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Abstract. To understand the sedimentary signal deliverecethment outlets, many authors now refer to thecept of
connectivity. In this framework, the sedimentargrsil is seen as an emergent organization of lotiatidns and
interactions. The challenge is then to open blamkeb that remain within a sediment cascade, tlatines both accurate
geomorphic investigations in the field (reconstiuctof sequences of geomorphic evolution, desaiiptdf sediment
pathways) but also the development of tools dedit& sediment cascades modelling. More preciselydevelopment of
tools dedicated to the study of connectivity in meophology is still in progress, even if the graphory offers promising
perspectives (Heckmann and Schwanghart, 2013hisrpaaper, graph theory is applied to abstrachttevork structure of
sediment cascades, keeping only nodes (sedimentespusediment stores, outlet) and links (linkagealtransportation
agent), represented as vertices and edges. Frodetueiption of the assemblages of sedimentarysflome provide three
main indices to explore how small-scale processsesnasult in significant broad-scale geomorphidgras. First, we assess
the potential contribution of each node to the et delivery at the outlet. Second, we measurénfheence of each node
regarding how this node is accessible from bothnsent sources and outlet. Third, we calculate aneotivity index to
reveal whether the potential contribution of a nagléower or higher than expected from its locatigithin the network.
These indices are calculated in the case of aalisediment cascade, but are also applied to &roatat located in southern
french alps. We demonstrate that these indicesoimest, and may lead to simulations. In the presasé, we try to predict

how a sediment cascade may be impacted by a nedgption or by a reconnection.

1 Introduction

The concept of connectivity provides now an overarg framework in geosciences to better exploreftimetioning of
catchments. Connectivity has been first definedlcology to assess the spatial coherence of a sydtiamdscape elements,
a coherence that is necessary to maintain or eesgoological functions (Bennett, 2004). Followirigese pioneering
discussions, it has been increasingly used by hygiisis to model hydrological connections patteibslahaye et al., 2001;
Douvinet et al., 2008); Ali and Roy (2009) for iaste summarize that hydrological connectivity carséen as a function
of available water volume (calculated from a hydgital balance) and the rate of transfer. Moremtygeconnectivity has

appeared as a fruiftul conceptual framework in geqeinology (Brierley et al., 2006; Wainwright et,&011; Fryirs, 2013):
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it helps in studying the spatio-temporal unsteaginef sediment transport within catchments, and sédiment cascades
can be considered a “jerky conveyor belt” (Fergud®81). Unsteadiness patterns in sediment tranaferindeed one main
field of research for geomorphologists, and redethe “spatial and temporal paradox” exhibited by@diness et al. (1971):
in a catchment, sediment delivery from sources iisldpes is not correlated with sediment deliveay the outlet.

5 Consequently, sediment cascades are not necesséfidient to transfer sediments, highlighting sedament delivery
problem” (Walling, 1983). Finally, geomorphic sidsaespecially sediment delivery, cannot be inttgnt easily (e.g. in
terms of climate change, anthropogenic influeneés) and may much more reveal a “sedimentologicakchy” (Walker,
1990; Bravard, 1998; Schumm, 2005): at catchmealesgeomorphic processes may be coupled to créaesediment
impulse, or may be antagonistic to create a bloekalgernately.

10 Recently, many authors asked for complex-systenpsoaph to conceptualize the continuum of sedimearisfer: how
processes at local scales may be combined to uaddrthe functioning of the whole sediment casd&agirs et al., 2007;
Borselli et al., 2008; Fryirs, 2013; Bracken et, &015). Such a multiscalar framework has been emalized by
Heckmann and Schwanghart (2013) who have cleashinduished the coupling of processes, and connctOn the one
hand geomorphic coupling is “the linkage of distikemdforms or landscape units by sediment trar$gdarvey, 2001), it

15 refers to “elementary interactions at the relagivahall scale” (Faulkner, 2008). On the other hdhd degree of coupling,
the combined effect of lateral (hillslope to chahrend longitudinal (from one river reach to anajhénkages between
system components, is termed (sediment) connegtifiteckmann and Schwanghart, 2013). Shifting fribra local to the
catchment scale remains a main issue to well expgh@w small-scale measurements of erosion resuliradad-scale
geomorphic patterns and processes (Bracken eR@L5). It requires the development of numerical hods to draw

20 exhaustive inventory of all the local linkages witthe sediment cascades, to exhibit their propgrind then to predict the
result of their combination. One promising field reGearch has been opened up by the applicatignaph theory, that
offers mathematical tools to analyse statisticatyl spatially the assemblages of all the compor&rassediment cascade
(Heckmann and Schwanghart, 2013; Heckmann et @15)2 This methodological framework particularlycfises on the
structural connectivity, i.e. the influence of tepatial patterns drawn by the linkages on sedindefitery. One main

25 objective is to provide a quantitative index thatwd help in comparing the geomorphic behavioucatthments in both
space and time. It would also allow an estimatibthe contribution of a given part of the catchmenprovide sediments at
the outlet, and to interpret local erosion monitgr{Cavalli et al., 2013).

