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Assessment of structural sediment connectivity wiih catchments:
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Abstract. To describe the sedimentary signal delivered &theoaent outlets, many authors now refer to the ephof

connectivity. In this framework, the sedimentargrsil is seen as an emergent organization of latks land interactions.
The challenge is thus to open the black boxes thatain within a sediment cascade, which requireth la@curate
geomorphic investigations in the field (reconstimttof sequences of geomorphic evolution, desoniptbf sediment
pathways) as well as the development of tools @gelitto sediment cascade modeling. More precidedydevelopment of
tools devoted to the study of connectivity in geophmlogy is still in progress, although graph theoffers promising

perspectives (Heckmann and Schwanghart, 2013hidrpaper, graph theory is applied to abstracn#tevork structure of
sediment cascades, keeping only the nodes (sedsoantes, sediment stores, outlet) and links (liekiay a transportation
agent), represented as vertices and edges. Frodetuweiption of the assemblages of sedimentarysflave provide three
main indices to explore how small-scale processag masult in significant broad-scale geomorphictgygas. The main
hypothesis guiding this work is that the networntusture dictates how sediment inputs from varioogrees interact at
tributary junctions and finally at the outlet ofcascading system. First, we use the flow indexsgess the potential
contribution of each node to the sediment delivaryhe outlet. Second, we measure the influencsaoh node regarding
how it is accessible from both sediment sources thedoutlet (using the Shimbel index). Third, weogrse a new
connectivity index named “Network Structural Coningty index” (NSC) revealing whether the potentantribution of a

node is lower or higher than expected from its fiocawithin the network. These indices are firsimputed for a conceptual
sediment cascade network and then applied to &roatat located in the southern French Alps. We detnate that this
index may be used to simulate sediment transferhafal in identifying the hotspots of geomorphic mpe. In the present

case, we try to predict how a sediment cascadeb@maypacted by an edge disruption or a reconnection

1 Introduction

The concept of connectivity now provides an ovdrang framework in geosciences to explore better lawchments
function. Connectivity was first defined in ecoloffy assess the spatial coherence of a system dédape elements, a
coherence that is necessary to maintain or restomdogical functions (Bennett, 2004). Following gbepioneering

contributions, connectivity has been increasinggdiby hydrologists to model hydrological connettatterns (Delahaye
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et al., 2001; Douvinet et al., 2008). For instansieand Roy (2009) stated that hydrological corthety can be quantified
as a function of the available water volume (catad from a hydrological balance) and the ratearfsfer. More recently,
connectivity has appeared as a fruitful conceptahework in geomorphology (Brierley et al., 2008ainwright et al.,
2011; Fryirs, 2013; Hoffmann, 2015). It helps imdsting the spatiotemporal unsteadiness of sedirtransport within
catchments, and why sediment cascades can be ewetbid “jerky conveyor belt” (Ferguson, 1981). \@asliness patterns
in sediment transfers are indeed a major fieldesfearch for geomorphologists, and refer to thettspand temporal
paradox” described by McGuiness et al. (1971): igatchment, sediment delivery from sources on lbpiss is not
correlated with sediment delivery at the outletn&muently, sediment cascades are not necessiiglgre in transferring
sediments, highlighting a “sediment delivery prabile(Walling, 1983). Finally, geomorphic signals,pesially sediment
delivery, cannot be interpreted easily (e.g. imtepf climate change, anthropogenic influences) ata may rather reveal a
“sedimentological anarchy” (Walker, 1990; Bravat®98; Schumm, 2005). At the catchment scale, gepinoiprocesses
may be alternately coupled to create a sedimentilgepr may act to create a blockage.

Recently, many authors have sought a complex-sygstgproach to conceptualize the continuum of sedimnansfer: how
processes, at local scales, may be combined tastadd the functioning of the whole sediment casd&dyirs et al., 2007;
Borselli et al., 2008; Fryirs, 2013; Bracken et 2015). Such a multiscale framework was concejzedlby Heckmann and
Schwanghart (2013), who clearly distinguished thepting of processes and connectivity. On the oaedhgeomorphic
coupling is “the linkage of distinct landforms agnbscape units by sediment transport” (Harvey, RO@1refers to
“elementary interactions at the relatively smallset (Faulkner, 2008). On the other hand, “the degof coupling, the
combined effect of lateral (hillslope to channeigddongitudinal (from one river reach to anothémkages between system
components, is termed (sediment) connectivity” (feann and Schwanghart, 2013). Shifting from thealloo the
catchment scale remains the main issue in expihow erosion and sediment transfer at small dpstie interact and
result in broad-scale geomorphic patterns and gesse (Bracken et al., 2015). Addressing this ismepiires the
development of numerical methods to acquire an@stha inventory of all the local linkages withimet sediment cascades,
to assess their properties, and then to predictdbelt of their combination at catchment scalee @nomising field of
research has been opened up by the applicatioraphgheory, which offers mathematical tools tolyre statistically the
assemblages of all the components of a sedimeoadaslt is a spatially explicit analysis since @@dnd edges are spatial
objects and since distance plays a role in the fimgdéHeckmann and Schwanghart, 2013; Heckmann. e2@15). This
mathematical approach is based on a graph repatigenof the hydrological network that has beendusiace decades to
describe watercourses shape and organization [@trat957; Shreve, 1974). This methodological frammdk focuses
particularly on structural connectivity, i.e. thdluence of the spatial patterns formed by thedges on sediment delivery.
One main objective is to provide a quantitativeedhat would help in comparing the skeleton ofg¢hdiment cascades in
both space and time. It could also be used to agtitime contribution of a given part of the catchihie provide sediment at

the outlet and to predict where local erosion sthdsgl monitored (Cavalli et al., 2013).
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In this paper, we propose a new connectivity indarmed “Network Structural Connectivity index” (NS@ollowing a
brief state-of-the-art regarding connectivity ireic we explore the main mathematical tools providgdyraph theory to
measure structural sediment connectivity. We palgity aim to complement the indices already puigds in order to
develop a framework in which geomorphic simulatimischanges can be carried out. The proposed ctwitygdndex
(NSC) is first described through a conceptual sedincascade network (fictive and simple). Theis #&pplied to the Celse-
Niere study area (French Alps) to explore the spattterns of (dis)connectivity within the catchmbased on a scenario

analysis. Finally, we discuss the main applicatiand interpretations of the proposed connectivitiex.

