the very small increase
in sediment delivery ratio to the outlet.

The stagnation of the sediment slug that has been simulated is most likely a
consequence of the high channel roughness associatedwith vegetative recovery.
To checkwhether removal of riparian vegetation in the future would affect sed-
iment transport, we ran the same future discharge scenarios, but with channel
roughness across the whole river network set to pre-vegetative recovery values
(blue lines in Figure 5.4a). The results show an increase in mobility in this sce-
nario, and a subsequent increase in sediment delivery ratio along the lowland
reaches and to the basin outlet (blue lines in Figure 5.4b).

5.5 Discussion

5.5.1 Reconstruction of historical sediment storage and reworking

The model outputs show that D-CASCADE is able to reproduce histori-
cal morphological changes in the Bega River network and reconstruct reach
(dis)connectivity roles with suitable accuracy. By defining pre-ES boundary
conditions and introducing selected drivers of change in the correct temporal
sequence, all simulations reproduce both patterns of lowland channel expan-
sion and valley fill incision and material release (Brooks and Brierley, 1997;
Fryirs and Brierley, 2001). In particular, lowland channel expansion is ac-
curately reconstructed both in timing and location. By using different dis-
charge scenarios, we can explore and simulate different sediment transport and
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(dis)connectivity patterns that are driven by different sequences of flood mag-
nitude and frequency.

All simulations also correctly reproduce the role that downstream reaches
have played in driving the sediment (dis)connectivity of the basin identified by
Fryirs and Brierley (2001). Reaches upstream of the confluence with Wolumla
Creek (A-C) experience rapid bank erosion and channel expansion after 1850.
Moderate channel gradient and limited overbank flooding facilitates the trans-
port of newly released sediment downstream. After the initialized sediment de-
posits have been eroded around 1900, these sections switch to transfer zones,
where sediment from upstream is quickly conveyed downstream with little or
no deposition. The receiving reaches along the lowland plain (D-G) behave like
sediment sinks, displaying a high degree of sediment deposition due to low gra-
dients and a high frequency of overbank flooding that limits transport capacity
in the channel. Any sediment that does make it to the gorge in section H is
quickly delivered to the basin outlet. After 1910, material supplied from the in-
cision of valley fills is depositedmostly in sectionsD to F. This retention effect is
greatly exacerbated by the increase in roughness due to vegetative recovery that
has occurred since about 1980, as the decrease in transport capacity in the low-
land channels leads to less material being mobilized even during large flooding
events. Figure 5.3 shows that the role of the different sections in the sediment
connectivity of the basin remains largely the same across the scenarios, with
section A, B, C and H as a transfer zone, and D to G as a sediment sink. This
pattern is also confirmed by the sharp decrease in sediment delivery ratio at the
lowland plain (Figure 5.3b).

For type 4 reaches, all simulations reproduce the high sediment retention
rate in valley fill reaches before 1910. However, differences between hydrolog-
ical scenarios are more evident in the reconstruction of valley fill incision and
subsequent sediment release. Only simulations with high discharge for type 4
reaches (HighQ andMixQ) guarantees that most of thematerial stored in valley
fills is mobilized and delivered downstream between 1910 and 2001 (around
92%, in comparison to the 60% ratio of LowQ). Even in these scenarios, sedi-
ment release is noticeably slowerwhen compared to the historic reconstruction.
The 1944 aerial photos show that most incision had already occurred, and in
the same year MixQ simulation presents a rate of erosion of 43%. This is prob-
ably due to simplifications introduced when modelling sediment entrainment,
which is designed to reproduce bank erosion controlled by the transport ca-
pacity. This approach may not be suitable for simulating complex dynamics of
channel incision and gullies formation in eroding valley fills. For future appli-
cations, new add-on components for modelling gully formations and channel
incision could be implemented to better simulate these processes. Similarly, the
observedmassive channel adjustments likely affected the channel gradient, thus
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an add-on design to model channel slope variations due to sediment accretion
and entraining could be added in future research.

Overall, the MixQ scenario seems to perform the best for the validation cri-
teria defined. This was expected, as MixQ has the multiple advantage of ensur-
ing frequent high discharge on type 4 reaches that guarantees a high incision
rate and sediment supply upstream, while also reducing flood event intensity
in the lowlands to produce lower rates of sediment mobilization and a low sed-
iment delivery ratio to the outlet. While more exhaustive information on the
past hydrology of the basin may have led to better representation of the histor-
ical trajectories, the implementation of hydrological scenarios has still yielded
satisfactory results, while also providing insight into the sensitivity of geomor-
phic processes to changes in flood frequency and intensity.

5.5.2 Future sediment release and transfer

For this system, the model does not suggest that there will be dramatic changes
in the role of the reaches in network (dis)connectivity in coming decades, should
the current conditions prevail. The lowland plain will continue to function as
a sediment sink, storing the remaining sediment delivered from upstream and
across sections A to C. By 2120, assuming negligible alterations to present-day
riparian vegetation in the lowlands and not accounting for climate change in-
duced hydrological alterations, it is forecasted that the increase in sediment de-
livery ratio will be higher in the reaches located directly downstream of the
Wolumla confluence.

These forecast patterns could indicate that while there may be visible varia-
tions in sediment delivery along more upstream sections as the tail of the sedi-
ment slug reaches the lowland plain, the function of the lowland plain as a sed-
iment sink seems to intensify further downstream. By sections F and G this
trend is so pronounced that these sections appear mostly insensitive to varia-
tion of discharge, significantly stalling the amount of material that can escape
to the outlet. The high channel roughness brought by vegetative recovery after
1980 traps virtually all sediment slug material in the lowland plain for the fore-
seeable future. These results also suggest that should vegetation be removed
from the riparian or in-channel zones of the lowland plain, either from wild-
fires or anthropic interventions, it would trigger a new period of sediment slug
mobilization and delivery to the estuary.

5.5.3 Opportunities and limitations for further research

The application of D-CASCADE to the Bega River network showcases the
potential of a network-scale dynamic and distributed sediment connectivity
model to aid in the reconstruction of historical sediment (dis)connectivity pat-
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terns and sediment budget trajectories (Schmitt et al., 2016; Gran and Czuba,
2017;Murphy et al., 2019; Beveridge et al., 2020). The new dynamic framework
allows for the exploration of more complex sediment connectivity processes
and how the interactions between different hydromorphological components
that are disaggregated in time and space guide their evolution over time (Czuba,
2018; Wild et al., 2021). This, in turn, makes D-CASCADE a useful instrument
for modelling future trends of sediment (dis)connectivity dynamics, that can be
used to forecast and quantify possible future alterations in time and space re-
sulting from multiple anthropic disturbances in a system.

Furthermore, the flexible and open-ended structure of the D-CASCADE
modelling environment allows for the inclusion of multiple add-ons compo-
nents and to integrate the large-scale 1D structure of the model with specific
tools that can account for more localized and multidimensional processes. Dy-
namic and two-directional interactions between the D-CASCADE model and
additional components guarantees that local changes modelled by add-onsmay
influence basin-wide (dis)connectivity, and vice-versa (Fryirs, 2013; Bracken
et al., 2015). These components may be based on traditional physically-based
models, or, as in the case of the Bega River case study, simplified relations based
on, and calibrated with, historical observations. This provides the advantage of
both reducing complexity and uncertainty while producing results that match
observed local conditions and known past morphologies.

The adaptability ofD-CASCADEallows us to test hypothesis regarding sedi-
ment (dis)connectivity in data-scarce environments where limited data for vali-
dation are available. However, modelling complex processes at large spatial and
temporal scales does lead tomultiple sources of uncertainty, either from the lack
of data on boundary conditions, or the modelling parameters necessary to run
such large-scale frameworks. Therefore it is important thatmultiple hypothesis
are tested with each simulation (Tangi et al., 2019). Stochastic approaches, like
the one used in Schmitt et al. (2018b), and multiple scenario explorations are
necessary to test hypothesis on network scale processes and make the results
more transparent while “embracing” the uncertainties in modelling sediment
(dis)connectivity (Heckmann and Schwanghart, 2013; Shrestha et al., 2021).

The Bega case study offered a unique opportunity to test D-CASCADE,
given that so much was already known about the evolution of the rivers and the
impact of post-ES disturbance on the morphology of the system over a 170+
year timeframe (Brooks and Brierley, 1997; Fryirs and Brierley, 1998, 1999,
2001; Brierley and Fryirs, 1998; Brierley et al., 1999; Brierley and Fryirs, 2000) .
This meant that both the boundary conditions and validation parameters could
be readily identified and used in the modelling. Despite this, there are still as-
sumptions built into the simulations. Work is needed to establish appropriate
discharge estimates to run in a place where the length of record is short and
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patchy. However, the Bega study did allow us to explore the extent to which
flows of different magnitude influence different sediment delivery processes
and the performance of the model in validation (Frasson et al., 2019). Other
complexities include the definition of both sediment transport capacity and
sediment velocity and how this can alter spatial and temporal patterns of sed-
iment (dis)connectivity. Moreover, future studies could differentiate between
deposition in the channel and on floodplains, by modelling two different sed-
iment layer structures for each reach that store sediment independently, while
interacting and exchanging materials to reproduce channel-floodplain interac-
tions (Beveridge et al., 2020; Gilbert and Wilcox, 2020).

The simple formulation of sediment velocity, while already used in other dis-
tributed sedimentmodels (Czuba et al., 2017; Czuba, 2018;Murphy et al., 2019),
has never been explored exhaustively. Given the importance of this parameter
for the representation of the movement of sediment volumes, and its inherit
complexity and dependence on multiple hydromorphological features (Fergu-
son et al., 2015; Gran and Czuba, 2017), further studies on this parameter and
how to derive it are necessary. Finally, there is work to be done on evaluating
the effectiveness of different sediment transport formula at producing sensible
and realistic results, particularly if forecasting work is being undertaken and
used for river management decision-making.

5.6 Conclusion

This chapter showcases the first application of the D-CASCADE modelling
framework, and demonstrate its potential for large, scale dynamic modelling
of sediment delivery and transport to reconstruct the past morphological his-
tory of the river network and indicate future pathways under different basin
evolution scenarios.

D-CASCADEmodel successfully reproduced the timing and extent ofmajor
morphological processes caused by anthropic disturbance of rivers in the Bega
valley, NSW Australia, which included channel expansion, sediment release
from upland valley fills and sediment slug formation along the lowland plain.
The sediment transport pathways generated by the model generally match the
historical reconstruction of sediment supply and delivery ratio. Future trajec-
tories of sediment transport have been conducted to forecast how this system
may operate into the future. The data and codes used in this chapter are avail-
able at https://doi.org/10.5281/zenodo.5067940.

100

https://doi.org/10.5281/zenodo.5067940


Appendix A

In this appendix, we provide more detailed information on the techniques used
in the model to generate hydrological scenarios (A.1) and on the functioning
and integration of the add-ons component in the model (A.2) in chapter 5.

Appendix A.1 includes the description of the techniques used to recon-
struct the flood hydrological record for the historic simulation for each net-
work reach, as well as to generate future hydrological scenarios for the future
(dis)connectivity trajectories analysis.

Appendix A.2 provides information on the channel expansion and overbank
flooding add-ons components included in the framework for the simulation of
network features alterations brought by sediment delivery and erosion.

A.1 Hydrology reconstruction

The definition of the hydrology for the historical simulation in D-CASCADE
requires information of water discharge in each reach for each daily timestep.
Given the hydrological regime of theBega river network, which is characterized
by long periods of drought alternated by intermitted flood events where most
of the sediment transport occurs, we chose to simulate only the daily timesteps
when historic flood events with a 1-year RP or more occurred, assuming sedi-
ment transport to be nil or negligible otherwise.

The only complete historic flood record extending back to the 1850’s is a
stage height dataset located at the North Bega gauge near Bega township (Fig-
ure A.1a). This gauge did not start recording discharge until 1997. To produce
discharge data for all reaches in the network, we first 1) correlated the recorded
stage heights at North Bega with the discharge and return period (RP) of flow
recorded at the upstream Morans Crossing gauging station where discharge
data is available from 1942. An exponential law (R2 = 0.46, Figure A.1b) was
used. This correlation was then used 2) to calculate for each flood in the height
record a discharge and RP. We then assumed that each flood event has the same
RP for all reaches. We then 3) determined for each reach the discharge for 1-,
2-, 5-, 10-, 20-, 50-, 100-year flows, using the dataset employed by (Fryirs and
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Figure A.1: a) Flood height record at North Bega gauge from 1850 to 2012; b) cor-
relation between recognizable flood discharge data from Morans Crossing gauge
and flood height from North Bega gauge, with exponential interpolation curve
(R2 = 0.46).

Brierley, 2001). That dataset was generated using the Australian Rainfall and
Runoff (ARR) Rational method hydraulic model (Pilgrim et al., 1987) Finally, 4)
we reconstructed the historic flood discharge for all reaches by attributing to
the RP found in step 2) to the reach-specific RP and discharge obtained in step
3).

The flood height record shows a lack of small to medium floods until 1940.
This inconsistency is also verified by the difference in frequency of 1y to 5y
RP before and after 1942. To account for this, 1y, 2y and 5y RP floods are
added randomly in the period from1850 to 1942, so that the frequency of floods
matches the period after 1942. Given the high frequency and relatively low dis-
charge of minor floods, this randomness is not expected to add significant un-
certainty to the model results. In total, 168 daily timesteps corresponding to
floods higher then 1y RP have been identified for the simulation horizon.

To account for the large uncertainty in the reconstruction of the hydrology,
we defined four different scenarios for discharge that were designed to cover
a wide range of possible discharge conditions. The scenarios are differentiated
by how the RP for each flood is associated to a class of discharge in step 4). In
the Medium discharge scenario (MedQ) the discharge is attributed according
to the closest RP class to the historic RP, e.g., a flood with 30y RP is attributed
20y RP discharge data series. In the High discharge scenario (HighQ) and Low
discharge scenario (LowQ) the discharge is attributed according to the highest,
or lowest, respectively, RP class between the two closest to the historic RP, e.g., a
floodwith 30y RP is attributed a 50y RP discharge inHighQ, a 20y RP in LowQ.
Finally,Mixed discharge scenario (MixQ) is a scenario designed to increase sed-
iment erosion and release in the type 4 reaches. Here, discharge is attributed to
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Discharge scenario
Return
Period

HighQ MedQ LowQ MixQ
(type 4)

MixQ
(others)

1 0 50 84 0 84
2 88 73 56 88 56
5 51 25 13 51 13
10 12 8 4 12 4
20 4 4 8 4 8
50 8 6 2 8 2
100 3 2 1 3 1

Table A.1: Number of flood events in each discharge scenario for the modelling hori-
zon 1850-2020, divided for return period (RP).

the highest RP class for type 4 reaches and the lowest for all other reaches. Table
A.1 shows the number of flood events for RP in each of these scenarios.