In this paper we seek at assessing such a coniteatidex. Following a brief state-of-art regardiognnectivity indices, we
explore the main mathematical tools provided byphréheory to measure the structural sediment cdivitgcwithin a

30 catchment. Then we look at the main applicatiomsiaterpretations of connectivity index.
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2 State-of-art

By stating that catchments are inefficient at syipgl sediment to the outlet, Walling (1983) develdpne pioneering study
of catchments sediment connectivity. He exhibiteat they are characterized by a low sediment dsfikatio (SDR).
SDR=Vh/Vo (1)

Where Vh is the volume of sediment eroded fronshifles and Vo is the volume of sediment delivetethea outlet of the
catchment. The SDR is a synthetic index that assabge connectivity of a catchment, and allows amispns in both space
and time. Recently, it has for instance been detratesl that SDR (and connectivity) decreases witheiasing landscape
morphological complexity (Baartman et al., 2013peQnain criticism regarding this index is that batents remain a black
box: no attention is paid to the geomorphic linlkagevolved at local scale, nor to the feedbacksvbeh geomorphic
processes (Gumiere et al., 2011; Fryirs, 2013).

To open such black boxes, the concept of connégtivas been subdivided in two distinct parts (Wethal., 1997;
Tischendorf and Fahrig, 2000; Turnbull et al., 20@n the one hand the structural connectivitynefe spatial patterns in
the landscape, such as the spatial distributiolarmdscape units which influences sediment transétterns and sediment
paths. On the other hand, the functional conndgtifdcuses on how geomorphic processes may activatelock the
sediment transfer along the spatial links withia #ediment cascade (Kimberly et al., 1997; With dimd), 1997; Belisle,
2005; Uezu et al., 2005). The latter is now algerotalled process-based sediment connectivityhasdeen documented
in depth in a recent review (Bracken et al., 20H89re we focus on the structural connectivity, whguantification is

required for exploring and understanding the respsmf geomorphic systems (Wainwright et al., 2011)

2.1 Structural sediment connectivity

Following Borselli et al. (2008), Cavalli et al.023) developped a connectivity index (Eq. 2) thall wefers to the structural
connectivity. It estimates that connectivity at doeation within the catchment can be seen asia batween an upslope
(Eq. 3) and a downslope components (Eqg. 4):

Dy
dn (2)

Dup=WSVA (3)
Ddn =Yidi/WiSi (4)

where W is the average weighting factor of the aypslcontributing area, S is the average slope gnadif the upslope
contributing area (m/m) and A is the upslope cboting area (m2) and where di is the length offie path along the ith
cell according to the steepest downslope dirediioy Wi and Si are the weighting factor and thepslgradient of the ith
cell, respectively. In Borselli et al. (2008) theeighting factor W first corresponded to the C-factdé USLE-RUSLE
models (Wischmeier and Smith 1978; Renard et a871% refer to frictions that hinder the sediméminsfer. More