2 State-of-the-art

By stating that catchments are inefficient at syiogl sediment to the outlet, Walling (1983) pointagt a problem that
arises from (dis)connectivity. He showed that catehts (especially larger ones) tend to be chatiaetkby a low sediment

delivery ratio (SDR) defined as:

SDR = Lo (1)

Vh
where \} is the volume of sediment delivered at the oudfethe catchment andy\is the volume of sediment eroded from
hillslopes. The SDR is a synthetic index that pdegi a proxy to assess the connectivity of a catohnand allows
comparisons in both space and time. Recently, $t ben demonstrated that SDR (and connectivityyedses with
increasing landscape morphological complexity (Baan et al., 2013). One main criticism regarding fihdex is that
catchments remain a black box: no attention is paithe geomorphic linkages present at the locaksor to the feedbacks
among geomorphic processes (Gumiere et al., 20¥iksF2013). In this respect, the SDR has beegrjimeted as a simple
“performance” factor to relate erosion measuredhat plot scale to sediment yields observed at #ngel scale. Its
usefulness has been critically discussed (Hoffmaamb).
To open such black boxes, the concept of connéctivas subdivided into two distinct parts (Withagt 1997; Tischendorf
and Fahrig, 2000; Turnbull et al., 2008). On the band, structural connectivity refers to spatattgrns in the landscape,
such as the spatial distribution of landscape umitich influence sediment transfer patterns ardinsent paths. On the
other hand, functional connectivity focuses on lg@emorphic processes may activate or block seditn@m$fer along the
spatial links within the sediment cascade (Kimbetlal., 1997; With and King, 1997; Belisle, 200&zu et al., 2005). The
latter is also often called process-based sedicmmiectivity and was documented in depth in a remmnew (Bracken et
al., 2015). Here, we focus on structural connetgtivivhose quantification is required to explore amerstand the

responses of geomorphic systems (Wainwright ep@l.l).
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2.1 Assessment of structural sediment connectivity

Borselli et al. (2008) and Cavalli et al. (2013¥eleped a connectivity index (Eq. 2) that referstimctural connectivity. It
estimates the connectivity at one location withie tatchment as the ratio between an upslope (Egn® a downslope

component (Eq. 4):

Dy,
D, =WSJVA (3)
d;
an = zm (4)

where W is the average weighting factor of the apslcontributing area, S is the average slope gnadif the upslope
contributing area (m/m), A is the upslope contiibgtarea (rf), d is the length of the flow path along tiedell according
to the steepest downslope direction (m), andawl $ are the weighting factor and the slope gradienthef " cell,
respectively. In Borselli et al. (2008), the weigltfactor W corresponded to the C-factor in theLBIRRUSLE models
(Wischmeier and Smith 1978; Renard et al. 1997twhépresents friction hindering sediment trandftare recently, it has
been demonstrated that topographic surface rougloasprovide a good estimation of the weightirgdia(Cavalli et al.,
2013; Baartman et al., 2013): a high roughnessevisiseen as impeding sediment transfer. This ingexs up a fruitful
field of research to assess structural connectifftt, it opens the black boxes within a catchiméire IC can be calculated
for each cell of the catchment, highlighting thasdls that may efficiently route the sediment fatthe outlet. Second, this
index takes into account all the links between h @ed all other components of the catchment, ireagent with the
definition of connectivity. Third, the index can beapped enabling comparisons between various totatia specific tool
has been developed in Arc GIS), and the calculaifanaps of connectivity evolution over time (see éxample case study
applications in, among others, Foerster at al.,428f4d Lopez-Vicente et al., 2016). Nevertheless iftdex remains
empirical and comparisons between catchments shxrulthade carefully. More specifically, while sucmathod helps in
identifying specific configurations that are higtdysceptible to sediment delivery, it remains diffi to provide scenarios

of change (e.g. the consequences of land use chaatgetion basin creation or removal).

2.2 Graph theory applications to structural connedtvity

Another promising field of research is the applmatof graph theory, which provides a robust matatical framework for
describing networks such as sediment cascades (tgukand Schwanghart, 2013; Heckmann et al., 20@8sart, 2016).
Graph theory is applied to model a network struetas nodes (representing sediment sources, sedstwps and the

outlet) connected by edges (representing linkagesdeomorphological process).
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Two nodes i and j are joined or adjacent if theran edge from i to j. A directed graph with n red=an be represented by
an n x n adjacency matrix A, and constructed deval: if there is an edge from node i to node ¢ntlwve enter 1 in row i,
column j of the matrix A.

Both spatial and topological configurations of thetwork and the fluxes associated with the respecddges are
responsibldor the sediment delivery at the outl@8leckmann and Schwanghart, 2013; Heckmann e2@l5). The goal is
thus to obtain a pattern that can be describeddsbeaaic tools (typology of linkages, identificati@f local sinks, etc.) to
show the overall structure of the sedimentary acdsc&raph theory enables an objective descriptfahe connections of
sedimentary flows, and thus an estimation of themt@l influence of the network on the amount edisnent load. Indices
provided by graph theory have been developed tearibes the properties of single landscape units éspdsediment
pathways (edges) and sediment cascades (edge sequepaths). The nodes can be characterized byutinder and type
of links that may provide or transport sedimentsgiaph theory, the so called “source nodes” defimges characterized by
the absence of input links; sinks are characterizgdho output link; and other nodes correspond donectors whose
importance is revealed by their degree (numbenpiii and/or output links). It is important to natithat the meaning of
“source” differs from graph theory (node with nostneam contributor: starting points of the netwaidk)geomorphology
(node that can potentially supply sediments, whiah be any node of the graph). The links may beacherized by the
geomorphic process that carries sediments. Regattan edge sequences, their main characteristihéther or not they
contribute to the sediment delivery at the outletthey correspond to an independent subcascautet@r

Another application is to carry out “flow analysest a directed graph (such as sediment cascaglasl), edge has a capacity
and each edge is assigned a flow. A flow mustfyati® restriction that the amount of flow into ade equals the amount of
flow out of it, unless it is a source, which hadyoan outgoing flow, or a sink, which has only axwaming flow. At each
node, the sediments are supplied from the upstréam and the potential local sediment delivery. Tlag¢ter can be
considered homogeneous on the whole catchmentpotestial sediment delivery map can be integradeithe simulation.
This simulation is based on an assumption of flamservation, and is a complementary approach toagisessment of
sediment connectivity. In the case of sources wihincoming links, they can be assigned a defamuftroon value. The
“network effect” (Pumain and Saint-Julien, 2010u6a and Foufoula-Georgiou, 2015), describes howmétaork structure
may affect the “potential for creation, persistgrmedispersion of sediment waves” (Gran and Cz@bay), and finally the
total delivery at the outlet (Czuba and Foufoulasfgeou, 2015; Cossart, 2016).