To explore future sediment transport trajectories in the network, we gen-
erated 100 scenarios lasting 50 years each, assuming a maximum of one flood
event per year. RandomRPs of floods are selected from a yearly probability dis-
tribution extracted from theMoransCrossing gauging station that also includes
years without flood. Then, each RP is classified into a RP class, or as a no-flood
year, according to one of the classification methods used in the scenario gen-
eration. Finally, discharge data for each timestep are extracted for each reach
using the value from the ARR model, or considered nil for no-flood timesteps.

A.2 Add-ons components

Channel expansion is simulated by correlating the erosionof the reach sediment
budget with the increase in channel width. The difference between pre-ES and
present-day channel width is added to the original width proportionally to the
decrease of the original sediment deposit, with the formula:

Wt =WpreES +
(1 − (V

(i)
d,i,preES) − V

(i)
d,i,t)

(V
(i)
d,i,preES)

(Wpresent −WpreES)

WhereWpreES andWpresent are the channel width of reach i before and
after channel expansion, respectively, as observed by field data and historic re-
constructions. V(i)

d,i,t is the portion of the deposit layer Vd,i,t composed by the
volume V(i)

d,i,preES initialized in the reach at the start of the simulation. With
this formulation, only erosion of the original sediment layer triggers channel
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expansion. The formula also implies that, when energy for sediment erosion is
available, bank erosion is prioritized with respect to bed erosion, i.e., erosion
triggers widening of the channel as observed historically. Thus, the sediment
layer V(i)

d,i,t is always prioritized while filling the active layer not occupied by
the incoming cascades (step c of Figure 4.2). As V(i)

d,i,t can only decrease with
time as sediment is delivered downstream, channel expansion is irreversible.

During large flood events, part of the flow and discharge may go overbank,
and thus reduce the potential for sediment entrainment on the channel bed. For
each reach, we can estimate which RP class leads to overbank flooding by com-
paring channel width with flooded width for each RP class, derived from flood
risk evaluations of the basin. If the flow causes overbank flooding, the model
limits the volume of sediment added to the active layer from the deposit layer.
This volume is defined by the transport capacity relative to the discharge of the
highest RP class not associated with overbanking. This step is performed be-
fore defining the mobilized sediment volume (between step b and c in Figure
4.2). However, the model still uses the original discharge associated to over-
banking to estimate both the transport capacity used to define the mobilized
sediment volumes (step c in Figure 4.2) and the sediment velocity in equation
4.6. In this way, the model limits the potential for bed erosion during over-
bank flood events, while ensuring that the sediment budget for transport and
the sediment velocity still reflects the actual flooding event.

104



6
Sediment management in

reservoirs operational strategy

River sediment (dis)connectivity plays a fundamental role in the conservation
of fluvial ecosystems and the goods and services they provide for human use.
Damsprofoundly alter the natural processes of sediment delivery and transport,
and due to these processes’ interconnected nature, the impacts of these infras-
tructures may be displaced in time and space and not limited to the construc-
tion site. This chapter presents a novel application of the D-CASCADE model
to assess the impacts of reservoirs and their management strategies on river
sediment connectivity. The model is applied to the 3S river system, a tributary
of the Mekong river, which is interested in large-scale dam development plans.
First, reach sediment budget, andnetwork sediment yield for different sediment
sizes are estimatedwith D-CASCADE for the no-dams scenario, and the results
are validated with previous estimates from the literature. Then, the effect of
reservoir management is explored with D-CASCADE by including four down-
stream dams on the river network and assessing daily sediment transport and
delivery with specific dam release strategies. Planned reservoir configuration
would reduce sediment yield to the Mekong river by 50%. Reservoirs features
(i.e., Volume, area, height, and sediment deposit) are dynamically modelled via
a compartment representation. Finally, sediment management techniques are
introduced via the inclusion of periodic drawdown flushing in the simulation.

This chapter is developed based on: Tangi, M., Bizzi, S., and Castelletti, A.
(2022). Sediment connectivity conservation in the Mekong via strategic reser-
voirs water and sediment management. (In preparation).
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6.1 Introduction

Worldwide, the construction of dams on river systems is progressing at a fast
pace, in particular in developing areas where the hydropower potential is still
untapped (Imhof and Lanza, 2012; Zarfl et al., 2015). Major river systems, like
the Irrawaddy (Schmitt et al., 2021) and Amazon (Latrubesse et al., 2017; Arias
et al., 2020) are now interested in large scale dam development plans, with hun-
dreds of barriers of various sizes planned on the fluvial network. A significant
example of this development is the Mekong river, one of major fluvial system
in the world. On the Lower Mekong basin alone, 43 reservoirs have been built
over the last 20 years, with other 104 planned or in construction (MRC (Mekong
River Commission), 2014a)

The construction of reservoirs breaks the natural river connectivity patterns
which characterize the movement of water, sediments, and organisms (Ligon
et al., 1995; Kondolf, 2000). In particular, sediment movement is halted by the
lowhydraulic forces inside the reservoirs, resulting in sediment sequestration to
the main stream. This so-called trapping potential of reservoirs varies accord-
ing to the dam features, e.g., location, size, impoundment volume and surface,
and the type of sediment considered. In general, however, the presence of dams
typically leads to material deposition in the reservoir(Vörösmarty et al., 2003)
and sediment starvation downstream (Kondolf, 1997). The first reduces reser-
voir total storing capacity, and in turn, energy production, with losses up to 30%
of annual costs (Palmieri et al., 2001; Ansar et al., 2014), and it may decrease ef-
ficiency or even damage hydroelectric equipment and pose safety hazards An-
nandale (2013);Wisser et al. (2013). The second impact ismore insidious since it
is not constrained to the reservoir’s boundaries, but it has the potential to affect
the river system as a whole, with impact displaced in time and space from the
dam site. The sediment sequestration from the water stream constitutes an el-
ement of strong disconnectivity in the basin-scale sediment transport network
that could have significant detrimental consequences on the fluvial hydromor-
phological processes (Sholtes and Doyle, 2011; Bizzi et al., 2015; Wyżga et al.,
2016), riverine ecosystems (Wild and Loucks, 2012a; Gilvear et al., 2013) and
human infrastructures and livelihood (Kondolf, 1997).

Given the distributed and connected nature of sediment delivery processes,
the presence of series of dams on the same system could lead to cumulative un-
favorable effects which may surpass the sum of the individual impacts (World
Commission on Dams, 2000; Ziv et al., 2012; Kondolf et al., 2014a). This is
especially valid in systems where the number of dams and barriers on a river
number by the hundreds. Nevertheless, few attempts have been made to as-
sess basin-wide negative externalities on sediment connectivity of multi-dams
systems (Kondolf et al., 2014b; Jager et al., 2015; Schmitt et al., 2019). The rea-
son for that can be found in both the inherent complexity of quantifying the
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effects, distributed in time and space, of disruptions on such large-scale prop-
erties like river sediment (dis)connectivity (Bizzi et al., 2012), and the difficulties
in identifying a complete and comprehensive planning and management strat-
egy agreed upon by all the stakeholders invested in the project, whether they
be private individual, companies, groups of interest and sovereign States. Thus,
risk assessment analysis on dam projects focuses in the overwhelming majority
of cases on single projects, ignoring basin-scale and cumulative effects (Jager
and Smith, 2008; Orr et al., 2012).

For theMekong river, while the cumulative impact of these project is largely
unknown, a great number of the study indicates risks ofmajor alterations in the
hydrology Lauri et al. (2012), morphology Kummu et al. (2010); Kondolf et al.
(2014b) and ecology (Burnhill, 2009; Ziv et al., 2012) of the river system, which
threatens the productivity of the river and the livelihood of the local popula-
tion. Blocking of fish migratory pathways is likely to decrease the abundance
of many fish species that constitute a primary source of protein in their diet of
approximately 60million people living in theMekong basin (Hortle, 2009). The
decrease in sand yield to the delta, combinedwith rising sea level and sandmin-
ing on the river (Hackney et al., 2020), threatens the survival of theMekongdelta
itself, home to around 17million peoples, which could subside below ocean lev-
els by the end of the century (Syvitski et al., 2009; Schmitt et al., 2017).

A variety of sediment management strategies can be implemented in reser-
voirs to preserve reservoir capacity or combat sediment depletion downstream,
which have been proven effective in a number of case studies around the world
(Vischer, 1997; Kokubo, 1997; Jansson and Erlingsson, 2000; Stevens, 2000;
Sumi, 2008;Wang et al., 2018). An in-depth look at these techniques is provided
in Section 1.1. However, these techniques are not implemented broadly nor
consistently in reservoirs, possibly due to the difficulties in comparing the short
term costs of these approaches versus the long term consequences of sediment
(dis)connectivity disruptions or the specific design requirements needed for an
effective implementation (Kantoush and Sumi, 2010; Kondolf et al., 2014a). On
the Mekong, there is no recorded evidences of planned sediment management
strategies in the reservoirs, as no dams have currently been constructed or de-
signed with any kind of sediment pass or bottom outlet, nor any plan have been
devised to retrofit existing ones where possible(Kondolf et al., 2014b).

Even in the rare case of documented applications of sediment management
approaches, the research focuses the benefits on single reservoirs, ignoring the
network-scale implications of sediment (dis)connectivity disruption caused by
the reservoir water and sedimentmanagement strategies (Kondolf et al., 2014a).
The complexity of the problem increases further when considering multiple
dams on a single river network. In this case, the dams siting, their design fea-
tures, the timing and frequency of the application of sediment management
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techniques, and the hydromorphological characteristics of the river network
all concur in creating a complex and interconnected web of causes and effects
which may lead to unforeseen impact on the river network and on the efficacy
of the management techniques themselves. Thus, coordination between dams
when planning comprehensive sediment management strategies on the same
river is vital for the success of said operations (Kondolf et al., 2014a).

In this chapter, we present a novel application of the D-CASCADE mod-
elling framework on the 3S river network, a tributary system of the Mekong
composed of the Se Kong, Se San and Sre Pok rivers, to quantify the sediment
depletion to the outlet caused by the combined trapping of a series of dams
located in the lower sections of the system and evaluate the effect of coordi-
nated reservoir flushing on the basin cumulative sediment yield. The original
CASCADE model, on which D-CASCADE is based, has already been applied
on the 3S case study (Schmitt et al., 2018a,b), to quantify network sediment
transport and delivery under different dam development scenarios, using an
optimization-based frameworks for strategic sequencing of dam development
to identify trade-offs between hydropower production and sediment connec-
tivity conservation. However, the static structure of the CASCADE framework
prevents its application for evaluating the spatiotemporal effects of dynamic
water management strategies. The dynamic structure of the D-CASCADE
model prevents this issue and hence is much more suited to assess spatiotem-
poral variations of sediment delivery patterns bought by both the siting and the
management of multiple reservoirs on a rivet network, including the effect of
different sediment management techniques. Multiple grain size classes rang-
ing from gravel to silt are considered in the analysis, to analyse the effects of
reservoirs on the composition of the sediment load.

This study represents a never before seen application of a distributed sed-
iment transport model for the quantification on impacts on sediment con-
nectivity brought not only by the inclusion of dams on the network (as was
the case in Schmitt et al. (2018a, 2019)), but by the dynamic and time-varying
water and sediment management strategies of multiple reservoirs on a single
river network. This research open up possibility for integrating D-CASCADE
in optimization-based, multi-objectives strategic planning and management
frameworks, to extract sediment connectivity indicators and identify trade-
offs and synergies betweenmultiple objectives for competing damplanning and
management portfolios.

6.2 Case study

The river network composed of the Se Kong, Se San and Sre Pok rivers, of-
ten referred to as 3S, is one of the major tributaries of the Mekong river. The
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Figure 6.1: The 3S river network as represented in the D-CASCADE modelling
framework, including reservoir location and average reach water discharge. The
study focuses on the five reservoirs shown in picture: the Lower Se San dam (LSS2)
already constructed, the planned LSS3 and LSP3 dams, and the alterative configu-
ration for the LSS2 dam proposed by Annandale (2013) consisting in the two dam
LSS2-II and LSP2.
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three rivers converge together just before joining the main river near the city
of Strung Treng, at roughly 500 Km upstream the Mekong delta (Figure 6.1).
The 3S river system drains 82,500 km2 across Vietnam, Laos, and Cambo-
dia (Se Kong: 30,400 km2; Se San: 20,000 km2; and Sre Pok: 32,000 km2).
The three systems combined contribute to 17%-20% of the annual discharge
of the Mekong river (Sarkkula et al., 2010a). The climate of the Lower Mekong
is charcterized as hot and humid, with the annual monsoon season occurring
from mid-May to mid-October. The annual hydrological regime is controlled
bymonsoon-induced floods, which carry up to 75% of the total annual flow (Pi-
man et al., 2016). This distinct seasonality also characterizes the hydromorpho-
logical and biological cycles of the river, with sediment transport processes and
life-cycle, grow rhythm, andmigration of fluvial species synchronizingwith the
seasonal hydrological variations (Piman et al., 2013).

While direct measurement of sediment yield and grain size distribution are
not available on the 3S, empiric evidence based on field data on the Lower
Mekong characterize the 3S basin as one of the principal contributors of sedi-
ment to the main river, especially sand, which plays a vital role in the morpho-
dynamic stability of the river and its delta (Bravard et al., 2014; Kondolf et al.,
2014b; Piman et al., 2016). Wild and Loucks (2014) estimates total sediment
yield from the 3S to be around 25Mt/yr, based on the residuals of the sediment
budgets of theMekong estimated before and after the 3S confluence (Koehnken,
2012). Kondolf et al. (2014b) delineated nine geomorphic provinces, based on
rock type, uplift, land-use, and available sediment transport data, and attributed
to each province an annual sediment yield (t km−2 y−1). The 3S system is lo-
cated primarily on the Tertiary Volcanic Plateau (TVP) province (290 t km−2

y−1 ), with part of the upper Se Kong and Se San touching the Kon TumMassif
(KTM) province (280 t km−2 y−1 ). These estimates put the total sediment yield
of the 3S system to around 24 Mt/yr. However, by its own design, this method
of predicting sediment yield ignores conveyance losses due to sink areas and
choke points. Other models (Carling, 2009; Sarkkula et al., 2010b) used as a
baseline by the Mekong River Commission (Koehnken, 2014), lower the esti-
mated sediment yield to 16 -18Mt/yr, based on 1990 – 2000modelling results.