3
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recently, it has been demonstrated that topogragpirface roughness can provide a good estimatidheofveighting factor
(Cavalli et al., 2013; Baartman et al., 2013): eagjitopographic heterogeneity impeding sedimenstfea. This index opens
up a fruitful field of research to assess the stmad connectivity. First, it opens the black boxgthin a catchment: the IC
index can be calculated for each cell of the catftmhighlighted what are the cells that may higbintribute to the
5 sediment flux at the outlet. Second, this indexetaknto account all the links that exist betweeneld and all other
components of the catchment: it nicely refers ® dlefinition of connectivity. Third, the index cée mapped so that it
allows comparisons between various locations (aiipéool has been developped in Arc GIS), andHfermore to calculate
maps of connectivity evolution through time. Nebhetess, this index remains empiric, so that corspas between
catchments should be made carefully. More spedificdhe units used during the calculation make ititerpretation of the
10 results complicated. Dup is indeed calculated itense Dds is calculated in meters-1, so that I€fwessed in m2.
Another promising field of research refers to theleation of graph theory that provides a robuathematical framework
for describing networks such as sediment cascadeskmann and Schwanghart, 2013; Heckmann et al5;200ssart,
2016). Graph theory is applied to abstract the astvstructure, keeping only nodes (sediment soursediment stores,
outlet) and links (linkage by a transportation ayeepresented as vertices and edges. The gtmabist a simple pattern that
15 can be described by algebraic tools (typologymi{dges, identification of local sinks, etc.) to éihthe overall structure of
the sedimentary cascade. Graph theory enablesstribe objectively the assemblages of sedimentarysf and thus to
estimate the net contribution of the network to dneount of sediment load. Indices provided by gréyelory were hitherto
developed to characterize the properties of silegidscape units (nodes), sediment pathways (edges3ediment cascades
(edge sequences = paths). The nodes can be chietttey the number and type of links that may ptevor carry out
20 sediments. Sediment sources are characterizedetpch of input link; sinks are characterized byautput link; and other
nodes correspond to connector which importancevisaled by their degree (number of input and ouiplss). The links
may be characterized by the geomorphic process dhaies sediments. Regarding the edge sequeneds rttain
characteristic is whether they may contribute arthe sediment delivery at the outlet: do they espond to a connected
component or not? The frequency and the prefetdatiation of each type of nodes, edges and edgeesees are of prime
25 importance to explain the SDR at the outlet (Heakmand Schwanghart, 2013; Heckmann et al., 2015).
One another application is to conduct some "floalgses": in a directed graph (such as sedimenadasy each edge has a
capacity and each edge receives a flow. A flow nsasisfy the restriction that the amount of flowoira node equals the
amount of flow out of it, unless it is a source,igthhas only outgoing flow, or sink, which has omgoming flow. This is a
simulation, to the extent that this analysis iseolagn an assumption of conservation of flow. In¢hse of sources having
30 no incoming links, a default common value can beigaed to them. Sometimes called network effectr@n and Saint-
Julien, 2010), it exhibits how the network struetyredisposes and organizes sediment flows "aligthibeing equal”
(Cossart, 2016).
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2.2 Structural connectivity indices in undirected gaphs

The influence of the structure of a spatial networka material or immaterial fluxes has been deepplored in case of
transportation studies (Cole and King, 1968; Gleyf®8), social networks (Freeman, 1979) or mocenty in ecology
(Ludwig et al., 2002; Belisle, 2005). In such sagjione key requirement is to provide a hierardith@influence of nodes
within the network. Nodes characterized by a highnectivity have indeed a considerable influencthiwia network as
they control fluxes passing between many othersh3igh connectivity nodes are also the ones waeatisruption would
imply the more dramatic damages on the networktfoning (Haggett and Chorley, 1969; Newman, 20I0ey indeed lie
on the largest number of possible paths whithinnéevork. Many indices were calculated from the heatatical tools
provided by graph theory and applied to undiregebhs. Their signification may nevertheless helpnderstanding how
the structural connectivity can be measured inctie graphs such as sediment cascades.

First, the Betweenness centrality index (B) measthie extent to which a node i lies on paths beatvegker nodes (Eq. 5):
Bi =Y nijk/ njk (5)

where nijk is the number of paths that exist fromoale j to a node k, and that pass through i; ahedrevnjk is the total
number of paths that exist within the network, frpio k. This index provides a good evaluationhsf potential volume that
may pass through the nodes and is helpful for pné&ting, even normalizing the real fluxes obseriregdach node of the
network. One main criticism is that this index emtes the role of nodes close the centre of grafithie network and is not
really efficient in discriminating the eccentricdes. However, such eccentric nodes are close tedimees, the entrances,
of the network and should be discriminated betwisemselves. Furthermore, spatial patterns are takenaccount in a
simplistic way: the distance (and the friction effef the distance to hinder fluxes) is not conséde

The Shimbel index (Shi) takes into account theadist between nodes and consider whether the lacaficthe node
generates or minimize eccentricity within the nateEq. 6) (Newman, 2010). For one node i, it cspands to the sum of
the length of all shortest paths connecting aleothodes j in the graph (dij). To facilitate compans in both space and
time, this index should be normalized, being dididhy the sum of the length of all paths in the retwfrom j to k (djk).