Nevertheless, these indices do not predict the gbkediment connectivity on sediment delivery,ezsally in the case of
scenarios of changes. New methodological procedues graph theory need to be developed, so weqz®here a brief
state-of-the-art of previous studies in which thituence of a spatial network structure on matesiainmaterial fluxes has
been thoroughly explored using graph theory. Altiftosuch studies have focused on geography (ColeKarg 1968;
Gleyze, 2008), social networks (Freeman, 1979)rare recently, ecology (Ludwig et al., 2002; B&ljs2005), they have
developed metrics and discussed concepts partiguidevant to geomorphology: the relationship kedw connectivity and

the total amount of fluxes passing through theesystand the identification of local hotspots whang change may have an

5



© 00 N O o B~ W N P

N
= O

[N
N

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

28

29
30
31
32

impact on the whole system (Marra et al., 2014;@2zand Foufoul&eorgiou, 2014; Czuba and Foufow&orgiou, 2015;
Masselink et al., 2016). In such studies, one leirement is to provide a hierarchy of the infleemf nodes within the
network. Nodes characterized by high connectiviyeha considerable influence within a network &y ttontrol the fluxes
passing between many other nodes. Such high camityectodes are also those where a disruption wdeédl to more
serious damage of the network’s functioning (Haggetl Chorley, 1969; Newman, 2010) and may be densd hotspots.
They lie on the largest number of possible paththiwithe network. Many indices provided by grapkdty have been
applied to undirected graphs (for a review, seerigad, 2017). Such indices are the result of a lprazedure of research
held by geographers to formalize spatial networkd apatial interactions (Pumain and Saint-Juli€d03. From their
experience we can avoid difficulties and understiama structural connectivity can be measured ieaed graphs such as
sediment cascades.

The Betweenness centrality index (B) measuresxteneto which a node i lies on paths between otlogies (Eq. 5):

=2 ()

g
where fy is the number of paths that exist from a nodea twode k and that pass through i, apdsthe total number of
paths within the network, from j to k. Such simidat provides a good evaluation of the potentialunoé that may pass
through the nodes and is helpful in interpreting tbal fluxes observed in each node of the netw@rle main criticism is
that this index enhances the role of nodes clogheaenter of gravity of the network and is natligeefficient in ranking
the influence of eccentric nodes (Rodrigue, 20HBWwever, such eccentric nodes are close to theeeswf the network, so
that they should be ranked in relation to their @mi@nce in sediment transfer. Furthermore, sppi#terns are taken into
account in a simplistic way: the distance (andftlition effect associated to the distance to hirftlexes) is not considered.
We note that distance can be calculated in diftengxys: it can represent the length of the path titne necessary to travel
along the path, the cost necessary to travelGeinsequently, various properties of the edges eamsbd to approximate the
velocity of sediment transfer (Czuba and Foufoutm(@iu, 2015).
The Shimbel index (Shi) takes into account theatis¢ between nodes and considers whether thedncatithe node
increases or decreases the total length of allifplegsaths within the network (Eq. 6), (Newman, @0Rodrigue, 2017). For
one node i, it corresponds to the sum of the leo§il the shortest paths connecting all otherasodin the graph . To
facilitate comparisons in both space and time,itidex should be normalized, i.e. divided by thef the length of all the
paths in the network, from j to ki

Xdij

If the Shimbel index is high, then the node conti@s to creating long paths within the network (dmas attenuates the
compactness of the network). If the Shimbel indeloiv, then the node maximizes the compactneskeohétwork. This
index is much more efficient at ranking the influerof eccentric nodes on the network and can hiehsa by considering

various types of distance (geodesic, time, ett.)s tonsidered a very good proxy of accessibgityl is thus sometimes



N o o~ o WwN P

10
11
12
13
14
15
16
17
18

19

20
21
22
23
24

25

26
27
28
29
30

called an “accessibility index”. Nevertheless, wewdd point out that the lower the Shimbel indeke thigher the
accessibility (and thus the connectivity) of thedes: while counterintuitive, this feature is nowliwaecepted within the
scientific community (Rodrigue, 2017).

Both indices enable an in-depth description ofgskeleton of a network and highlight the potentmpacts of the network
structure on flux patterns. They can thus providaceptual and mathematical frameworks to exploee dtiucture of
sediment cascades. Nevertheless, they cannot liechgpectly to measure sediment connectivity ediment cascades are

directed graphs, and thus more complicated in tefnsathematical conceptualization.

3 Methodology: the Network Structural Connectivity index (NSC)

From both recent developments on sediment conrigctivetrics and past studies on the applicationgraph theory to
spatial networks, we now develop a methodologicaimework focusing on the analysis of sediment feanwithin a
network. At the catchment scale, graph theory haipslentifying specific assemblages and, in patéic the subcascades
that are not connected to each other. It correspdadconnected components, i.e. a subgraph in whades are all
connected to each other (Newman, 2010). Their ifigation may reveal the spatial fragmentation loé sediment cascade
and thus highlight the extent of the active conttiitig area in terms of sediment delivery at thdetut

At a more local scale, to provide indices that casasure sediment connectivity within the sedimestcade, we have
developed the NSC (Network Structural Connectivitgex) which is based on (1) potential sedimenkdhi and (2)
accessibility (Fig. 1). The objective is to assepatially the respective influence of each nodesediment connectivity

inside the catchment area.