Rapid development in the counties sharing the Mekong river basin meant
growing interest in exploiting the estimated 235,000 GWh/yr of the hydroelec-
tric potential offered by the river and its tributaries. Dam construction is pro-
gressing at a fast pace all through the basin, driven by energy demand (Inter-
national Energy Agency, 2015). The 3S river system is also interested in this
large-scale dam development effort, with 20 large dams already built or un-
der construction and around 20 dams planned on the network. At the mo-
ment, the majority of the reservoirs are located on the upper Se San and Sre
Pok. (Schmitt et al., 2018a) identified the impacts of sediment delivery of the
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Lower Se Kong, Lower Se San 3 (LSS3) , Lower Sre Pok 3 (LSP3), and Lower
Se San 2 (LSS2) dams (shown in Figure 6.1) to be especially critical due to their
downstream location and high trapping potential. In particular, the LSS2 dam
is shown to have a disproportionate impact on suspended sediment transport
to the Mekong compared to its hydropower potential.

The impact of dam construction on the total sediment yield delivered to the
Mekong is debated. Koehnken (2014) estimated sediment delivery to be around
8-11 Mt/yr based on 2009-2013 measurement with 16 active hydropower im-
poundments, mostly located upstream the Se San and Sre Pok. However, the
completion of the LSS2 dam, operative from 2018, is bound to reduce the sed-
iment yield further. Schmitt et al. (2018a) estimated a 97% reduction in the 3S
sand sediment budget if all planned dams are constructed.

The reduction in sediment delivery form the 3S system, especially sand, is
especially significant in our case study, as it would contribute to the cumula-
tive sand starvation which currently threatens the Mekong Delta. Thus, in our
analysis, we focused primarily on changes in the quantity and type of material
delivered to the network outlet as indicators of sediment connectivity alteration
brought by competing dam development scenarios.

6.3 Methods

To achieve our research objectives, we applied the D-CASCADE model as de-
scribed in chapter 4 to the 3S river system. Given the scope of our analysis and
the lack of available data on themorphological changes in the river network, we
characterized all reach morphological features as static. Channel width, depth,
and velocity are, however modelled in flooded reaches inside dams’ impound-
ment, thanks to a specific add-ons component for dynamic reservoir modelling
presented in section 6.3.3 and Appendix B).

To derive estimates of daily network sediment yield for the 3S river sys-
tem under downstream dam development scenarios, and evaluate the effects of
drawdown flushing on sediment trapping and delivery, a 4-step methodology
was implemented:

1. Initialization: we defined the direct graph representing the 3S system, and
characterize each reach static and dynamic morphological features us-
ing available information on channel morphology. The daily hydrological
database is instead derived from the VIC hydrological model(Dang et al.,
2020) for the period 1995-2005. The specific parameters for themeasure-
ment of sediment transport rates and velocity. Sediment yields from the
watershed to the network are extracted from large scale morphological
estimates (Kondolf et al., 2014b);
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2. Sediment budget definition: D-CASCADE is applied on the entire 3S
river network without reservoirs, to quantify reach sediment budgets and
transport rates for the unimpeded river system. The model outputs are
validated using the estimates of average annual sediment yield available
from literature. A sensitivity analysis is performed on the grain size dis-
tribution of the catchment sediment yield;

3. Reservoir impact assessment: D-CASCADE is applied on the 3S for differ-
ent scenarios of dam development. Reservoirs are integrated on the mod-
elling framework via specific add-ons components. To decrease computa-
tional time, the model run is performed on a smaller river network which
only includes reaches affected by the reservoirs placement, i.e. flooded
sections and reaches downstream the dams. Sediment input to the re-
duced network is derived from the model runs on the unimpeded net-
work;

4. Effects of drawdown flushing on sediment trapping and delivery: Finally,
we evaluated the effects on reservoir sediment storage and network sedi-
ment yield of repeated and coordinated flushing operations.

6.3.1 Initialization

The 3S river network was extracted from a 90 m void-filled, digital elevation
model (Consultative Group on International Agricultural Research, 2008), via
the standard extraction algorithm implemented in Topotoolbox (Schwanghart
and Kuhn, 2010). The minimum drainage area of the network notes was set to
500 km2. In total, 463 reaches were extracted averaging 7 km in length. Chan-
nel gradient for each reach is consider static and derived from the DEM. Out-
liers given by grid elevation errors in theDEMwere corrected via interpolation.
Channel width and roughness coefficient are obtained from the dataset used in
Schmitt et al. (2018b,a) for the application of the original CASCADE model on
the 3S system.

The daily hydrological record from 1995 to 2005 was obtained via the grid-
based VIC hydrological model (Dang et al., 2020). Reaches are attributed to a
single cell in the VIC grid, and thus a single hydrological series, while matching
errors at the confluences are corrected manually.

Sediment supply from the watershed to the network, which constitutes the
only sediment source of the model, was derived from distributed annual sed-
iment yield estimates by Kondolf et al. (2014b). The volume delivered to each
reach is given by the yield reported for themorphological region encompassing
the reach (t km−2 y−1), multiplied by the reach direct drainage area to obtain an-
nual sediment yield. Daily sediment delivery is obtained by assuming constant
sediment contribution throughout the year, and is represented in the model as
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a sediment cascade attributed to the input reach, which is included among the
incoming sediment cascades from upstream at the beginning of each timestep.

To consider the entirety of the sediment transport delivery to the Mekong,
we defined five different sediment classes in the study, corresponding to gravel,
coarse sand, fine sand, coarse silt and fine silt. (-1.5, 0.5, 2.5, 4.5 and 6.5 ϕ in
Krumbein and Aberdeen (1937) logarithmic scale, corresponding to 2.8, 0.71,
0.16, 0.044 and 0.011 mm). These classes are the most representative of the
grain size distribution of the sediment transport in the LowerMekong river, as
reported by field measurement on the main channel (Koehnken, 2014).

The reach transport capacity is calculated using the Engelund & Hansen
equation (Engelund and Hansen, 1967) for total load (i.e., both suspended and
bed load). As this formula returns the total transport capacity, we obtained frac-
tional transport rates for the five classes considered via the Bed Material Frac-
tion (BMF) approach (Molinas and Wu, 2000) described in section 2.2.1. Given
the wide range of classes considered in the simulation, we applied the sediment
velocity equation described in eq 4.7 in section 4.4.3, which returns different
sediment movement rates according to the reach features and the grain size
considered. Other parameters for the quantification of the mobilized sediment
load are defined as follows: both active layer thickness da (see eq. 4.3) and ver-
tical length for sediment transport Ha (see eq. 4.6) are kept constant and set
equal to 1 m and 0.1 m respectively (Czuba, 2018). Sediment porosity φ is set
to 0.4 (Wu and Wang, 2006). To avoid excessive computing time and data stor-
age, the numerical precision used ot describe sediment volumes in the network
is set equal to 10−1 m3.

6.3.2 Sediment budget de�nition

To assess the spatiotemporal input of dam inclusion and management on the
3S, first we need to reconstruct reach sediment budgets and sediment delivery
for the pristine, unimpeded river network. MultipleD-CASCADE runs are per-
formed to account for the uncertainty in the GSD of the sediment yield deliv-
ered from the watershed. The outputs of these simulations are then used to val-
idate the modelled catchment sediment yield with available field data and pro-
vide boundary conditions for the subsequent D-CASCADE simulations with
the inclusion of reservoirs.

The estimation of sediment yield by Kondolf et al. (2014b) does not include
values of grain size distribution for the sediment input. Therefore, we runmul-
tiple CASCADE simulation over 3 years with different initializations of D50
for the external sediment cascades. Given the lack of data on the river network,
we assumed all external sediment inputs to have the same sediment class dis-
tribution. The GSD to the chosen D50 is obtained via interpolation using the
cumulative Rosin distribution function (Shih and Komar, 1990) (eq 3.6). The
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Reservoir and dam features LSS2 LSS3 LSP3 LSS2-II LSP2
Name Lower Se

San 2
Lower Se
San 3

Lower Sre
Pok 3

Lower Se
San 2 - II

Lower Sre
Pok 2

Full Supply Level (m) 26.3 12.2 13.2 16.3 13.6
Reservoir storage capacity at
FSL (Mm3)

1,793 231.5 204 136.9 258.6

Design Discharge (m3/s) 2,119 864 1,000 966 1,123
Catchment Area (Km2) 51,850 16,200 27,750 19,550 31,800
Mean annual unregulated in-
flow rate (m3/s)

452 789 647 1382 527

Table 6.1: Reservoir and Dam Features at currently built or planned LSS2, LSS3
and LSP3 dams (MRC (Mekong River Commission), 2014b), as well as the pro-
posed alternatives to the LSS2 dam: LSS2-II and LSP2 (Annandale, 2013; Wild
and Loucks, 2014).

distribution spread is kept constant and equal to 0.8 for all simulations, while
the D50 of the sediment yield is simulated for 5 scenarios (1 mm, 0.5 mm, 0.1
mm, 0.05 mm, 0.01 mm). Regardless of the sediment distribution, around 24
Mt/yr of material is delivered to the network from the watershed.

The simulation are run for 3 years, from 1995 to 1998, with the first year
used for initialization. To reduce computational time, we assumed sediment
mobilization and transport to be nil in the whole network when the average
daily discharge at the outlet is lower then the 20th percentile of the average an-
nual discharge in the reach, measured in the period 1995-2005. This hypothe-
sis is considered reasonable as these timestep falls during the dry period, which
correspond to very low water discharge, and therefore sediment transport, in
the Lower Mekong river basin (Koehnken, 2014). The scenario whose outputs
are most coherent with the previous knowledge of the system is then selected,
and run for a second time for the entirety of the time horizon considered (1995-
2005).

6.3.3 Reservoir impact assessment

Once sediment transport and delivery were assessed in the pristine, no-dams
scenario, D-CASCADE was again applied on the 3S to predict the impacts on
network sediment transport and delivery of series of reservoir on themain trib-
utaries and their management strategies. The analysis in this chapter focuses
on 5 dams on the lower 3S system, whose design features are reported in Ta-
ble 6.1. One of these reservoir (LSS2) is already build and operative sine 2018,
two (LSS3 and LSP3) are currently planned without bottom outlet. Accord-
ing to the preliminary sediment connectivity alteration assessment by Schmitt
et al. (2018a), these dams would greatly contribute to the reduction of the net-
work sediment yield to the outlet, due to their downstreamposition on themain
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channels and their large impoundment volume and trapping efficiency. The
other two reservoirs (LSS2-II and LSP2) were proposed by Annandale (2013) as
an alternative to LSS2 to reduce sediment trapping and allow for feasible draw-
down flushing. The original configuration by Annandale (2013) featured a third
dam (Se San Upstream 1 - US1) which was located in close proximity to LSS3.
As data on the actual design of the planned LSS3 and LSP3 dam are scarce and
conflicting, we included the LSS3 damwith the design features of the proposed
alternative US1. The LSP3 dams is defined using data from the Open Develop-
ment Mekong database, which indicates a reservoir with relative low capacity
compared to other databases. While Schmitt et al. (2018a) indicated the Lower
Se Kong dam to be especially critical, references to the dam do not appear on
the recentMRC reports (MRC (Mekong River Commission), 2019). Thus, in all
the contemplated scenarios, the Se Kong river is devoided of any barrier.

To integrate the dynamic representation of reservoir features and dam op-
erational strategies, we employ four novel add-ons components in the D-
CASCADE modelling framework (More detail are available in Appendix B):

• The dynamic reservoir storagemodelling add-on calculates the hydromorpho-
logical features, i.e. channel gradient, width, water velocity and depth, of
the flooded or partially flooded reaches falling inside the reservoir im-
poundment, and traces their evolution thought time as the reservoir stor-
age volume varies;

• the reservoir management add-on simulates reservoir release strategy which
determines the reservoir release in each timestep. In this work, we im-
plement the 4 parameter rule curve illustrated in Figure 6.2, which deter-
mines for each day of the year the target water level as a linear interpola-
tion between the minimum andmaximum target level, given their respec-
tive dates on which they should be reached . As the 3S basin hydrology is
characterized by a clear distinction betweenwet and dry season, we set the
minimum and maximum target level at respectively 50% and 90% of the
FSL at the start of the simulation, and their dates to the start and end of the
monsoon season (Mid-May and mid-October). In this way, the reservoir
is at its minimum when we expect high inflow rate, and slowly fills up to
store the flood volume as much as possible to use for energy production
without resorting to the spillways to release excessive input flow (Piman
et al., 2013; Wild and Loucks, 2014; Wild et al., 2016);

• the reservoir sediment trapping add-on estimates the sediment deposit inside
each reservoir in each timestep, as well as the loss in reservoir storage ca-
pacity due to continuous sedimentation. In turn, this loss will influence
the maximum reservoir volume at full supply level used in the reservoir
management add-on to determine dam release;
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Figure 6.2: 4 parameters release rule curve implemented for the reservoirs in the
case study. Each day the rule determines the target water level, based on linear
interpolation between the maximum and minimum reservoir level (H1 and H2)
and their respective dates (T1 and T2). The target level, in turn determines the
target release for the timestep. Reservoir levels refer to the simulated LSS3 reservoir
water height across year 1998.

• the downstream water discharge add-on, finally, updates the daily discharge
for all reaches downstream the reservoir according to the water release
from the dam. In case of reservoir in series, the release of the upstream
dam influence the discharge of all reaches until the downstream dam lo-
cation. Thus, water input to the downstream dam is directly influenced
by the release of the upstream dam in the same timestep.