Shii =Y dij/ydjk  (6)

On the one hand if the Shimbel index is high, tiiennode contributes to create long paths withenrtetwork (and thus
attenuates the compactness of the network). Owtther hand, if the Shimbel index is low, then tlrelen maximizes the
compactness of the network. This index is much neffigient to discriminate the influence of eccémtnodes on the
network and can be enriched by considering vartgpss of distance (geodesic, time, etc.). It issdahat the lower the
Shimbel index, the higher the accessibility (angstthe connectivity) of the nodes.

Both indices allow a description in depth of theelskon of a network, and highlight the potentiapauots of network
structure on the fluxes patterns. They can thusigeoconceptual and mathematical frameworks toaepthe structure of
sediment cascade. Nevertheless they cannot beedpgfifiectly to measure sediment connectivity asnsext cascades are

directed graphs, more complicated in terms of nmati&al conceptualization.
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3 Methods to assess structural connectivity

Sediment cascades can be described as systemetamtin(Chorley and Kennedy, 1971; Schumm, 2005 Hdtails, they
may be represented by directed graphs, where tthesmmrrespond to landscape units (sediment squtoess or sink) and
the edges to sediment pathways (Heckmann et d5)20wo nodes i and j are joined or adjacentéf¢his an edge from i
to j. Suppose we are given a directed graph wittodes, the graph can be represented by an n xaceadjy matrix A,
constructed as follows: if there is an edge frordendbto node j, then we put 1 as the entry on rogolumn j of the matrix

A. In this study we first consider a virtual sedimheascade, with 7 nodes (Fig. 1).

3.1 Potential flows in directed graphs

As in undirected graphs, one first issue is to gfathe “network effect” (sensu Pumain and Saiunli€h, 2010) to enhance
how the spatial structure of paths influences theunt of sediments transferred to the outlet. ireent cascades, only the
paths that come from one node j to the outlet d@iee considered, so that in each node i we tmweetsure the extent to
which i lies on paths from other nodes j to o (Jijbhis measurement is normalized, thus subdiviaethe total number of
paths that come from all nodes j to o (Fjo) (Eq. 7)

Fi=Y Fijo/Fjo (7)

Fijo and Fjo can be calculated by reconstructirggathways of sediments throughout the cascadderdhe hypothesis of
"all things being equal”, a virtual volume of sedmts 1 is set on each node. The evacuation ofédtiBnents can be
simulated by a matrix multiplication of the adjacgmatrix with a matrix representing the sedimemnirses (S0) (Eqg. 8).
This matrix is a one column matrix, where each represents a node of the cascade, 1 is put onreacto represent the
virtual volume of sediments at the beginning of tfensfer. Each multiplication corresponds to @&naition, in which each
sediment is transferred along one edge, accorditiget links described by the adjacency matrix @dtable 1). The result
provides a matrix S1, highlighting where are théirsents after one single iteration.

S1=S0xA (8)

Sn=Sn-1xA (9)

The operation is repeated until all virtual sediiseare evacuated, and the results can represeittéd & synthetic matrix
(S.), concatenating SO, S1,..., Sn matrices obtathethg the calculation (table 2). This operatiomafly provides a first
map of the potential flows within the sediment eae Such a result can be useful for interpretiugll monitoring of
sediment transfer, and then for interpolating looehsurements at the catchment scale. Moreoverintigx may provide a
hierarchy between the nodes by assessing the serdasediments involved upstream and upstreamdte. For instance,
in our virtual study case, the amount of sediméasically increases downstream, as there is eoruption of the cascade.
Nevertheless, the main increase occurs apart no@eibting out that this node has a great influemcehe functioning of
the sediment cascade. Any disruption of this nddeckage due to an overflow of sediments, anthrepagaction, etc.)
would significantly impact the ability of the casieato deliver sediments at the outlet. Neverthel@ssnain criticism is that
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this index pay little attention to the sedimentrses (here A, B and G) while the events that hampeih may influence long
pathways to the outlet. As evoked for betweennedsx, it is necessary to better discriminate theemqi@l influence of

sources and stores located next to sources.