3.1 Potential flows in directed graphs (F)

As in undirected graphs, the first issue is to difiathe “network effect” (according to Pumain aBaint-Julien, 2010) to
highlight how the spatial structure of paths influes the amount of sediment transferred to thebuitl sediment cascades,
only the paths that come from a node j to the dutleave to be considered so that for each node ihave to count the
number of paths from j to o that include j{F This measurement is divided by the total nunidfgraths that come from all

nodes j to o (k) to reveal the proportion of the total number affys that lies on i (Eqg. 7):
ZiFijo @)

ZFjo
Fijo and I, can be calculated by reconstructing the sedimatitways throughout the cascade. Under the hypatioéskll

Fi=

things being equal”, a virtual volume of sedimefitaunit) is set on each node so that a spatialljerm sediment input is
considered. As suggested by Gran and Czuba (2Qh) & theoretical simplification allows the simidat of sediment
wave generation and movement and exhibits the Bpécfluence of the spatial structure of the netkvon the sediment

wave pattern. In case of converging flows, the pgsgive increase of the fluxes is exhibited. Ireaafsdiverging flows, the
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flow can be subdivided between edges (equally oomling to a weighting factor, e.g. slope gradiesut}that the complex
pattern of sediment wave generation and movementatso be described. In terms of mathematical mhaee the
evacuation of sediment can be simulated by a niigkifion of the adjacency matrix by a matrix re@metng the sediment
variability (S) (Eq. 8). This is a one-column matrix, where eaciv represents a node of the cascade. In the linitia
conditions (first column, ¢, a value of 1 is considered for each row to regné the virtual volume of sediments (one unit
per node) at the beginning of the transfer. Eachtipfication corresponds to an iteration, in whieach sediment unit is
transferred along one edge, according to the lildscribed by the adjacency matrix (Eq. 8 and FigThe result provides a
matrix S, highlighting where the sediments are after onglsiiteration:

Sp=Sp_1 XA (8)

The operation is repeated until all the virtualiseghts are evacuated, and the results can be ezpegswithin a synthetic

matrix (S.), concatenating,SS,,..., S, matrices, obtained during the calculation (Fig. 1)

3.2 Accessibility from sources to sinks (Shi)

Within a sediment cascade, the influence of geohiorpnits (sources, stores, and sinks) on sedirdelivery can be

assessed by considering their location inside Hsrades. A node whose centrality is high (i.e. attarized by a low

summation of all distances between the other nadekitself) has potentially greater influence oe tiverall sediment
cascade. A first objective is to hierarchize thtuence of nodes that correspond to confluencesthar words, if a strategic
confluence is disconnected from the outlet (i.anfedge connecting the strategic node is disryiptedspatial pattern of the
transport capacity will be affected. Not only woule total amount of sediment fluxes change, thaettml interferences”

that occur at such geomorphic hotspots would aésmbdified (Benda, 2004a; 2004b). A second objedswo compare the
potential influence of the network sources: the llanghe distance to the outlet, the greater tlileémce is.

Characterizing the nodes by their location withia hetwork refers to the concept of accessibilityf & thus very similar to
the calculation of the Shimbel index in the casemdirected graphs. In directed graphs, the caionlaf the accessibility

(Shi) of each node i can be made from a distandebxnia (Eq. 10 and Fig. 1):

Shi, = 2220 (10)
where D is the total of the distances between i and tldeadsources and stores) that feed iskhe distance between i and

the nodes located downstream, and D.. is the ¢bthle distances of all the paths within the networ

3.3 Combination of indices: Network Structural Conrectivity index (NSC)

The indices F and Shi provide a quantitative andplementary description of the cascade skeletan fath river network
and hillslope processes): the first reveals themal proportion of flux discharge passing throwggdth node (e.g. water,
sediments, and other types of constituents); tkerak measures the ratio of the length of pathsr(fadl points within the

catchment and to the outlet) and the total lendthath within the network. Classically, the potahtilux (e.g. sediment)
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discharge at a node increases in relation to timebeu of paths that come from sources (i.e. thevaatontributing area is
larger; c.f. the upslope component of Borselli'9. INevertheless, due to the geometry of paths,lgenfes and, more
generally, the network structure, there can be sormeference in terms of sediment movement throtigh system: the

sediment discharge at a node can be higher or lthvaerexpected from the single number of pathslgugpsediments. To

estimate this possible under- or overrepresentatigrotential sediment volume at each node, a tatween F and Shi can
be calculated (Eq. 11 and Fig. 1):

Fy
NSC; = T (12)

The expected results can be considered a normatizat the potential sediment fluxes F

3.4 Implementation

From a geomorphological map, a graph can be digitin GIS software (QGIS), which consists of dapigta regular
network of nodes. Each node can be characterizetiedbgeomorphic unit to which it belongs, and th&dges between the
nodes can be digitized from geomorphological exgeriThe links correspond to directed fluxes, driby gravity, and we
only consider converging flow. To simplify the nemk structure, each node cannot have two outplslihe “Network”
QGIS tools can be used to generate the adjacentixr(es an edge list matrix) and exported to Rwafe. In the latter, the
matrix can be converted into an origin-to-destimatmatrix, and the distance matrix is automaticatlyated (for simplicity,
the distance between adjacent pairs of geomorptfits is unity and not the Euclidean distance) ushwigraph package
(Csardi and Nepusz, 2006). All calculations on mat were conducted in R, and the results expade@GIS to be
mapped.

4 Results and interpretation
4.1 Implementation on a virtual catchment

To address the role of network structure in sedinfleixes, a conceptual sediment cascade netwofikssused as an
example. The indices are calculated on a smallafittatchment of 7 nodes and 6 links (Fig. 2a)ynftbe adjacency matrix
and the distance matrix (Table 1 and 2). The finsdel run is parameterized in a simplistic way Isat @all sources are
assumed to be of equal importance, using spatisiferm sediment inputs (volume availability equalsat each node at
time 0) and a topological distance (each edge spards to a distance of 1 unit).

4.1.1. Potential fluxes (F)

First, a map of the potential fluxes)®ithin the sediment cascade can be drawn (Figarzb2c, Table 3). Such a result can
be useful for defining a local monitoring strate@yg. survey locations) for sediment transfer dmehtinterpolating local
measurements at the catchment scale. Moreovef; tindex may provide a hierarchy between the nodeadsgssing the

increase in sediment upstream and downstream aidtle. For instance, in our virtual study case,am®unt of sediment
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classically increases downstream, as there is terruption of the cascade and we only consider eaimg flow.
Nevertheless, the main increase occurs at nodeoidtipg out that this node is a junction that reesiinput from various
tributary systems. D may correspond to a zone dinsent persistence within the catchment, so thgtdisruption of this
node (blockage due to sediment surplus that leadgdradation, anthropogenic action, etc.) woulgificantly modify the
development of the sediment pulse. However, onenrodticism is that the jFindex pays little attention to the sediment
sources (here A, B and G), (Fig. 2c). As the lattmrespond to the initiation zones of the sedinmaistade, the events that
happen there may influence long pathways to théebuks mentioned for the Betweenness index (B)s ihecessary to

discriminate better the potential influence of smsrand stores located next to sources.