The simulations with reservoirs are initialized as follows: first 1), we select
the pristine network sediment transport scenario among the one defined in the
previous section 6.3.2 which best mirrors the field knowledge of the sediment
delivery from the 3S, and we run it for the entirety of the modelling timeframes
(1995-2005), then 2) different scenario of dam development are defined, to ex-
plore alternative configurations of dam portfolios. 3) The reduced riven net-
work is then extracted, which includes only the flooded reaches at FSL for all
reservoirs in the scenario and all reaches downstream the dams, and the sed-
iment input for each timestep is characterized. For each of the new source
reaches of the reduced network, we extract the sediment yielded by their sub-
basin in each timestep, obtained by the full-network, pristine scenario selected;
and characterize it as an additional sediment input to the reach. Finally 4), we
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a) LSS2Only b) FullDam

c) FullDam_alt

Figure 6.3: Reduced network extension, dams location and flooded reaches at full
supply level for the three dam development scenarios considered in the analysis.

run D-CASCADE for the different dam portfolios scenarios, and collect dis-
tributed data on catchment sediment yields and GSDs, as well as reservoirs wa-
ter and sediment volumes for each timestep.

In this work, we analyse three dam development scenarios for the 3S river
system, focusing solely on the downstream dams listed in Table 6.1:

• LSS2Only: this portfolio only include the Lower Se San 2 reservoir, the
largest and most downstream dam;

• FullDam: this portfolio features all reservoirs currently planned or
present on the lower 3S system, i.e. the LSS2, LSS3 and LSP3 dams;

• FullDam_Alt: this scenario consider the alternative configuration for the
LSS2 dam proposed by Annandale (2013) (LSS2_II, LSP2 and LSS3 reser-
voirs), as well as the LSP3 dam.

Figure 6.3 displays the reduced network and flooded reaches at full supply
level for each of the selected scenarios.

6.3.4 Reservoir sediment management

Given its proven effectiveness in reducing sediment storage in reservoir (Atkin-
son, 1996; White, 2001; Kondolf et al., 2014a), this study focuses only on draw-
down sediment flushing and its effects on reservoirs sediment storage and
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Figure 6.4: Visualization of a successful drawdown flushing process as simulated in
D-CASCADE by the drawdown flushing add-on. The figure refers to a 25-days
period during a flushing operation in the LSS3 dam for the simulated year 1999.

downstream sediment delivery. A standard drawdown flushing operation is
composed by three phases:

1. Drawdown: the reservoir impoundment is completely emptied using the
hydropower and bottom outlets.

2. Flushing: Once the basin drainage is completed, flushing operations con-
tinue for 5 days: river-like conditions through the reservoir are restored
and the free-flow discharge is passed through the now-empty reservoir
and out the bottom gates. The hydraulic force of the water flow is used to
scourge materials from the reservoir sediment storage.

3. Refill: When flushing is completed, the bottom gates are closed and the
reservoir level is raised up to the daily target level.

To include drawdown flushing in the modelling framework, a specific add-
on have been designed. The component, when activated, modifies the release
strategy of the reservoir to accomplish a complete cycle of drawdown flushing.
To improve the effectiveness of the flushing operations, the add-ons component
includes specific boundaries and parameters, reported. Figure 6.4 presents an
example of simulated drawdown flushing operation for the LSS3 dam.

Drawdown is only attempted at specific periods of time in the year. In tropi-
cal climates characterized by a high hydrological variability caused by themon-
soons, flushing operations during the dry season are not suggested, as the hy-
draulic forces of the reservoir inflow may be not sufficient to successfully mo-
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bilize material in the impoundment and refill the reservoir quickly afterwards
as not to lose hydropower production. A high sediment concentration down-
stream the reservoir during this time window may also disrupt natural biolog-
ical cycles, as local species have adapted to low sediment delivery during the
dry season (Baran and Nasielski, 2011). On the other hand, flushing during
the main portion of the wet season would probably be ill advised, as water in-
put may frequently exceeds the design discharge, preventing or slowing downs
drawdown operations. Thus, the preferable timing for drawdown flushing is
considered the beginning of the wet season (July-August), where incoming dis-
charge should provide enough hydraulic force to erode part of the sediment
storage without exceeding the discharge capacity of the bottom outlets (White,
2001; Wild et al., 2016) . To allow for synchronization between flushing oper-
ation in series of consecutive reservoirs, the flushing time window is kept the
same for all dams. Moreover, drawdown is also facilitated in this period of time,
as its corresponds to minimum storage levels in reservoirs, according to the re-
lease strategy described in Section 6.3.3.

During the set time window, flushing is initiated if the inflow rate to the
reservoir fail into a user-defined range. This boundary is defined to avoid flush-
ing operations during low-flow periods, to maximise sediment entrainment in
the reservoir, while avoiding excessive inflow which could surpass the bottom
outlet discharge rate. To avoid rapidwater level decrease, whichwould increase
the risk of bank failure and landslides in the reservoir (Wild et al., 2016), draw-
down rate is limited to 2m/day. This has the added benefit of ensuring released
flow is comparable to standard early-wet season discharges. In case drawdown
is not completed after a fixed amount of days, set to 15 days in the simulation,
the operation is interrupted for 10 days and then attempted for a second time.
This procedure is repeated until drawdown is achieved, or the annual timewin-
dow for the flushing operations closes.

Once the reservoir is emptied and free-flow is achieved in the impoundment,
flushing is continued for amaximumduration of five days. If the inflow exceeds
the bottomoutlet design discharge, the operation is interrupted and refill starts.
In each timestep during drawdown and flushing phases, the morphological fea-
tures of the once-flooded reaches are updated automatically by the dynamic
reservoir storage modelling add-on. When empty, channels regain their orig-
inal, pre-dam construction characteristics. The quantity of sediment removed
in each of the former flooded reaches is determined via standard D-CASCADE
operations. The restoration of free-flow hydromorphological conditions in the
interested reaches is expected to raise sediment transport capacity and lead to
the mobilization of material from the deposit layer.

In theD-CASCADE simulation, we tested the effectiveness of flushing oper-
ations with 1-year and 2-years frequency for the FullDam_alt scenarios, whose
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Dam LSS3 LSP3 LSS2-II LSP2
MRV/MAI 0.016 0.008 0.010 0.010
Flushing time window July-August July-August July-August July-August
Flushing frequency [year] 1 / 2 1 / 2 1 / 2 1 / 2
Inflow rate range for flushing [m3/s] 277 - 864 521 - 1,000 327 - 966 630 - 1,123
Maximum drawdown rate [m/day] 2 2 2 2
Flushing duration [days] 5 5 5 5
Maximum drawdown duration [days] 15 15 15 15

Table 6.2: Flushing parameters for the reservoir in the FullDam_alt scenario (LSS3,
LSP3, LSS2-II, LSP2). When available, flushing parameters are derived fromWild
et al. (2016). MRV/MAI indicates the total reservoir capacity to mean annual in-
flow ratio, which according to Kondolf et al. (2014b) must not exceed 0.04 for draw-
down flushing to be successful.

portfolio includes all reservoirs with small enough ratio of reservoir capacity
to mean annual flow to allow for successful flushing. As reported in 6.2, all se-
lect reservoir do not exceed the 0.04 ratio threshold set byKondolf et al. (2014b).
We assume all these dams to be equippedwith bottom outlets, whosemaximum
discharge capacity is hypothesised as identical to the design discharge. Table 6.2
also reports the values of the flushing parameters for the simulations. The lower
boundary of the inflow range to trigger flushing is set ot themean annual inflow
rate to the reservoir, while the upper boundary is the dam design discharge.

6.4 Results

6.4.1 3S system sediment budgets estimation

Figure 6.5 shows the average annual sediment yield and the average median
grain size for the five simulation scenarios, as well as the GSD for the five grain
classes considered. The simulations run from 1995 to 1998. Given the lag be-
tween catchment sediment delivery to the network and sediment transport to
the outlet, the first year was employed for model initialization and, therefore,
not considered for the results.

As expected, the results show an evident rise in network sediment yield as
the input D50 decreases, as fine sediment sizes are transported faster and at
higher rates, while coarser grain classes tend to be trapped in deposit zones
where entrainment capacity is low. In the scenario with finer input D50 (0.01
mm), the sediment yield at the outlet (22.9Mt/yr) approaches the total sediment
input to the system (24 Mt/yr), meaning virtually the entirety of the river net-
work reaches acts like transit zones, letting sediment pass throughwithminimal
sediment retention in deposit zones (Figure 6.5 a).

All simulations show distinct sediment fining patterns along the network
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Figure 6.5: D-CASCADE model outputs of the unimpeded river network, for five
different scenario of input sediment median grain size. Figure a) shows the net-
work sediment yield (Θ(3S) [Mt/yr] ) and median grain size (d(3S) [mm]) for the
five scenarios, labelled based on the input D50. Figure b) shows for all scenar-
ios the input and output grain size frequency for each on the five sediment classes
considered.

course due to the preferential transport rate for fine grain classes measured by
the Engelung & Hansen fractional sediment transport formula. For the simu-
lation with coarse input D50, the difference between input and output GSD is
stark, as the majority of the coarse material ends up trapped in low-transport
reaches that act like choke-points, while the finer classes, initialized in lesser
quantities, are transported more easily through the network. However, at finer
input D50 scenarios, as the sediment yield approaches the cumulative sediment
delivery from the watershed, a more significant fraction of the input material
is delivered to the outlet, and thus the resemblance between input and output
GSDs increases (Figure 6.5 b).

Given the results of the five sediment budget simulation alternatives, we se-
lected the D50input = 0.05 mm scenario as the most likely to most closely rep-
resenting sediment delivery from the 3S. This decision is due to the high total
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sediment yield of the simulation (14.7 Mt/yr), which most closely resembles
the estimates by Koehnken (2014) (16-18 Mt/yr), as well as the high sand frac-
tion in the deliveredmaterial, whichmirrors the high sand delivery from the 3S
observed in literature (Bravard et al., 2014; Kondolf et al., 2014b; Piman et al.,
2016).

Having selected a sediment yield scenario, we run it for the entirety of the
time horizon considered (1995-2005). Figure 6.6 shows the distributed model
outputs for the selected simulation. Sediment fining patterns are evident for all
three of themain rivers, withmedian grain size decreasing aswe proceed down-
stream and average sediment mobilization rates increases (Figure 6.6 a). By ob-
serving average sediment transport to the outlet, we notice how sediment trans-
port raise by almost one order of magnitude during the wet season compared
to the rest of the year (Figure 6.6 b). Moreover, sediment delivery during the
monsoon season seems to contain a higher coarse fraction, as sand and gravel
requires a higher discharge to be mobilized in considerable quantities (Figure
6.6 c) Without barriers on the river, the model indicates that the Se Kong river
delivers the most material among the three rivers, followed by the Sre Pok and
the Se San. The Se Kong river yield is also more rich in sand (43%) compared to
the other rivers (32%-33%) (Figure 6.6 ).

6.4.2 Cumulative impact assessment of multiple reservoir opera-
tions

We ran D-CASCADE on the 3S network from 1995 to 2005 for the three dam
development scenarios defined in section 6.3.3. Figures 6.7 and 6.8 show the
daily variation in water storage for each of the reservoirs included in the simu-
lations, together with the input discharge and the output release from both the
standard outlets and the spillways, for the ten years model time horizon. The
results show how dams tend to dampen the effects of floods on the downstream
river network by storing excessive discharge in their reservoirs when possible,
especially at themonsoon seasonwhen the stored volume is still low. The effect
is especially evident for the LSS2 reservoir, which due to its large storage capac-
ity, can absorb flood pulses in the impoundment without increasing the release.
For all other reservoirs, the release is typically very similar to water input for
most of the year. Occasional droughtmay lower the reservoir water level below
the minimum target, as the release cannot fall below the lower boundary set by
the design minimum release.

However, all reservoirs struggle to store the high discharges which charac-
terize the wet season, having to consistently resort to the spillways to avoid
overfilling and maintaining the reservoir at full supply level for large portions
of the season. This eventuality is especially frequent for the LSS2-II and LSP2
dams, due to their relatively small impoundment volume and downstream po-
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a) b)

c)

d)

Figure 6.6: Sediment transport characteristics across the 3S system for the entire sim-
ulation horizon (1995-2005), for the D50input=0.05mm catchment yield scenario.
Figure a) shows the average median grain size (D50) of the total sediment content
(deposited and mobilized) and the average daily mobilized material of each reach.
b) displays the average daily sediment yield partitioned by tributary of provenance.
c) shows the monthly average GSD of the network sediment delivery to the out-
let, while d) divides the average annual sediment yield based on river system of
provenance and grain class transported

sition, which leads to increased input flows.
Moreover, all reservoir struggle to accommodate the discharge during the

wet season, having to resort to the spillways in case of major floods. Spillway
activation is persistent in downstream reservoirs, where it happens consistently
and frequently thorough each year, to the point that the reservoirs are filled to
full supply level for a large part of the monsoon season.

Figure 6.9 illustrates the modelled catchment sediment yield to the output
under different dam development scenarios. All dam development scenarios
lead to a decrease in sediment yield at the outlet, as expected. In both the
LSS2Only and FullDam scenarios, the total sediment yield decreases by around
50%, while the combined delivery from the Se San and Sre Pok drops by 85%,
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a) LSS2Only scenario

b) FullDam scenario

LSS2

Figure 6.7: Daily water level, input flow and reservoir discharge via standard outlets
and spillways for the reservoirs in a) the LSS2Only and b) the FullDam scenar-
ios, across the entire simulation horizon (1995-2005). Water level in the reservoir
cannot exceed the Full Supply Level (FSL), which decreases according to the stored
sediment volume

averaging around 1.35 Mt/yr instead of the 9 Mt/yr in the pristine case. The
sediment starvation is predominantly caused by the LSS2 dam, because of its
massive impounded volume and high water residence time. The similarities
between the two scenarios with LSS2 are probably due to the trapping effect of
the downstream dam, which lets the same volume of sediment pass through the
reservoirs irrespective of the amount of sediment delivered from upstream.

Instead, the proposed alternative dam configuration to the LSS2 has a sig-
nificantly lower impact on sediment delivery. In this scenario, cumulative sedi-
ment yield from the Se San-Sre Pok system decreases by 47% (4.71Mt/yr) . The
more contained sediment retention is due to the smaller impounded volume
and water residence time in the alternative reservoirs, which raises hydraulic
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Figure 6.8: Daily water level, input flow and reservoir discharge via standard outlets
and spillways for the four reservoirs reservoirs in the FullDam_alt scenarios, across
the entire simulation horizon (1995-2005).

forces inside the impoundment, transport capacity, and ultimately sediment re-
lease.