3.2 Accessibility from sources and to sinks

Within a sediment cascade, the influence of geomormnits (sources, stores, sinks) on sedimentvelsli can be

discriminating by considering their location insithe cascades. The main hypothesis is that a nadeizing the distance

between both sediment sources and the outlet esager influence on the overall sediment casdadether words, if such
strategic nodes disrupt, the ability of the casceddeliver sediment would be significantly affetteCharacterizing the
nodes by their location within the network refeyghe concept of accessibility (A) and is thus vanyilar to the calculation
Shimbel index in case of undirected graphs. In cdstirected graphs, the calculation of the actdgsi A of each node i

can be made from a distance matrix D (Eq. 10) €talp

Ai=(D.i+Di)/D.. (10)

Where D.i is the total of the distances betweend the nodes (sources and stores) that feed is Ehie distance between i
and the nodes located downstream, and D.. is thkdbthe distances of all paths within the netwdrhe main interest of
this index is that it enhances the sources (wheredals 0), and more particularly the sourcesmiiaimize the distance to
the outlet (Fig. 2). Here, G is characterized by lietter accessibility, greater than A, greaten tBa A hierarchy of the

influence of sediment sources to sediment deliatrthe outlet is thus provided. In terms of managmmit highlights the

sources that can be activated to cope with a sedigehaustion at the outlet or, conversely, sousghere protection

strategies should be applied in case of sedimesrtflow. Nevertheless, this index is not a good grokconnectivity as it

underestimates the role of the outlet and all nadiese to the outlet, and does not pay attentiothéocoupling between
various pathways inside the sediment cascade. éAtdiichment scale, the role of D and E is not etdubwhile they are

important connectors between pathways developed fmurces A and B. It is necessary to compare wérehe index of

both nodes to note that D minimizes more the destda different sources and the outlet than E.

3.3 Combination of indices

The indices Fi and Ai provide a quantitative angnpéementary description of the sediment cascadketske the first one
revealing the potential increase of sediment digghalong the sediment paths, the second one niegsbe eccentricity
from the sources and the outlet. Classically, #dirsent discharge increases with eccentricity femurces, as the paths lie
across many nodes from which sediments can beiedpfple. the active area is higher). Nevertheldssg, to the geometry
of paths, of confluences, this increase of sedindistharge can be higher or lower than expectenh fitee distance to
sources. To estimate this possible under or ovegseptation of potential sediment volume in eaatkena ratio between Fi
and Ai can be calculated (Eq. 11):

ICi=Fi/A (11)
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The results can be seen as a normalization ofdtenpal sediment fluxes Fi (table 4). It is notidbat the most important
nodes regarding IC are E and D (Fig. 3), with \&@ryilar values (0.8 and 0.71 respectively). E ana@r®at confluences and
thus lie on various sediment paths organized fr@tindt sources: their potential influence on theole sediment cascade is
high, so that any disruption of these nodes woualdsitlerably alter the elementary interactions betweany nodes and
5 sediment paths. Consequently D and E may modifyifsigntly the ability of the cascade to providaiseents and should

be further studied in depth to document the fumeticconnectivity, or to assess erosional ratesa(latonitoring, field
observations). The outlet F has a quite high bwetoindex (0.66). This value reveals the high ptiéérsediment volume
that passes through this node but point out thatésruption at this node would be ambiguous. ladiéevould interrupt the
sediment delivery, but the organization of the ¢hsediment paths from sources A, B and G woulddbenodified, and the

10 coupling patterns at the confluences would alscareranmodified. Finally, the structure of the cakeavould be roughly
unchanged. Regarding the sources (A, B and D)egratuhy is evidenced. The source G has a grediaemee on the
sedimentary signal at the outlet thanks to its pniy (IC = 0.53), higher than A and B (IC equafs @.27 and 0.12,
respectively).

3.4 Index parameters

15 IC index can be calculated from simple parametatfacency matrix (drawn from a geomorphic expertidistance matrix.
Nevertheless two main components of the equatiande parameterized to enrich the model, for imgtda fit the index to
the geomorphic purpose or to a management isstst, Fégarding the assessment of Fi, all sourcesassumed to be of
equal importance (volume availability equals toA)geomorphic hierarchy of sources (in terms ofiredit supply) can be
parameterized, for instance if a source particylanerflows or, conversely, is exhausted: the matepresenting the

20 sediment sources (S0) can then be adjusted. Settendistance is an important parameter that cadifgnthe results of Ai,
and then ICi. Distance indeed creates a frictiat ttampers the sediment transfer: the higher tsiantie, the higher the
friction opposed to sediment delivery. In the \aitstudy case, we considered a topological distaniten the matrix to be
simple. Many other kinds of distance can of coubge taken into account: Euclidian distance for insga but in
geomorphology many other type of distance may beemelevant. A distance in time, to reveal the tareof transfer from

25 one unit to another one can be particularly relevaven difficult to assess. A cost distance shdaddalso relevant, by
revealing how hampered (or efficient) is the seditteansfer along the edge: a manning coeffici@av@lli et al., 2013), or
more generally a roughness index (Baartmann e2@L3) can be a good proxy of the friction that pams the sediment
transfer. Such parameters can be calculated frgim-f@isolution DEM and then joined to the edges attaristics through
GIS procedures.