4.1.2. Accessibility (Shi)

The accessibility (Shi) map can then be computegdan the distance matrix (Fig. 3 and Table 2jeH8 is characterized
by better accessibility, greater than A, greatantB: indeed the short distance between G andutietsuggests it would
have a higher influence on sediment delivery. Feogeomorphic point of view, it reveals two disticonsequences without
causal relation: first, the time of sediment trandé short, second the possibility of intermedisiierage is low. Figure 3
thus illustrates such a hierarchy of the influemdesediment sources on sediment delivery at thdebutn terms of
management, it highlights the sources that canchigated to cope with sediment exhaustion at thidlebwor, conversely,
sources where protection strategies should beeppii the case of sediment overflow. Because afidsue, this index is
not a good proxy of connectivity as it underestisahe role of the outlet and all nodes close ¢odtiitlet, and does not pay
attention to the confluences between various patbvimside the sediment cascade. At the catchmexhe,sihe roles of D
and E are not shown although they are importannectors between pathways developed from sourcesdABa The

indices of both nodes have to be carefully compé&watbte that D is closer to different sources @redoutlet than E.

4.1.3. Network Structural Connectivity (NSC)

The NSC provides synthetic metrics, suggestingEhand D are the most important geomorphic hotsffts 4), with very
similar values (0.8 and 0.71, respectively). E Bndre at confluences and thus lie on various sedlipaths from distinct
sources. Their potential influence on the wholeirsedt cascade is high, so that any disruption es¢hnodes would
considerably alter the elementary interactions betwmany nodes and sediment paths. ConsequentBndDE may
significantly modify the ability of the cascadepoovide sediments and should be further studiedeisth to document the
functional connectivity or to assess erosionalg@lecal monitoring, field observations). The otifehas quite a high index
(0.66) but lower than E and D. This value highlgtitat the connectivity of a node is not proporido the total volume of
sediment that passes through it. In the case tfieFNSC is partly influenced by the high potensatiment volume that
passes through it but we point out that any disoapat this node would be ambiguous. For examplapuld interrupt the
sediment delivery but the organization of the thirdmutary subcascades from sources A, B and G dvaot be modified.

Furthermore, the patterns of mutual interferendeth@ confluences (E and D) would also remain unfremt] so that
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sediment pulse generation and movement would notdudified. Consequently, the spatial structurehef tascade network
would be roughly unchanged under the hypothesit disruption. Regarding the sources (A, B and Dhierarchy is
evidenced: the source G has a greater influendkeosedimentary signal at the outlet due to itxipniy (IC = 0.53), which
is greater than A and B (IC equals 0.27 and 0dshectively).

4.1.4. Sensitivity of NSC to sediment availability

To investigate how sensitive the indices are tapeterization, we modify the initial conditions adir virtual sediment
cascade. Regarding sediment availability, we cans exhausted (volume equals 0) and B overfloWirogume equals 2).
All other nodes remain unchanged. Regarding theantie between E and F, it is now twice the init@ue (B equals 2),
(Fig. 5a and Table 4).

To interpret the result we first differentiate nedehose connectivity increases and nodes whoseectinity decreases. As
expected, the potential flow; 8 mainly modified at B whose influence increaseg ghifts from 0.05 to 0.07), and at G
whose influence becomes null (Fig. 5b and TableA)other nodes, an increase is observed at Psfiifts from 0.18 to
0.21) while i and F remain roughly unchanged (shifting from 0.80 t850and 0.66 to 0.56, respectively). While node D
was already strategic in the first simulation, therease in sediment availability at B reinforcesinfluence on the whole
sediment cascade. Downstream, the potential flo& ahd F is not reinforced by the amount of sedinttivered at B
because of the exhaustion of G.

Considering the accessibility (Fig. 5c), the higleecentricity of F has an impact orr Aut, more generally, alters the
accessibility of all nodes. The accessibility caééint decreases significantly at B: the subcasaadanized from B is the
longest and all the sediment paths that may ebasigethis subcascade are impacted by the greagtamdie between E and F.
As a consequence, the outlet is here significdaly accessible from the source B than from thecesuA and G (the latter
remaining the closer). It can be noticed that tteeasibility of D is not impacted by the higher emicity of F. A, remains
roughly stable, and even suggests a slight imprevinm accessibility. All nodes that are charaetstiby great centrality,
and that are closer to both the sources and tHetpate not affected by an increasing eccentriattyhe margins of the
cascade (if the distance from sources, or to thietpincreases).

Finally, regarding the connectivity index (Fig. 5dhe new parameterization modifies the hierarchynades. First, the
influence of the confluence nodes increases andcarnitantly, the influence of F decreases. As [Eharacterized by
eccentricity, its influence on the overall systestmases. A disruption would modify the sedimeiscade structure less
(interplay at tributary junctions, organizationtdbutary subcascades) than in the previous mdddlere appears as a node
of high connectivity as it is close to two main sms and to the outlet. The node E is also of pimmortance in terms of
connectivity, but its NSC value is rather lower rthexpected from its strategic location. In factjsitconnected to an
exhausted source (G). Looking at the sources, raraiey is clearly observed: the influence of B @&ses due to its main

contribution to the sediment flow, while the infee of G becomes null as it is exhausted.
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The NSC thus reveals the degree of coupling to bohsources and the outlet for each unit of ansedi cascade. More
precisely, it reflects the structural connectivaty it enhances the role of spatial patterns (distaconfluences, etc.) of the
network. To make the interpretation easier, a ltigihnectivity node may modify the overall spatialwark structure in the
case of disruption (e.g. modifications of flux imglay at junctions, creation of independent sedimsmbcascades
unconnected to the outlet, etc.). Moreover, thematerization could be gradually enriched with geqgohic expertise to
pay more attention to sediment availability ortie ability of geomorphic processes to transferraedt along the paths (i.e.

the edges).

4.2 Application to a real sediment cascade

The NSC is now applied to a real sediment cascatiese functioning has already been conceptualizet cuantified
(Cossart and Fort, 2008; Cossart, 2016).