Another significant effect of reservoir placement in the network is the pref-
erential trapping of finer grain sizes. In all scenarios, the sediment mixture de-
livered to the outlet is significantly more dominated by silt than for the pristine
scenario, as sand fractions are more easily detained inside the reservoir by low
transport capacity in the flooded reaches. This reduction is particularly severe
for the two LSS2 scenarios, where virtually no sand is delivered to the lower
Mekong from the Se San and Sre Pok rivers (98 % reduction), but is also present
in the FullDam_alt scenario (64 % reduction).

The effects on reservoir water storage of sediment trapping under different
dam development scenarios are described in Table 6.3. As expected, in the case
of multiple reservoirs in series, as in the two MultiDam scenarios, sediment
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Figure 6.9: Average annual catchment sediment yield to the Lower Mekong river
under different dam development scenarios, partitioned by 3S main river systems
and grain size classes. In all scenarios, the Se Kong river is not influenced by dam
development and thus delivers the same sediment volumes.

trapping and consequent storage capacity losses affect the upstream reservoir
considerably more. On the other hand, dams situated downstream other barri-
ers benefit from the lack of material in the input discharge due to the upstream
sediment starvation.

6.4.3 Cumulative e�ects of drawdown �ushing operations

Figure 6.10 shows the effects of simulated drawdown flushing operations both
on the reservoirs storage capacity and the 3S cumulative sediment yield to the
Mekong, for the annual and biannual frequency scenarios. Flushing implemen-
tation, as expected, provides positive results for sediment deposit removal, al-
though the benefits are still insufficient to contrast runaway sediment retention
(Figure 6.10 a). This is especially evident for the two upstream dams (LSS3 and
LSP3), where the accretion rate of the sediment storage is only barely decreased
by flushing. At the end of the simulation horizon, both LSP3 and LSS3 reported
an absolute difference in storage loss of around 0.4 % (7.7% to 7.2% for LSP3,
5.5% to 4.9% for LSS3) for the annual frequency scenario, corresponding to a
7% to 11% reduction in the total sediment storage. Flushing seems to effectively
contrast sediment trapping only on the LSS2-II reservoir, and to less extents,
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Scenario Dam Avg. ann. sed.
trapped [Mt/yr]

Avg. ann. lost im-
poundment [%]

10 yr impoundment
loss [%]

LSS2Only LSS2 7.50 0.16% 1.78%
FullDam LSS3 3.00 0.50% 5.50%

LSP3 3.79 1.00% 7.70%
LSS2 4.70 0.10% 1.12%

FullDam_alt LSS3 3.01 0.50% 5.50%
LSP3 3.79 0.71% 7.70%
LSS2-II 0.15 0.05% 0.55%
LSP2 1.32 0.16% 1.77%

Table 6.3: Sediment storage increase and subsequent water storage capacity loss for
each reservoir in each dam development scenario. The relative impoundment loss
is calculated based on the water volume at FSL at the beginning of the simula-
tion. The average annual sediment trapped and the correlated average annual lost
impoundment are calculated without the first year of simulation, used for model
initialization.

the LSP2. For the two downstream reservoirs, in fact, the absolute difference in
storage loss falls around 0.4% (1.8% to 1.4% for the LSP2, 0.6% to 0.2% for the
LSS2-II). However, given the limited sediment storage in the basins, these dif-
ferences correspond to a decrease of 22% and 61% in the final sediment storage.

Flushing efficiency in the simulations appears highly variable, and strongly
correlated with inflow rate. Operations may be 2 or 3 times more effective de-
pending on the incoming discharge. Moreover, flushing seems to have a more
erratic effect on sediment storages in the downstream dams, which oscillates
less regularly than the other two reservoirs. This effect is most likely due to
the influence of upstream flushing operations on downstream deposits. While
flushing parameters (Table 6.2) are designed so that the time window for flush-
ing operations synchronize for the four dams analyzed, differences in hydrology
may dis-couple flushing timings in reservoirs in series. When this happens, the
released material upstream ends up trapped in the downstream impoundment.
An example of this effect is the flushing operation in 2001: where high inflow
during flushing in the LSS3 reservoir resulted in massive deposit scourging up-
stream and subsequent deposition in the downstream LSS2-II reservoir.

Figure 6.10 b, instead, illustrated the benefits of drawdown flushing on the
cumulative sediment yield of the 3S system. Total sediment delivery improves
by 0.5 Mt/yr and 1.3 Mt/yr for the biannual and annual flushing scenario, re-
spectively, corresponding to an 4% - 10% increase in network sediment yield.
No discernable fluctuations in yield GSD are reported in the simulations.
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Figure 6.10: D-CASCADE results for the simulated annual and biannual flushing,
for the four reservoirs in the FullDam_alt scenario. Figure a) shows the effects
of multiple flushing operations on the cumulative reservoir water storage losses,
compared to the no flushing baseline (straight line). Figure b) compares average
annual basin sediment yield for the baseline and the two flushing scenarios.
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6.5 Discussion

6.5.1 3S pristine sediment budgets reconstruction

By employing simple estimations of annual sediment yield as input to the sys-
tem, D-CASCADE is able to generate complex and believable scenarios of sed-
iment delivery and transport in the un-impounded 3S system. For all the five
input sedimentGSDs scenarios, the interactions between themultiple sediment
transport processes across the whole network resulted in complex spatiotem-
poral sediment transport, deposition, and delivery patterns, which, however,
share some common properties. In particular, all simulations resulted in coher-
ent basin-scale sediment fining, which is frequently observed of large sand-bed
river systems (Morris and Williams, 1999; Frings, 2008). Sediment fining is ac-
companied by a general increase in sediment load as we proceed downstream.
Sediment transport, in particular for the coarse fractions, is concentrated dur-
ing the wet season.

The system’s overall efficiency for sediment delivery is highly dependent on
the type of material initialized as input. For finer grain sizes, the river network
conveys material with greater efficiency, to the point that in the finer input sce-
nario (D50input = 0.01mm) 91% of the catchment sediment yield is delivered to
the outlet. On the other hand, coarser sediments tend to be detained at higher
rates as they travel downstream: in the coarser scenario (D50input = 1 mm),
where gravel constituted 59% of the catchment yield, the total trapping effi-
ciency of the network rises to 81% of the cumulated input over the simulation
horizon.

Ultimately, the scenariowith input D50 equal to 0.05mmappeared themost
promising, as its network sediment yield most closely resembled other esti-
mates from literature (Koehnken, 2014) while guaranteeing the consistent de-
livery of sand particles which characterized the 3S system (Bravard et al., 2014;
Kondolf et al., 2014b; Piman et al., 2016).

6.5.2 Dynamic reservoirs operations impact assessment

The model results on sediment yield and type are coherent with literature on
reservoir impacts on river system morphology. In all the scenarios considered,
the inclusion of dams results in a remarkable decrease in sediment delivery to
the outlet. Dam trapping efficiency varies according to their flooded area and
the impounded volume, as well as their location. Furthermore, reservoir sedi-
ment trapping affects different sediment classes at varying degrees, with fine
sediments carried in suspension escaping the impounded area at higher fre-
quencies due to preferential transport.

The LSS2 reservoir, with its massive flooded surface, has by far the biggest
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impact on river sediment delivery. Its position on the Se San - Stre Pok’s conflu-
encemeansmaterials from both rivers end up stored in the basin, while its mas-
sive flooded area means cascades must cross several flooded reaches with low
transport capacity to escape the reservoir. The current planned configuration
of dams (LSS2, LSS3, and LSP3) would significantly reduce the sand sediment
yield to the Lower Mekong. As sand delivery plays a crucial role in conserv-
ing the morphological stability of the Mekong delta, the decrease in sand yield
would contribute to the risk of coastal land loss and delta subsidence below sea
level. Sediment retention could be even higher given many other reservoirs lo-
cated or planned upstream of the barriers considered.

On the other hand, while sharing the almost exact location of LSS2, the al-
ternative dams LSS2-II and LSP2 trap considerable less material due to their
small impoundment and subsequent low average residence time of the water
in the reservoir, which means hydraulic forces in the reservoir are enough to
entrain and transport part of the incoming material out of the impoundment.

The model results also indicate that the LSS2 dam acts like a chokepoint for
sediment delivery, effectively fixing a very low upper boundary to the volume
of sediment able to escape from the reservoirs. As long as the sediment de-
livery to the LSS2 dam stays above this boundary, the sediment release down-
stream LSS2 will be virtually unchanged. This effect causes the yields from the
LSS2Only and FullDam scenarios to be similar despite the additional presence
of upstream reservoirs in the second scenario (Figure 6.9). Thus, the model in-
dicates that building reservoirs above the LSS2 dammay have little to no effect
on the overall sediment yield to the outlet.

Finally, the results for the sediment trapping show that, given the large sed-
iment yield of the 3S system, reservoirs with relatively contained water storage
capacity are especially susceptible to impoundment filling from sediment trap-
ping. After ten years, losses in theLSP3 reservoir amount to almost 8%,meaning
that, if no sediment management strategies are devised, the structure’s service
life may be considerably shorter than planned.

Annual and biannual flushing operations are simulated across the 11-year
time horizon. The results showcase how flushing is effective in removing de-
posited material from the dam’s impoundment. However, the impacts of draw-
down flushing operations seem insufficient to contrast cumulative sediment re-
tention in upstream reservoirs. The sediment removal rate from flushing is con-
siderably lower than the deposition rate caused by the trapping of sediment-rich
inflow discharge.

Flushing appears to be more effective in downstream reservoirs, where up-
stream sediment retention leads to less material delivery to the impoundment.
Annual flushing operations in the LSS2-II lead to a removal ofmore than half of
the sediment storage at the end of the simulation horizon. Another noticeable
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benefit of these sediment management options seems to be an increase in the
cumulative sediment delivery to theMekong river, although far from sufficient
to restore the pristine sediment yield. While changes in the flushing parameter,
e.g., an longer operation time window, may improve the overall effectiveness,
these results suggest that on the 3S river seduction flushing alone may not be
enough to contrast reservoir sedimentation and sediment starvation. However,
it undoubtedly provides moderate benefits contrasted to the scenario where no
sediment management strategy is performed. The high sediment concentra-
tion in the inflow during the wet period also reduces flushing efficiency, as it
effectively decreases the fraction of water flow transport capacity available to
mobilized deposited volumes during free-flow conditions.

The results on the 3S also demonstrate how vital coordination between
reservoirs is to guarantees the efficacy of sediment management operations.
If no or limited communication is present, the research suggests the possi-
ble risk of flushing operations in upstream dams leading to adverse effects in
downstream reservoirs. At the same time, coordinated operationsmay decrease
flushing efficiency in downstream reservoirs, as more of the discharge trans-
port capacity would be used to carry sediment flushed from upstream and less
to entrain material in the deposits.

6.5.3 Opportunities and limitations for further research

Sediment budget

The results of the sediment budget estimations demonstrate the potential of the
D-CASCADEmodel to reconstruct sediment connectivity patterns across time
and space, even in data-scarce environments such as the 3S system, where the
lack of consistent and distributed information on river morphology and sed-
iment transport limits the application of more traditional models with high
data requirement. With only large-scale datasets on river hydromorphology
and catchment sediment yield, D-CASCADE generated coherent scenarios of
sediment delivery which return reasonable results when validatedwith the lim-
ited data available in the literature.

However, these simulations are based on several strong assumptions. First,
the hypothesis of uniform and constant sediment delivery rates through the
year most likely clashes with real-world conditions. We assume the rate and
composition of soil erosion and detachment to be influenced by local meteo-
rological conditions, land use, and lithology. On the 3S, we expect catchment
sediment yield to increase during the wet season and be influenced by agricul-
tural practices. Further study could integrate distributed erosion models like
RUSLE (Renard, 1997; Ranzi et al., 2012) to derive dynamic sediment yields for
the entirety of the river basin. Alternatively, by abandoning the hypothesis of
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uniform basin-wide grain-size distribution and catchment yield and generat-
ing heterogeneous patterns of sediment delivery differentiated by magnitude
and GSDs, the D-CASCADE model could explore a vaster range of sediment
delivery scenarios.

Hypotheses on transport capacity and sediment velocity are also necessary
to compute transport rates and sediment delivery. Future studies would ben-
efit from sensitivity analysis on the most crucial parameters in the formulas
employed, e.g. the active layer thickness da (Eq 4.1) and characteristic vertical
length of sediment transportHa,c (Eq 4.6 and eq 4.7). Moreover, the effective-
ness of Engelund & Hansen and especially the use of the Bed Material Fraction
(BMF) approach to obtain fractional transport rates could be tested versus other
formulas, as they do not explicitly how interactions between particles of differ-
ent sizes may influence particle motion, e.g., via a "hiding factor" (Wilcock and
Crowe, 2003).

The model’s only sediment sources are the catchment sediment yields de-
fined by Kondolf et al. (2014b). However, sediment delivery may not be limited
to this one process: solid materials could be entrained by previously available
sediment stores and sinks on the floodplains, along the river path (sediment
bars and banks), and stored on the river bed. Sediment delivery could also in-
crease due to anthropic activities like sand mining on the channel, which em-
ploys heavy equipment, mobilizes a large amount of material, and changes the
morphological features on the worksite and beyond. This factor may have a
profound influence in this case study, as large-scale sand mining activities have
been observed across the entirety of the Lower Mekong (Hackney et al., 2020).

Reservoir management

D-CASCADE successfully integrated reservoir management in the modelling
framework by including multiple add-ons components that explore the dy-
namic evolution of the sediment storage in three dimensions and update the
hydromorphological conditions of both the flooded and downstream reaches
accordingly. The four parameters rule curve implemented in the model, while
simple, allows for the simulation of the effects of time-varying release strate-
gies on the system. Future research may improve the complexity of the repre-
sentation of the operating strategy, e.g., by including piecewise linear function
(Dang et al., 2020) or more complex functions, or by defining optimal release
according to the dailymarket energy price in case of hydropower dams, or other
objectives like flood protection or water supply.