4.2.1 The Celse-Niére catchment

The Celse-Niére catchment is located in the Fr&umithern Alps, on the eastern flank of the Massif Bcrins (Fig. 6). The
current glaciation of this catchment is limited gab6 km2), in spite of high altitudes (summit apgeching 4000 meters at
Ailefroide), because this area is partly sheltefemin oceanic influences due to its eastward locatiBor instance,
precipitation is about 995 mm:¥at Pelvoux (1280 meters), which is significantyver than on the western flank of the
Massif des Ecrins (1195 mm¥mat Valjouffrey, 1160 meters). The equilibrium lia#titude ranges from 3000 to 3200 m
(Cossart, 2005), which is 200 meters higher thahénwestern part of the massif.

We focus here on the headwater (about 10 km2, 2660 m.asl to 3850 m.asl), which is still occupbdglaciers. Some
small tributaries converge into the upper parthef tatchment (Ailefroide, Coup de Sabre) as theutmis blocked by the
Sélé valley glacier tongue. Such small catchmem@acupied by cirque glaciers, which lie just elgranitic and gneissic
free-faces and provide both sediments and meltwateéhe valley floor. Special attention has alreden given to the
linkages between the glacial margins and the gifigidal systems (Cossart, 2004, 2016). The presexfanorainic ridges
still interrupts the sedimentary cascade systems fbrcing local aggradation and change in theigilavial pattern (Fig.
6). Such a complex assemblage makes this areayarty suitable for assessing connectivity andusaiting the impacts of

new blockages or, conversely, some reconnections.

4.2.2 The structure of the network

As in the virtual case study, a reduced-compleritwork model is considered to address the rolka@fetwork’s spatial
structure (Fig. 7). The initial conditions of rurofithe model are (1) a spatially-uniform sedimiaput (volume availability
equals 1 at each node at time 0) and (2) topolbdistance is considered (each edge corresporasligtance of 1 unit).
First, it can be noticed that only 56% of all treghs are connected to the outlet while the othergannected to permanent

sinks. Twenty-five connected components are idiedtjfhighlighting a high fragmentation of the systeonly 6 of these
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encompass more than 10 nodes (including the mainemied component connected to the outlet) ancht@rapass fewer
than 5 nodes. By applying the typology establishgd-ryirs et al. (2007), disconnections are duédaiers, buffers and
blankets (Fig. 7a). Barriers are here mostly duentwraines: lateral moraines may affect the longitald coupling of
processes, especially the coupling between gldoioal streams from the cirque glaciers and thenstaim. In that case, the
node that corresponds to the upper part of the imeia a sink, the node corresponding to the doepespart of the moraine
is a source, but there is no link between thesk botles.

Buffers correspond to moraines, where they decosplee deposits from the mainstem (scree deposgidorced by the
morainic ridge), but also roches-moutonnées anciaffuvial terraces. Blankets correspond to sateposits made of large
grain-size boulders that cannot be removed by dllysiocesses. Second, the NSC highlights the infleef the trunk valley
located between the margin of the Glacier-du-Satétae confluence with the Coup-de-Sabre proglacral where high-
connectivity nodes are observed (Fig. 6A). This msethat potential sediment fluxes are higher thgmeeted from the
active contributing areas upstream, so that thevorét may develop here zones of potential sedimensigtence within the
catchment. Furthermore, such nodes correspondbtddry junctions between the main subcascadeseo$ystem. Here the
mutual interference may have an influence on theeggion of sediment pulse, and thus on its evatutransfer to the
outlet), as well as on the tributary subcascadesténl upstream. Sediment persistence, an aggragetitern in these zones,
may generate a retrogressive aggradation that nealfyrthe functioning of subcascades (e.g. decreasediment transfer
along subcascades in the case of impoundment)thése reasons, such nodes can be considered sotpgeomorphic
change, which can propagate a perturbation aloagwihiole cascade due to a geomorphic change, asdntiodify the
overall functioning of the system. A significanpirt of sediments (due, for instance, to a hydroemtogical event) in
these areas would increase the sediment delivetheatoutlet and may also alter the ability of ttdmies to deliver
sediments. The NSC also exhibits a hierarchy baivilee sources. As they are closer to the outlethalsources located in
the Coup-de-Sabre subcatchment have a greateemt#uon sediment delivery than the sources lodatdide Ailefroide,
Sélé or Boeufs-Rouges areas.

Thus, the map of the NSC helps to conceptualize&dmtinuum of sediment transfer and to predictdbenstream transfer
and delivery of sediment fluxes measured at onatp@iot necessarily at the outlet). Node connegtimiay need to be
examined to establish sampling strategies for satale measurements of erosion in the field. Fumbee, this first
examination highlights that the potential impadtexternal drivers (anthropogenic impact, hydro-@oedlogical event and,
more generally, climate change) are space-depentientmpacts may be greater and efficiently preped if they affect

high-connectivity areas.

4.2.3 What if...?

The connectivity hierarchy between nodes can lerpnéted as the potential influence of the nodsemtiment delivery and
the overall functioning of the cascade. The NSC, amore generally, tools provided by graph theorgibde the simulation

of scenarios to predict which events would haveemompact on the cascade. We applied two other mexdaiarios in R to
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simulate the consequences of a local disconneatimha local reconnection. Run 2 corresponds tolgoritnm that tests
which edge removal would have the greatest impacealiment connectivity (i.e. the largest decréasmnnectivity at the
node characterized by the highest connectivity)y.(Fib). This simulation could reflect the possiliepact of an
anthropogenic feature (e.g. a dam) or a hillslope@ss (e.g. a dam created by a landslide massdebris flow). Run 3
(Fig. 7c) corresponds to an algorithm that test&chvicreation of a new edge would lead to the gstataprovement in
connectivity (i.e. where can we create the higlimstase in the NSC value at a node?). This sinoulatould reflect the
disruption of a barrier, the removal of a blanketle overwhelming of a buffer, for instance foliogy a high magnitude
geomorphic event.

Run 2 highlights that the greatest impact woulduodtthe edge located at the toe of the GlacielSéié was disrupted. It
would lead to the disconnection from the outletha main subcascade (fed by Sélé sediment sowodsat only 40% of
the nodes would remain connected to the outletifag&6% in the initial stage). Nevertheless, thaification of the whole
system is not just a question of sediment deliarthe outlet. First, we point that that it may\wke an attenuation of the
peak of the sediment wave if we compare the siradlatedimentographs between runs 1 and 2 (Fig. éorfsl, the
disruption creates a subdivision of the sedimestade connected to the outlet into two main comtkecbmponents of
quite similar size. The connected component thabbmes disconnected from the outlet after run 1 (@&ouges area)
encompasses 72 nodes, and the other (still comhéztine outlet) 142 nodes. Any other edge remaaalld lead to a new
connected component of a smaller size (<72 nodé®) disruption would be more significant than than edge located at
the confluence with the Coup-de-Sabre proglaciarriln this latter case, many nodes would be diseoted from the
outlet, but the three subcascades of Ailefroiddé Séd Boeufs-Rouges would be less impacted anddwatill be self-
organized within a large connected component. Assalt, the structure of the sediment cascade woelltbss fragmented.
Finally, the NSC shows where a local disruption raplit two connected components of quite similaesiwhich may have
a strong impact in terms of geomorphic functioniAg. many geomorphic processes are scale-depergtant variables
influencing sediment transfer that are interdepanh@e one scale may well be independent at ang8ehtumm, 2005). A
corollary is that the split of a cascade into tvammected components (whose sizes are approximaadfiyhat of the initial
cascade) may modify the scale at which geomorplocgsses or controls act and markedly change thatifuning of the
system.

For run 3, a new edge is added to improve the dveediment connectivity (Fig. 6C). In this caselirk between the
Guyard subcatchment and the trunk valley wouldteréfze highest NSC value at the confluence. Sudh@ease is due to
the large number of nodes (64%) that would becoornected to the outlet. Furthermore, these nodgsefdally the
sources) are relatively close to the outlet, st tha sediment wave exhibits an increase at thénbig of the pulsation
(Fig. 8). A reconnection of the subcascade in thefidide area would have a lesser impact becafige eccentricity. It can
be noticed that the reconnection of the Guyard astede would decrease the influence of the Coupatiee subcascade on
the overall network: in this scenario of reconnattiall the sources of this area are affected ljeerease in NSC.

According to this new cascade structure, the hibraof sources would be modified: the sources ef@®uyard area would
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have a greater influence than the Coup-de-Sabmreasuwhich would have a greater influence thanAitefroide, Sélé and
Boeufs-Rouges sources.

The NSC provides an exploration of the cascadecttre and may explain to what extent a small-secatsification
(disruption of a node, creation of a linkage) magult in significant changes in broad-scale geoimorpatterns and
processes. In our examples, it can also predicpttiential impacts on the sediment wave patterg. (8. More generally,

the NSC enables comparisons between differentsstditeonnectivity within the same catchment.

5 Discussion

Several papers have already addressed the asséssimeonnectivity (Borselli et al., 2008; Cavalk013; Czuba and
Foufoula-Georgiu, 2015; Gran and Czuba, 2017; Haffm 2015) so we focus here on the potential imgr@nts offered
by graph theory. Following Heckmann and Schwanglfa®l13), a graph provides both a geometric and lgabeaic
description of the sediment cascade network. Butifiéng the connected components within the systéma examination
of the geometry of the graph first helps to asshesSDR at the catchment scale and to identifyréoairrent types of
process coupling. In detail, it aims to determihe tnteraction of processes that are (in)efficieithin the cascade at
supplying sediments to the outlet. From the casdist developed here, we also highlight how anbailje framework may
help in exploring how the cascading system functioReduced-complexity network models associatedh wimple
hypotheses (spatially-uniform sediment inputs, $émgssessment of the distance between nodes basadtapological
distance) highlight the zones of greater sedimergiptence, where sediment may accumulate in ttveonle Consequently,
the role of the network’s spatial structure in theneration of a sediment wave can be simulated taedassociated
sedimentograph can help in deciphering what idyelale to external boundary conditions in sedindgitvery variability at
the outlet (Fryirs, 2017). Another result is thakassessment of the geomorphic importance of ddes) considering their
location within the catchment. Following previougteors (Cavalli et al., 2013; Czuba and Foufoulax@ri, 2015; Gran
and Czuba, 2017), the NSC identifies some spezdites that correspond to hotspots of geomorphiagehaue to their
strategic location closer to the sources and thdetouOne main improvement in the graph theory famwrk is that
geomorphic expertise can be integrated within algielformalization. First, sediment availabilityrche seen asy®natrix.
Second, the influence of barriers, buffers and kd¢és1on network structure (connections and discctiones patterns) can be
taken into account within the adjacency matrix.tRemmore, graph theory helps in developing simatascenarios, while
the associated algorithms show the properties o geomorphic hotspots. They not only influence tiftal amount of
sediment that is delivered at the outlet but thsyp aeveal where disconnections or reconnectiong ma&e a strong impact
on the organization of the sediment cascade. Aodisection occurring at a hotspot may split the adscinto connected
components of quite similar size, modifying theigeghtograph pattern, and may break the organizatigrath sequences.
Such a focus on the spatial dependence of geonwopsbcesses should be complemented, and the geaphecgradually

enriched to take into account more complexity. Argerphic hierarchy of nodes (in terms of sedimamipsy) can be
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parameterized: for instance, if a storage landfawerflows or, conversely, is exhausted. The mategresenting the
sediment sources can then be adjusted. Seconalncksis an important parameter that can modifyebalts of Ai, and thus
NSC. Distance involves friction, which hampers #eliment transfer: the greater the distance, tghehithe potential
friction opposing sediment delivery (i.e. the trf@mgime increases). Many other kinds of distaree lse taken into account,
such as the Euclidian distance, but in geomorphotier types of distance may be more relevant.example, a distance
expressed as a time, to reveal the "virtual vejtaitf sediment transfer from one unit to anothean de particularly
appropriate, although difficult to assess. A cdstahce can also be relevant. By revealing how et (or efficient) the
sediment transfer is along the edge, a Manningficosit, or more generally a roughness index (Bliogt al., 2008;
Cavalli et al., 2013; Baartman et al., 2013), canabgood proxy of the friction that hampers theirsedt transfer. Such
parameters can be calculated from high-resoluti&MB, combined with the edge characteristics throG¢® procedures,
and finally integrated within the matrices neceggar the calculations. In this way, graph theorgydes a methodological
framework that can be extensively enriched by vweriparameters to reveal the transport capacity,candequently the
potential interplay between network geometry aratiappatterns of transport. One perspective ofaesh is to complement
this approach by a more dynamic modelling of thdireent cascade network structure. It is well-knotrat the
assemblages of links and nodes may evolve in aaoced with various external forces (e.g., climateman practices,
tectonics). For instance, agent-based models cawibable to predict the possible evolution of stieicture, by considering
negative and/or positive feedbacks along the e(igeslier et al., 2016).