Our study also did not consider the effects of dead storage in reservoirs,
which is present in virtually all large reservoirs and designed to provide space
below the intakes to safely store the incoming sediment volume without lower-
ing the reservoir hydraulic jumpand energy production. Moreover, we assumed

132



6.5. Discussion

dams to be designed with bottom outlets necessary for drawdown flushing. In
reality, very few dams possess this kind of infrastructural adaptation, and so
sediment flushing may not be feasible in the manner described in this analysis.

The evaluation the benefits and limitations of sediment management strat-
egy like drawdown flushing operations represents a novelty in the application of
large-scale conceptual sedimentmodels, and demonstrates the usefulness of in-
cluding the representation of the temporal dimension inCASCADE.The timing
and synchronization of flushing operations in multiple reservoirs, in fact, can
only be accomplished via the spatiotemporal tracing of the material movement
throughout the network. Our analysis on the feasibility of drawdown did not
consider the uncertainties brought by the variation of flushing parameters listen
in Table 6.2, with the sole exception of flushing frequency. This is due to limited
knowledge on the actual feasibility and possible designs of flushing facilities on
the proposed reservoirs, which would require a more in-depth, structural anal-
ysis.

Other variables intrinsic to the model may also influence the reservoir im-
pact assessment. For example, sediment porosityφ increases the actual volume
occupied by the sediment storage compared to the dry volume carried by cas-
cades. While in our simulation this parameter is considered constant, future
analysismay necessitate a dynamic representation of its evolution through time,
as progressive sediment consolidation, type of material composing the deposit
and the frequency of sediment reworking, e.g., caused by drawdown flushing,
may all influence its value and the subsequent loss of sediment storage.

In this research, the mobilized sediment volume during flushing is deter-
mined by the reservoir reaches transport capacity in free-flow conditions. By
all accounts, the now-empty reaches are treated by the model as conventional
river channels, and erosion is measured according to standard D-CASCADE
operations. However, sediment mobilization in channels and material remo-
bilization during flushing may be better represented as two distinct processes,
thus simulated with different formulas to describe transport and erosion rate.
For example, Wild et al. (2016) and Atkinson (1996) assume sediment volume
removed by flushing as a function of the geometry of the cross-sectional area
of the reservoir sediment before flushing and the design of the bottom outlets.
Their analysis, however, ignores the potential reduction is sediment transport
due to sediment-rich flushing inflows. However, bottom outlet discharge ca-
pacity may indeed increase sediment scourging at the mouth of the dam. At
the same time, the channel width and depth of flushed reaches may profoundly
differ from their original, pre-dam construction values used in the simulation
when the reservoir is empty.

The parameters for the release rule curve and the flushing frequency, dura-
tion, and timing were defined a-priori based on literature knowledge on stan-
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dard reservoir water and sediment management strategies for reservoirs lo-
cated in wet tropical climates. However, the chosen parameter selection is most
likely not optimal to maximize energy production from hydropower, i.e., re-
ducing spillway use while maintaining a high hydraulic jump and preserving
network sediment connectivity and delivery.

Model outputs suggest that flushing efficiency is tightly correlated with in-
flow discharge. Integrating forecast in the decision-making process may there-
fore allow for better timing of drawdown flushing initiatives. For example,
the El Niño Southern Oscillation (ENSO) has profound effects on the hydro-
climatic conditions of the Mekong (Räsänen and Kummu, 2013; Chowdhury
et al., 2021). Thus, flushing may even be timed to exploit the increase in precip-
itation and flushing discharge brought by La Niña events.

To search for more efficient strategies for damwater and sediment manage-
ment, D-CASCADE could be integrated into optimization-based frameworks,
as was the case for the original CASCADEmodel in Schmitt et al. (2018a, 2019)
for respectively the 3S basin and the entire Mekong fluvial system. The struc-
ture of theD-CASCADEmodelmay allow the analysis to include sediment con-
nectivity conservation among the competing optimization objectives. A more
thorough analysis could include the entire ensemble of existing and planned
reservoirs in the 3S basin to address evenmore risk factors and provide further
combinations of sustainable dam development and management portfolios.

For flushing operations, parameters optimizationmay yield insight into op-
timal flushing timing and duration for multiple dams to guarantee improved
operational performance. Optimization may also indicate better timing and
synchronization for flushing operations in multi-dam schemes, to synergize
multiple sediment management efforts at the network scale and avoid deposi-
tion of flushed sediment in downstream reservoirs storages. While this anal-
ysis focuses on the effects of reservoir management on sediment connectiv-
ity and deposition, the model structure would also allow the quantification of
energy production. Therefore multi-objective optimization with algorithms
like BORG (Hadka and Reed, 2013), coupled with D-CASCADE would return
Pareto-optimal management portfolios, which indicate interesting trade-offs
between sediment connectivity conservation and economic gains.

The distributed and time-dependent outputs of the D-CASCADEmodel al-
low for the definition of multiple indicators of sediment (dis)connectivity to be
employed in multi-objective analysis. This research described sediment trans-
port disruption mostly in terms of changes in magnitude and type of sediment
delivery to the Mekong and reservoirs sedimentation. However, further analy-
sismay requiremore specializedmorphological indicators to evaluate sediment
transport in multiple strategic spots on the river to map better the basin-wide
distributed alterations or monitor disturbances in ecological hotspots.
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6.6 Conclusion

The study presented in this chaptermarks the first application of a dynamic sed-
iment connectivitymodelling framework on a basin-wide scalewith the explicit
objective of characterizing the cumulative effect of dammanagement strategies
of series of dams on the reservoir storage capacity and the sediment connectiv-
ity of the downstream network.

The D-CASCADE model provided reasonable sediment budget estimates
for the 3S river system employing only large-scale datasets, demonstrating the
potential of these types of conceptual models for the extraction of morpho-
logical information in data-scarce environments already seen in other works
(Schmitt et al., 2018b; Czuba, 2018; ?).

The integration of reservoirs in themodelling structure, possible via specific
add-ons components, allows for daily simulation of dam operational strate-
gies and their cumulative effects on network sediment transport and sediment
trapping and storage in the dam basin. We explored different dams configura-
tions scenarios on the 3S system, focusing on the downstream structures both
planned and already existing, as they are regarded as the most impacting on the
network sediment connectivity (Schmitt et al., 2018a). D-CASCADE quantified
the reduction of sediment yield to the Lower Mekong river given by these dam
portfolios. The current planned configuration would results in a net yield re-
duction of around 50%, as sediment contribution from the Se San and Sre Pok
decreases to 15%of the original value. The alternative scenario proposed byAn-
nandale (2013) would present a viable alternative to conserve at least partially
sediment delivery, as the reduction to the catchment yield would be limited to
26%. The model also estimates impoundment storage losses due to sediment
trapping to be especially worrying for the smaller reservoir due to the high sed-
iment load carried by the 3S system. The planned LSS3 and LSP3 reservoir
would experience a loss of 5.5% and 7.7% of their total water storage capacity
after 11 years of simulation.

Frequent drawdown flushing would help mitigate the effects of reservoirs
on sediment transport, although just to amoderate degree, as the high sediment
concentration in the water discharge of the 3S systemwould still lead to notice-
able sedimentation in the impoundment and sediment starvation downstream.
With annual flushing, for the alternative dam development scenario outlet sedi-
ment deliverywould decrease by 21%, although reservoirs sedimentationwould
not experience much slowdown, especially in upstream reservoirs.
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Appendix B

In this appendix, we providemore detailed information on the add-ons compo-
nents used in the D-CASCADE modelling framework in chapter 6 to integrate
reservoirs in the model structure, as well as simulate different release strategies
and their effects on the hydrology of the network downstream the dam, as well
as the water and sediment storage in the reservoir. These components are then
used on the 3S river system, as described in chapter 6

B.1 Dynamic reservoir storage modelling add-on

A specific D-CASCADE add-on component was added to the model to inte-
grate a dynamic representation of reservoirs on the graph-like network struc-
ture employed by D-CASCADE (Figure B.1 a). The process representation in-
cludes modelling the impoundment characteristics, i.e., stored water and sed-
iment volumes, reservoir height and area, and their response to changing hy-
drological conditions and different operational strategies.

First, each dam is placed on the network node closer to its real location, and
its reservoir volume is initialized. Using topological information derived from
the DEM employed for network extraction, we obtained reservoir height (Hr)
and total surface area (Ar) for different values of stored volume (Vr) , uniformly
extracted between zero and the reservoir full supply level (FLS) (m). In this way,
it is possible to obtain height and surface area for each possible value of reser-
voir volume by linearly interpolating between two tabulated values (functions
fH,r(Vr) and fA,r(Vr))

In each timestep, wederive reservoir area andwater level at the dam from the
storage volume; then we determine the partially or fully inundated reaches up-
stream each dam based on node elevation data from the DEM and the reservoir
impounded volume for the timestep, following the procedure used in Schmitt
et al. (2018a). In this way, reservoirs are represented as composed of multiple
longitudinal compartments, each constituted by a single flooded reach (Figure
B.1 b). In each of these compartments, the channel features used to determine
fractional transport rates are altered to reflect the new conditions of the river
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FigureB.1: Estimation of hydraulic parameters formultiple compartments of a reser-
voir impoundment (Volume, velocity, and depth) relative to the reservoir volume in
a single timestep. (a, superimposition of reservoir flooded area on a 6-reaches river
network. Plan-view and cross-sectional parameters for a reservoir with 4 inun-
dated edges and two tributaries (b) as extracted from the DEM. c): Representation
of reservoir dimensions as set of rectangular compartments and definition of cer-
tain geometric parameters, especially width, for each edge by assuming a simplified,
triangular geometry of the reservoir (d). Figure from Schmitt et al. (2018a), sup-
plementary material.

reach. In particular, water level (hi,t), compartmentwidth (Wi,t), water velocity
(vi,t) and channel gradient (Si,t) are all changed accordingly.

The original reservoir geometry is adapted to suit the new compartments’
representation: each flooded reach is modelled as a rectangular compartment
with constant width. The water level of the compartment is derived as an aver-
age of the water level in each reach node, given by the dam level in the timestep,
derived from the stored volume and the nodes elevation (Figure B.1 c). To derive
the compartment width, we assumed the reservoir impoundment to be shaped
like an isosceles triangle, whose base corresponds to the dam width and the
height to the total reservoir length so that the width at the headwater is zero
(Figure B.1 d). Thus, the width in each flooded node is given as a function of
the dam width and the distance from the node to the dam. The reach width is
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then derived as the mean of the downstream and upstream node width (or zero
if the reach is only partially flooded). Therefore, the total volume stored in the
compartment is determined through:

Vi,t = hi,t ∗Wi,t ∗ Li (B.1)
Where Li is the reach length.
The energy slope of the compartment is derived according to the formula:

Si,t =
v2
i,t

2g
(B.2)

where vi,t is the average flow velocity in reach i at time t:

vi,t =
Li

Vi,avg/Qi,avg
(B.3)

where Vi,avg/Qi,avg is the average residence time of the water in the reser-
voir (Ward, 1980). As these reservoirs are operated for hydropower produc-
tion and therefore tend tomaximize hydraulic jumpwhen possible, we assumed
Vi,avg to be equal to Vi,FSL, i.e. the compartment volume at FSL.

B.2 Reservoir management add-on

This additional component, whichworks in tandemwith the dynamic reservoir
storage modelling add-on, is designed to determine the daily water release for
the timestep Rr,t according to the reservoir release strategy, and therefore the
total volume of the reservoir in the next timestep Vr,t+1 via the formula:

Vr,t+1 = Vr,t − Rr,t +Q
in
r,t (B.4)

Where Qinr,t is the water input to the reservoir at time t, corresponding to
the discharge relative to the reach directly upstream the dam node.

In our study, we apply a simple operating rule curve to determine the optimal
reservoir volume in each timestep Vtargetr,t , which depends on four parameters,
i.e. the the minimum and maximum impoundment storage that each reservoir
should reach within a year (Vtargetr,min and Vtargetr,max ) and the date at which the
two values should be reached (T targetr,min and T targetr,max ) (Dang et al., 2020). The tar-
get volume in each timestepVtargetr,t is determined by linearly interpolating be-
tween these two extremes according to the date relative to the current timestep.
The target release Rtargetr,t for each reservoir is then determined as:

R
target
r,t = max(Vr,t + Q̂

in
r,t,day − V

target
r,t , 0) (B.5)
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where Q̂inr,t,day is the estimated daily water input in the reservoir at time t
(m3), derived from the estimated instantaneous water input Q̂inr,t. In an ideal
scenario, the dam operator would know exactly the water input to the reser-
voir in each timestep Qinr,t (Q̂inr,t = Qinr,t), and could therefore plan the water
release to precisely meet the reservoir volume target. However, as this infor-
mation cannot be precisely acquired at the beginning of each timestep, the dam
operating rule requires an estimated daily discharge to determine the target re-
lease. This information can be acquired via daily discharge forecasts or autore-
gressive, data-driven models (Soncini-Sessa et al., 2007). In our case study, we
designed the release strategy to assumewater discharge equal to the value of the
previous timestep (Q̂inr,t = Qinr,t−1).

The actual release of the dam Rr,t used in eq.B.4 is equal to Rtargetr,t , unless:

• Rtargetr,t < Rminr,t , where Rminr,t is the minimum allowed discharge from the
reservoir, in which case Rr,t = Rminr,t . In this work, we assume Rminr,t to be
the first percentile of the water discharge (1995-2005 ) in the first reach
downstream the dam;

• Vr,t +Qinr,t,day − R
target
r,t > VFSDr,t , where VFSDr,t is the reservoir volume

at full supply level at time t. In this case, target release is not enough to
avoid the activation of the reservoir spillways. Thus, release is increased
accordingly until Rdesignr , i.e. the design discharge for the reservoir;

• Vr,t +Qinr,t,day − R
design
r > VFSDr,t . If the reservoir full supply level is

topped even when the reservoir release matches the design discharge, the
excessive volume is released via spillways until Vr,t+1 = VFSDr,t . Thus, in
this case Rr,t = Rdesignr + Rspillwayr,t , where

R
spillway
r,t = Vr,t +Q

in
r,t,day − R

design
r − VFSDr,t (B.6)

B.3 Reservoir sediment trapping add-on

This add-on component records the total volume stored in each reservoir in
each timestep and decreases the reservoir full supply level (FLS) accordingly to
mirror impoundment storage losses due to sediment trapping. In each timestep,
the total sediment storage in each reservoir Vr,t is defined as

Vr,t =
∑

j=fl_FLS
Vd,j,t + Vi,j,t (B.7)

Where Vd,j,t and Vi,j,t are the total volumes carried by individual cascades
located respectively in the deposit and incoming layers of reach j at time t, and
fl_FLS contains all the reaches flooded by reservoir r at FSL.
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The reservoir volume corresponding to full supply level VFSDr,t at time t in
reservoir r is therefore:

VFSDr,t = VFSDr,1 − Vr,t/(1 −φ) (B.8)
Whereφ is the sediment porosity in the deposit layer.