6 Conclusion

This paper seeks to develop an original methodoltegicated to the study of sedimentary cascadesruthd hypothesis
that the influence of connectors and paths on sedlirdelivery is space-dependent. The methods nelgraph theory to
assess structural connectivity: the sediment cas@mdiescribed as a network and consequently asghglnspired by
indices developed in other disciplines (transpatascience, sociology, ecology), a potential flamd an accessibility of
geomorphic units (i.e. accessibility to sedimenirses and to the outlet) can be measured throughewgediment cascade.
Both indices are combined to estimate a connegtivitlex, which reveals how influential a node ighi a sediment
cascade. Specific applications were implemente@IB software (QGIS) as well as in software deditdtedata analysis
and matrix calculations (R).

The application on a simple virtual catchment amehton a real catchment shows how the networkapstucture may
lead (or not) to sediment mobilization and expdotatfrom the upper slopes to the outlet of watedsh The behavior of
sediment cascades appears space-dependent: thetgeofmpaths and the location of nodes have actlirdluence on
structural connectivity and thus on the abilitytled sediment cascade to deliver sediments. As sequience, some hotspots

of geomorphic change can be identified within tlaécbhment. The impact of an external force on thdinsent cascade
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depends on the location of its action: the higherdonnectivity of the node, the higher the imparcthe cascade. Moreover,
some simulations can be conducted to predict haal lperturbations may have an impact on the oveeasitade.

This issue (characterizing sediment connectivitthatcatchment scale) is one of the main challenggsomorphology and
may help in understanding how a sediment wave degeind moves downstream. In detail, it may beiplesto decipher
better if sediment pulses reveal the spatial ndtwstructure or external boundary conditions (e.imate change,
anthropogenic pressure, tectonics). Such resutofimportance for management issues, for instamdke discussion of
the location of a retention basin for sedimenta gontext of severe erosion, or where sedimeniruaiby should be restored

to cope with sediment exhaustion in some rivers.
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10
11
12

Destination node
A B C D E F G
A 1 0 0 1 0 0 0
B 0 1 1 0 0 0 0
(3 0 0 1 1 0 0 0
D 0 0 0 1 1 0 0
)
B E 0 0 0 0 1 1 0
c
£ F 0 0 0 0 0 1 0
2
o G 0 0 0 0 1 0 1
Table 1: Adjacency matrix of the virtual sediment cacade
Destination node
A B F D, Shi
A 0 0 3 6 0.21
B 0 0 4 10 0.35
C 0 0 3 6 0.24
D 0 0 2 3 0.24
E 0 0 1 1 0.35
(O]
e]
2 F 0 0 0 0 0.52
c
k=
5 G 0 0 2 3 0.10
D, 0 0 15 29

Table 2: Distance matrix (origin-to-destination) ofthe virtual sediment cascade. On the right, the row detail the calculation of the

accessibility index.
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Model iteration
0 1 2 3 4 5 = =
A 1 0 0 0 0 0 1 0.05
B 1 0 0 0 0 0 1 0.05
C 1 1 0 0 0 0 2 0.09
D 1 2 1 0 0 0 4 0.18
E 1 2 2 1 0 0 6 0.27
F 1 1 2 2 1 0 7 0.32
§ G 1 0 0 0 0 0 1 0.05
Total 22

A W N -

Table 3: Analysis of the potential sediment flow whin the sediment cascade. The first rows corresportd the iterations simulating
the evacuation of sediments. On the right, the rowdetail the calculation of the flow index.

Model Iteration
0 1 2 3 4 5 fo F Shi NSG
A 1 0 0 0 0 0 1 0.03 0.18 0.20
B 2 0 0 0 0 0 2 0.07 0.35 0.20
C 1 2 0 0 0 0 3 0.10 0.28 0.38
D 1 2 3 0 0 0 6 0.21 0.25 0.83
E 1 2 2 3 0 0 8 0.28 0.33 0.85
F 1 1 2 2 3 0 9 0.31 0.55 0.56
§ G 0 0 0 0 0 0 0 0.00 0.08 0.00
Total 29

~N o o1

© o

Table 4: Analysis of the potential flow and calculdbn of connectivity following a new parameterizatim. The rows indicate the
patterns of sediment evacuation at each iterationfahe simulation. Source B provides twice as manyesiments and the distance
between E and F is twice that during the initial coditions.
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'l Sediment | Potential flux | | Accessibility
'| availability | _ XiFyo . D.4D;
| Fi = —— Shi; = ===
Potential of i to supply | »F jo D..
| sediments . )
btained from field | | Rate of sediments reaching Rate of pathways that could
| (Obtained from eld. the outlet passing through i potentially pass through i
measurements/monitoring) | |
| Flow matrix* Distance matrix*
Model iterations Nodes
1 2 3 4 A B C D
A 1 0 0 0 A|lO O 1 2
B|1 O 0 O " B|O0O 0 1 2
g cl1 2 o o $lclo o 0 1
2| D|1 1 2 O 2|(D|0O0 0 O 0
Network
Structural

Connectivity .\A /.B

index (NSC) ?c

Fi

* Considered homogeneous NSCL - T . D
in the first model runs Shi; #Graph associated with
Potential contribution of i the matricies
considering its location within
the network

(lower or higher than expected)

1
2 Figure 1: Overview of the main parameters useduitullthe Index of Connectivity (equation detailsrdze found in section

3 3)
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2 Figure 2: The virtual sediment cascade. a: The struare of the cascade, represented by a graph, all ned are supposed equals in
3 terms of sediment availability (spatially uniform ssdiements availability; virtual units = 1); b: The potential flow of sediments after
4 one iteration during the simulation (see also tabl&, column “1"); c: Map potential flux index (F;) values (see also table 3, column
5 “Fi").
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7 Figure 3: Assessment of the accessibility index (Bhwithin the virtual sediment cascade.
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6 Figure 5: Flow, accessibility and connectivity indies following a modified parameterization. Note howhe connectivity of node D
7 s reinforced while the connectivity of F is reduce.
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