B.4 Downstream water discharge add-on

Reservoir release alters the natural hydrological conditions of all the reaches
downstream a reservoir, which affects the sediment transport capacity, reach
sediment budget, and ultimately the system-wide spatiotemporal patterns of
sediment delivery. To account for this in our framework, we assume water re-
lease from a dam instantaneously affects all downstream reaches, changing the
hydrology according to the reservoir output discharge. We first measure the
incremental discharge in a downstream reach j ∆Qj,t as:

∆Qj,t = Q
nores
j,t −Qnoresr,t (B.9)

Qnoresj,t is the water discharge for reach j downstream the reservoir and
Qnoresj_r,t is the discharge of the reach j_rwhere the dam is located in the pristine
scenario, obtained by the VIC hydrological model. The new discharge for the
reachQj,t is given as:

Qj,t = ∆Qj,t + Rr,t (B.10)
In the case of multiple reservoirs located in series on the same river, the up-

stream dam only affects the reaches between the node where it is located and
the upstream the downstream dam. Thus, the new discharge, influenced by the
upstream release strategy, will influence the input dischargeQr,t to the down-
stream reservoir, thus affecting the stored volume and dam release at time t.

B.5 Drawdown �ushing add-on

The drawdown flushing add-on regulates the reservoir release during flushing
operations, replacing the Reservoir management add-on (Section B.2) for the
duration of the drawdown and flushing phases. The add-on is activated for a
specific reservoir r once all the necessary triggers are reaches, those being:

• A sufficient time has passed from the previous flushing operation;

• the current timestep falls into the time window for flushing;

141



6. Sediment management in reservoirs operational strategy

• the reservoir input discharge surpasses the lower boundary set by themin-
imum inflow rate, but does not exceed the reservoir design discharge.

The threshold values for these parameters are listed in Table 6.2.
During drawdown, the reservoir release target is set so that the daily draw-

down rate∆Lr,t for reservoir r in the timestep t does not exceeds themaximum
ratemax(∆Lr), where :

∆Lr,t = fH,r(Vr,t+1) − fH,r(Vr,t) (6.1)
Where fH,r(Vr) is the height-volume function for reservoir r, defined in sec-

tion B.1, and Vr,t and Vr,t+1 the reservoir volume in the current and future
timesteps. While Vr,t is known in each timestep, Vr,t+1 is given by Eq. B.4.
As Vr,t+1 depends also on the input discharge, the drawdown strategy assumes
waterQinr,t input equal to the value of the previous timestepQinr,t−1, similarly to
the release strategy seen in Section B.2. Therefore the daily release Rr,t during
drawdown is the maximum possible release which guarantees:

∆Lr,t(Rr,t) 6 max(∆Lr) (6.2)
The drawdown is continued until the reservoir volume reaches zero or

the maximum drawdown duration is reached. If complete drawdown is not
achieved, a new attempt is performed after a fixed pause (Table 6.2). Once
the reservoir volume reaches zero, the flushing phase begins, during which
Rr,t = Qinr,t. In the simulation, we assume bottom outlets to have a design
discharge equal to the standard hydropower outlets. Thus, ifQinr,t exceeds this
threshold, flushing is interrupted and refill commences.

The modelization of the refill phase does not require a specific component;
instead, reservoir release is determined by the standard reservoir operation de-
fined in Section B.2.
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Modelling basin-scale river sediment (dis)connectivity presents numerous chal-
lenges. Its interconnected nature requires a basin-scale perspective and ex-
tended temporal frames to capture the multiple hydromorphological and bi-
ological processes responsible for sediment delivery, transport, and deposi-
tion and their dynamic interactions across channels, hillslopes, and floodplains.
However, this complex nature is also why the development of reliable basin-
scale modelling tools represents such a necessity, as anthropic disturbances on
the natural fluvial connectivity patterns may result in otherwise unforeseeable
impacts on the river ecosystem goods and services. Planning and managing
multiple alterations or infrastructures on large river systems comes with the
significant risk of damaging fluvial ecosystems integrity and functionality, if the
implications on sediment (dis)connectivity are not considered. These impacts,
in turn, may lead to long-term economic costs and river livelihood degradation.

The purpose of this research is to contribute two exploratory modelling
frameworks for large-scale sediment connectivity, designed to quantify, charac-
terize and disaggregate sediment delivery and transport patterns. These tools
rely on large-scale distributed datasets made available by advances in remote
sensing and image processing technology. Therefore, they apply to large-scale,
data-scarce river systems. Their flexible and data parsimonious structure also
supports detail sensitivity analysis and parameter calibrations which benefits
the robustness of the results.

In this chapter, we synthesize the key findings, opportunities, and limita-
tions reported in the thesis, with a particular focus on the potentials and needs
for future expansions of the modelling frameworks and integrations in water
resource management and planning approaches.
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7.1 Main �ndings

Modelling approaches

This thesis contributes two novel modelling frameworks for network-scale
sediment transport, the new CASCADE toolbox and the Dynamic CASCADE
model (D-CASCADE). Both these approaches are based on Schmitt (2016)
model CASCADE (CAtchment Sediment Connectivity And DElivery). How-
ever, they expand upon the original approach to include a more comprehen-
sive representation of hydromorphological processes to open opportunities to
tackle different objectives that require greater details in (dis)connectivity rep-
resentation.

The multi-class CASCADE model, reported in Chapter 2 and incorporated
in the CASCADE toolbox (Tangi et al., 2019), characterize cascades not by sin-
gle grain size, but as a combination of multiple heterogeneous sediment classes,
each one associated with a specific frequency inside the cascade. Hence, the in-
dividual transport process is defined by the volume carried and the grain size
distribution, which are prone to fluctuations as cascades move downstream.
Combining the GSDs of the cascades in each reach also defines the GSD of the
cumulative sediment load in that specific location, an essential metric for ini-
tializations and output validations. GSDs sampling is often performed in the
field using basket samplers for bedload and suspended sediment samples for
finer grains and is one of the most common measurements available in the lit-
erature for reach morphological characterization. The representation of frac-
tional transport rates, facilitated by the definition of a-priori grain classes and
the sub-cascade partitioning of individual cascades, guarantees a more robust
representation of sediment transport, employingwell-known empirical formu-
las. This formulation, in turn, replaces the implementation of grain size compe-
tition strategieswhichwere among themost significant sources of uncertainties
in previous CASCADE applications (Schmitt et al., 2016).

The dynamic CASCADE model (D-CASCADE), described in Chapter 4, in-
troduces a dynamic sediment transport representation that offers many advan-
tages. The original, static frameworkdescribed sedimentmovement as a steady-
state, establishing connectivity between multiple sources and sinks. However,
themodel struggleswith changeswhose time scales are briefer than those corre-
lated with the definition of this type of connectivity. Besides, CASCADE sim-
ulates sediment connectivity in a stationary state under a single hydrological
scenario, which is especially unlikely for high discharges, characterized by lim-
ited duration, and responsible formost sediment delivery. Delineating cascades
movement across time and space allows for exploring the dynamic evolution of
the river network and its hydromorphological properties. D-CASCADE can
explore the effects of singular events on the river network, like major floods or
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on-time sediment delivery events, or the cumulative effects of a sequence of spe-
cific events happening at different locations and with distinct chronological se-
quences. For example, similar floods on the same fluvial systemmay deliver dif-
ferent sediment yields and types according to the sequence of other hydromor-
phological ar anthropic events that happened beforehand, which contributed,
for example, to the armouring or disarmouring of the river bed (Wilcock and
DeTemple, 2005; Tabarestani and Zarrati, 2015), the availability and type of
materials ready for transport (Heckmann and Schwanghart, 2013; Czuba et al.,
2017; Sklar et al., 2017) and the alteration of the morphological features of the
river (Fryirs and Brierley, 1999; Gregory, 2019). D-CASCADE can reproduce
all these processes and more, making it an effective tool to explore morpho-
dynamic evolutions in river networks. Furthermore, sediment in rivers typ-
ically spends more time stationed in deposit zones than transported by the
current (Otto et al., 2009). Thus, proper modelling of the evolution of sedi-
ment deposits and sediment sinks is necessary for dynamic modelling of river
(dis)connectivity. The representation of the sediment deposit as composed of
layers of cascades stacked on top of each other guarantees a detailed tracing
of the evolution of sediment storages, its composition, and the provenance of
the material stored, and allows for the simulations of different processes like
sediment deposits growth and erosion, bed armouring and GSDs alterations.
Channel morphodynamic response to sediment delivery, deposition and en-
trainment are modelled at the reach scale via add-ons components, including
more traditional, reach-scale 2-D and 3-D approaches, conceptual, graph-based
methodologies, or empirical relations based on previous studies knowledge of
the system. The ambition behind the development of the D-CASCADE model
was to provide a tool to define indicators of sediment connectivity alterations
and their impacts on river morphology, ecology, and productivity caused by
large-scale planning andmanagement tasks. Themodelwas designed to be flex-
ible, data parsimonious, and computationally effective. It is intended for inte-
grated, basin-scale water management efforts, which requires multiple screen-
ing of the many different combinations of decision variables, planning options,
andmanagement strategies for hydromorphological impact assessments. While
the original CASCADE model saw applications on cumulative sediment trap-
ping estimation formulti-dam development schemes on the 3S system (Schmitt
et al., 2018a) and the Mekong river (Schmitt et al., 2019), the lack of dynamic
modelling of sediment transport processes meant the cumulative repercussion
of continuouswatermanagement strategies could not be properly evaluated. D-
CASCADE, however, is designed to simulate all these processes. Consequently,
the model can evaluate the effects of reservoir operations, both routine deci-
sions like daily release and exceptional like dam flushing and sluicing. Besides
dams, the dynamic structure allows for impact assessment of land-use change
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like deforestation and urbanization, and restoration initiatives like barrier re-
moval, banks, hillslopes re-vegetation, and fluvial ecosystem rehabilitation.

Case study speci�c �ndings

This thesis presents large-scale sediment transport modelling applications of
three different river networks, characterized by widely dissimilar scales, geo-
graphic locations, hydromorphological history, and research objectives.

The Vjosa river network, one of the last "wild" large European rivers, is char-
acterized by an almost unimpeded river course and a wide variety of differ-
ent fluvial forms, including large braided stretches, which constitutes a rarity
among European fluvial systems (Schiemer et al., 2018; Belletti et al., 2020). Hu-
man disturbances are mostly concentrated on the hillslopes, as land-use change
for agriculture and limited urbanization. On-the-river infrastructures are few
and concentrated upstream and on the tributaries. However, large-scale dam
development plans threaten to disrupt the morphological balance of the sys-
tem, and in particular, to endangers the braided sections of the river, which are
especially vulnerable to sediment connectivity disruptions (Peters et al., 2021).
The pristine conditions of the Vjosa river mean this system is especially suited
for staticCASCADEapplications, aswe can reasonably assume the naturalmor-
phodynamic evolution of the river to bed irrelevant given the research objec-
tives and the time-scales of these processes. The relative stability of the system
also supports the application of the hypothesis of morphodynamic equilibrium
of the river reaches (Ferguson et al., 2015) for the identification of the reaches
GSDs via optimization. In the research, we generated reasonable estimates of
grain size composition for the river reaches, which shows clear fining patterns,
validated by field observations with satisfactory consistency. Results are re-
inforced by a global sensitivity analysis on different sources of uncertainty in
the initialization parameters. We then included simulated sediment transport
fluxes and GSDs in published braiding thresholds to identify channel resilience
to sediment delivery alterations. Thus, with this study, we demonstrated how
distributed output for sediment connectivity models, supported by extensive
validations and sensitivity analysis, can be used inmorphological analysiswhere
field data are not available, a results exceptionally useful for studies in data-
scarce environments where consisted and distributed information of hydro-
morphological features is not available.

The primary objective of applying D-CASCADE on the Bega river network
was to validate the novel modelling framework’s ability to capture relevant
morphological processes with the correct timing and magnitude. The Bega
river network offered an excellent case study to achieve this task, given the
wealth of information and data available on the evolution of the hydromorpho-
logical features of the river system and its response to anthropic alterations in
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the last 170 years. The model reproduced the major morphological changes
in the river network in line with the field observations and historical recon-
structions. Sediment delivery patterns and morphological features changes are
identified, and their sources are disaggregated in time and space. Uncertainties
in the reconstruction of the historic discharge dataset are accounted for by de-
signing different hydrological scenarios. The knowledge of the system gained
by historical simulations is used to predict future evolutions of river system
sediment (dis)connectivity under different land-use scenarios. With this appli-
cation, we showcase theD-CASCADE sediment (dis)connectivitymodel’s effec-
tiveness in quantifying basin scale sediment transport, delivery, and deposition
through time and space. The integration of add-ons component for simula-
tion of local morphological dynamics constitutes an important step to integrate
modelling of large-scale connectivity processes with reconstructions of reach-
scale alterations in a single, flexible framework and demonstrate how the firsts
drive the others, and vice versa.

The application of the D-CASCADE model on the 3S system represents
the first time a dynamic, basin-scale connectivity model explicitly accounts for
reservoir water and sedimentmanagement whenmeasuring estimates of catch-
ment sediment yield. The estimation of the 3S total basin delivery demonstrates
the potential of the new modelling framework to provide reasonable estimates
of morphological parameters in data-scarce environments. Limited available
estimates of sediment load from literature are used to narrow down the range
of uncertainties on catchment sediment yield and identify a reasonable sce-
nario based on themodel output data. Specific add-ons components are devised
and included in the framework to integrate the dynamic modelling of reservoir
water and sediment storage. Other tools, instead, define the dam operational
strategies and their impacts on the downstream hydrology, which will influ-
ence sediment transport in the main model loop. The model results demon-
strate that even in the less impacting dam development scenarios analyzed, the
sediment reduction from the tributaries influenced by the construction is re-
duced substantially (47%-85%). Coarse grain sizes are particularly affected by
this reduction: sand delivery lowers by a minimum of 64% up to 97%. Repeated
drawdown flushing on the 3S system are simulated for the most sustainable of
the dam development scenario analysed. While flushing is effective in remov-
ing stored material in the reservoirs, the high sediment content of water inflow
to the reservoirs means deposition rate greatly exceeds flushing removal rate.
Nevertheless, annual sediment flushing in all reservoirs would results in a 8%
increase in sediment yield to the outlet compared to the scenario without sed-
iment management. The model output also highlight the necessity of careful
synchronization between dams in series, as uncoordinated flushing initiatives
may results increased sedimentation in the downstream reservoirs due to de-
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position of upstream flushed materials.

7.2 Limitations and future research

TheCASCADE toolbox and theD-CASCADE constitute usefulmodelling tools
to tackle the "sediment delivery problem" at the basin scale. However, some key
challenges remain, which may be addressed in future studies.

It is imperative to clarify that while D-CASCADE may be perceived as a di-
rect upgrade of the original CASCADE and CASCADE toolbox, the two ap-
proaches vary in terms of sediment transport modelling structure, computa-
tional efforts, and data requirements which makes themmore or less suited for
applications in different case studies or for distinctive research objectives. The
CASCADE toolbox approach returns a representation of sediment connectiv-
ity in a stationary state which is intended for preliminary screening of sediment
transport and deposition in river network, and to identify interesting proper-
ties derived by interactions betweennetwork topology,morphology, hydrology,
and sediment delivery, like sediment deposits, sinks, and choke-points. More-
over, its light computational load means multiple model runs can be performed
in short timeframes, allowing for extensive sensitivity analysis to integrate un-
certainties (Schmitt et al., 2018b; ?), and perform multiple screening of differ-
ent alterations portfolios (Schmitt et al., 2019, 2018a). D-CASCADE, instead,
presents a heavier computation and memory load due to its daily time repre-
sentation and deposit layer modelling. On a personal computer, for the same
river network, a single CASCADE run typically takes less than a second, while
runningD-CASCADE for a single yearmay requireminutes of computation. D-
CASCADE is thus more suited for applications that focus on morphodynamic
response to rapid alterations, typically caused by anthropic interventions on
fluvial systems. D-CASCADEmore complex structure meansmore parameters
must be characterized, leading to a broader range of uncertainties and the need
for extensive parameter characterization, validation, and sensitivity analyses.

In future applications, the twomodel could both be applied to the same case
study. The CASCADE toolbox could be use its lighter computational time and
data requirements to identify and quantify sediment transport patters at larger
scales while incorporating uncertainties via Montecarlo simulations and sensi-
tivity analysis. Afterwards, the D-CASCADE model could use the information
extrapolated from the outputs of the CASCADE runs to reproduce dynamic
sediment (dis)connectivity on a smaller section of the river network and explore
competing strategies of water and sediment management for fluvial infrastruc-
tures.
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Model structure and formulas

One of the design objectives of the CASCADE model, in all its iterations, is
to guarantee computational efficiency and restricted data requirements to al-
low for repeated simulations, needed for detailed parameter sensitivity analysis
and exploration of portfolios of decisions in strategic impact assessment stud-
ies. However, particularly for the D-CASCADE framework, the necessity for
repeated loops on both the river reach and simulation timestep means that the
computational time may grow substantially for large river networks and long
time horizons, hindering the capacity for repeated model runs. As seen on the
Bega and 3S river systems applications, a strategy for reducing computational
time would be to skip simulation of timesteps characterized by low discharge,
assuming sediment transport to be negligible in these instances. Alternatively,
computation of reaches where sediment delivery is risible or that are out of the
scope of the research objective may be discarded.

Another relevant problem for the D-CASCADE model is the memory re-
quirement. In particular, deposit layer modelling as laid out in section 4.4.1
requires the storage of layer data for each timestep and each reach. Given that
each layer is composed by a single cascade, large networks with hundreds of
reaches the memory requirement may pose a significant problem. For example,
for the 3S river system, the rawD-CASCADE output file for a single scenario of
the unimpeded river network for 11 years of simulation (section 6.4.1) weight
5 GB. Changing the ID of the cascades from the single source reach to a cluster
of neighboring reaches may reduce the memory requirement for representing
sediment deposits.

All the applications of CASCADE and D-CASCADE presented in this the-
sis base their calculation of sediment budget on empirical sediment transport
capacity equations, which are chosen according to the type of sediment consid-
ered, the knowledge of the system morphological properties and to maintain
consistency with previous studies on the system. Thus, the output obtained
assumes that these equations are appropriate to supply reasonable fractional
transport rates for each sediment class. However, to be correct, this hypothesis
should hold under the broad set of hydromorphological conditions observed
in the network, including extreme hydrological events; and given the interac-
tion between grains of different sizes and types. Evaluating the sensitivity of
the model results on the empirical formulas of transport used may be neces-
sary for forecasting or impact assessment studies, where the quantification of
the sediment delivery is required to aid in informed decision-making on river
management.

With its dynamic representation of sediment processes, D-CASCADE in-
troduces more hypotheses on the parameters and formulas selected to calculate
sediment budget and delivery. The formulation of sediment velocity is particu-

149



7. Conclusion

larly vulnerable to uncertainties due to its simple formulation and its reliance on
parameters such as the vertical scale for sediment transport (eq 4.6) and active
layer thickness (eq 4.3), which are themselves difficult to both characterized and
reliably collect on the field on the scales needed for model use. Further studies
on these parameters and their impacts on the model outputs are needed.

Finally, measurements of hydrological parameters, i.e., flow depth andmean
flow velocity, in each reach are obtained by mean of the Manning-Strickler
equation (Manning, 1891) for uniform, open channel flow, which is prone to
errors in case of channel conditions differing from steady, deep flows (Fergu-
son, 2010). An alternative methodology to increase accuracy is to use the nu-
merical step-methods employing the Strickler equation, like the hydrodynamic
solver used in Schmitt et al. (2016). However, the iterative procedure would in-
crease the computational time as data on depth and velocity are required for
computation for each reach and each timestep.

Representation of hydromorphological processes

The inclusion of novel hydromorphological processes in the modelling frame-
work of the CASCADE model is one of the critical tasks of the researches pre-
sented in this thesis. Future studies may expand on this objective by including
new processes and increasing the representation accuracy of the one already
present in the model.

Sediment supply to the network is among the most important and con-
tentious parts of defining the modeling effort’s boundary conditions. In this
thesis, we presented three different methodologies to initialize sediment deliv-
ery and budget at the start of the simulation, all of which presents specific ad-
vantages and limitations. In the Vjosa case study, we assumed a balance in the
source reach between sediment supply and transport capacity, meaning sedi-
ment flux carried by cascades in the source reaches were initialized as equal to
the transport capacity of the channel. This hypothesis, also used in Schmitt et al.
(2018b,a), is based on the general assumption that sources are in morphological
equilibrium, which may not always be true in the case of sediment sinks where
supply exceeds transport, or supply-limited reaches where the availability of
material is the limiting factor for sediment transport. In the Bega river case
study, we initialized all the material available for transport in the first timestep
of the simulation as sediment storage in specific reaches. This method is coher-
ent with the knowledge of the system, which showed that most of the sediment
delivery processes were composed of material previously trapped in-channel
and on the banks. Therefore, hillslopes delivery was considered negligible. Of
course, this approach is only possible at the network scale in small and well-
studied systems like the Bega river, where field studies have been conducted
to reconstruct the extent of the sediment volumes release by channel incision
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and bank expansion. On the 3S system, we employed basin-wide estimation
of annual sediment yield from the hillslopes, based on lithological evidence, to
initialize daily sediment delivery for each network reach according to direct
drainage area and location (Kondolf et al., 2014b). This technique is based on
large-scale estimations and does not require deep knowledge of the system, and
therefore is bound to ignore local morphological features that may impact the
sediment yield estimation. Moreover, the uniform partitioning of the annual
yield to accommodate the daily model timestep does not consider the correla-
tion between sediment detachment and delivery and the daily weather condi-
tions, e.g., presence and intensity of precipitations andwind. The integration of
empirical soil loss equations like USLE and RUSLEmay help characterize daily
hillslopes sediment detachment rate. Finally, a further step in consideration of
hillslopes processes would be to integrate singular events of sediment delivery
like rockfall and landslide, which could be represented as individual cascades
entering a specific reach in a single timestep. The heterogeneous and intermit-
tent delivery of material from these processes may be represented as a random
process. For example, Czuba et al. (2017) modelled heterogeneous sediment
delivery from bluff and ravines as a random Poisson process.

In the thesis, we also explore the morphological response of river channels
to processes of sediment delivery, deposition, and entraining via specific add-
ons components integrated into the modelling framework and operating at the
reach level. These include the channel gradient add-on described in section
4.4.2 and the channel expansion and incision and overbank flooding add-ons
presented for the Bega river network in section 5.3.3. The catalog of add-ons
available for CASCADE can be expanded in future studies to further the rep-
resentation of channel morphodynamic. For example, channel incision and ex-
pansionmodelling in the Bega river is based on previous knowledge of the river
system, thus specific to the case study. Alternatively, a specific add-on com-
ponent could be defined to simulate bank erosion and subsequent mass fail-
ure brought by progressive removal of material from the bank toe, as seen in
Lammers and Bledsoe (2018). Such a component would be based on empirical
equations and, therefore, widely applicable. Other processes that could be rep-
resented are channel meandering, which would impact reach length and slope
via lateral movement Lammers and Bledsoe (2018), and knickpoints migration,
which would mobilize material in the channel bed and banks and change reach
slope as the headcuts moves upstream.

Another critical dynamic with a profound impact on sediment
(dis)connectivity is the interaction between channel and floodplains. The
Bega case study focused only on the dampening effect on hydraulic forces
during flood events and its impact on in-channel storages erosion. However,
the extent of lateral interactions between floodplains and rivers is not limited
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to this process. Floodplains typically behave like sediment sinks, sequestering
material from the channels and storing it for a long extent of time. Thus, the
interactions between these components may be further expanded by modelling
floodplains as external sediment deposits linked to a specific river reach.
These floodplains stores would be represented with the layered structure
delineated in section 4.4, and would only connect to the main stream, and
therefore exchange cascades with the network, during overbank flooding
events, similarly to the modelization seen in (Gilbert and Wilcox, 2020).

Anthropic alterations impact assessment

In this thesis, we explored how river network (dis)connectivitymay be impacted
by the introduction of anthropic disturbances, in the form of sediment delivery
reduction on the Vjosa river network, land use change in the Bega system and
reservoirs inclusion andmanagement in the 3S. Further studiesmay explore the
effects of other alterations that affect sediment transport, e.g. gravel mining on
the river banks and bed.

The original purpose of theD-CASCADEmodel is to provide a dynamic tool
for sustainable sediment management in regulated rivers. The exploration of
the effects of different sediment management strategies in series of reservoirs
was performed in the 3S case study. However, the research results are based
on assumptions and simplifications that may not hold in most real cases. For
example, reservoir release schedules are based on simplistic strategies like rule
curves or piecewise operating rules, which do not account, for example, for the
energy demand and price or other secondary objectives like water supply for
agricultural use or flood protection.

In any case, the results showcased so far demonstrated the effectiveness of
D-CASCADE to explore the impact on sediment (dis)connectivity of differ-
ent portfolios of basin-wide water resource management strategies. Hence,
the next natural step will consists in the integration of D-CASCADE into
optimization-based frameworks for strategic management of water resources,
as it was the case for the original CASCADEmodel (Schmitt et al., 2018b, 2019).
This time, however, the dynamic framework may allow the analysis to broader
its scope from the simple reservoir siting to the full range of alternative wa-
ter and sediment management strategies in reservoirs. Multiobjective evo-
lutionary algorithms like BORG (Hadka and Reed, 2013) could be employed
to derive optimal management portfolios from minimizing tradeoffs between
multiple objectives. When considering, for example, hydropower generation
along sediment transport, these optimization frameworks integrated with D-
CASCADE would allow to identify and explore different scenarios of sustain-
able hydropower production for sediment connectivity conservation. Although
this integration is outside the scopes of the thesis, it would, however be feasi-
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ble employing well-known techniques that have successfully been applied for
multi-objective optimal decision-making, without the need for further adapta-
tions in both the D-CASCADE model and the optimization tools. The analysis
may be further expanded to include other competing objectives, e.g. flood pro-
tection, agricultural demand, ecosystem protection, and more.

The 3S case study focused mostly on the cumulative network yield to the
Mekong as an indicator of the sediment connectivity alterations. Future studies
may instead employ more complex parameters, to consider not only sediment
starvation at the outlet, but the distributed effects on the river network, with a
particular focus on key reaches, like ecosystem hotspots or fragile morpholog-
ical forms (Heckmann et al., 2018).

Finally, sediment management approaches in reservoir in D-CASCADE
could be expanded by including other relevant strategies. These may include
operations on the reservoir other than drawdown flushing, like pressure flush-
ing, sluicing, dredging anddry excavation, or planning of support infrastructure
for sediment management like sediment bypasses and off-channel storages.

7.3 Closing remarks

The study of network-scale river sediment (dis)connectivity and its impact on
geomorphology, hydrology, biology and human livelihood have seen a small
revolution in recent years thanks to the appearance of conceptual, numeri-
cal model which are able to characterize sediment routing in river network
at large scale, thanks to increased availability in large-scale hydromorpholog-
ical datasets. In this study, we contribute two modelling tools, the CASCADE
toolbox and theD-CASCADEmodel, which conceptualize sediment delivery as
a combination of individual sediment processes moving along a grid-like net-
work. This modelling structure guarantees disaggregated informations on sed-
iment flow in each section of the river, together with data on sediment prove-
nance, type and behaviour. These framework are used to reconstruct and quan-
tify alterations in sediment (dis)connectivity brought by anthropic alteration,
as well as its impact on the network morphological features. Indicators of sed-
iment regime alterations may be derived from these data, and included in in-
tegrated, multi-objective water resource planning and management to support
sustainable decision making in complex and poorly understood river systems.
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