30 To document how the indices are sensitive to tharpaterization, we modify the initial conditions air virtual sediment
cascade (Fig. 4). Regarding sediment availability,consider G exhausted (volume equals 0) and Bflowéng (volume
equals 2). All other nodes remain unchanged. Réugttie distance, the distance between E and Buistwice the initial
value (DEF equals 2).
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As expected, the potential flow Fi is mainly moefion B which influence increases (FB shifting froid5 to 0.07), and on
G which influence becomes null. On other nodesgaificant increase is observed on D (FD shiftingnfi 0.18 to 0.21)
while FE and FF remain roughly unchanged. Whilerthde D was already strategic in the first simolatithe increase of
sediment availability on B reinforces its influenme the whole sediment cascade. Downstream, tfenpaitflow on E and
F is not reinforced by the amount of sedimentsvéetid on B because of the exhaustion of G.

Considering the accessibility, the higher ecceiyriacf F has an impact on AF, but more generaltgrathe accessibility of
all nodes. Accessibility decreases significantlyBirthe subcascade organized from B is the longedtall the sediment
paths that may exist along this subcascade arectegbdy the friction between E and F. As a consecgiethe outlet is here
significantly less accessible from the source Bitfiam the sources A and G (the latter remainirggdloser). It is noticed
that the accessibility of D is not impacted by thigher eccentricity of F: AD remains roughly stagtd&d even suggest a
slight improvement of the accessibility. All nodelsaracterized by a great centrality, and that maymize the distances
from both the sources and the outlet, are not &ftkby an increasing eccentricity at the marginghefcascade (if distance
from sources, or at the outlet, increases).

Finally, regarding the connectivity index, the nparameterization have modified the hierarchy ofesodrirst we note that
the influence of the confluence nodes has increaed pattern is particularly significant on D, reode of a high
connectivity: it minimizes the distance to two maources and to the outlet. The node E is alsaiofepimportance, but its
connectivity is quite lower than expected fromsitsategic location as it is connected to an exlealusource (G). Looking at
the sources, a hierarchy is clearly observed:rifieence of B gets higher due to its main contiitiuto the sediment flow,
while the influence of G becomes null as it is exdiad.

The IC index thus reveals on each unit of a sediroascade the degree of coupling to both the sewand the outlet. More
precisely it reflects the structural connectivityibenhances the role of spatial patterns (distaoonfluences, etc.) of the
network. In a simplistic way, it highlights how timetwork structure and the spatial patterns infteethe sediment flows
"all things being equal”. The parameterization dambreover be progressively enriched thanks tooangephic expertise to
pay more attention on sediment availability or be &bility of geomorphic processes to transfermedis along the paths
(i.e. the edges).

4 Applications to real sediment cascade

The IC index is now applied to a real sediment ads¢ which functioning has been already concepedland quantified
(Cossart and Fort, 2008; Cossart, 2016). CelseeNigichment is located in the french southern Alpghe eastern flank of
the massif des Ecrins. We focus here on the headyabout 10 kmz2, from 2500 m.asl to 3850 m.adil), accupied by

glaciers. Special attention was already given &olitikages between the glacial margins and theafauvial systems. The

presence of morainic ridges still interrupts thdisentary cascade system, thus forcing local aggi@u and change in the
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glacio-fluvial pattern (Fig. 5A). Such a complexsemblage makes this area particularly suitablessessing connectivity

and simulate the impacts of new blockages or, amelg of some reconnections.

4.1 The structure of the network

From the geomorphological map, the graph has besnrdin a GIS software (QGIS): a regular networkofles has been
created (distance between nodes equals 100 mefersh. node is first characterized by the geomorphit to which it
belongs, and from geomorphic expertise the linkdgetsveen the nodes are digitized. From the netv@®kS tools, the
adjacency matrix has been set (as an edge lisbdnaird exported to R software. In the latter saftey the matrix has been
converted to an origin-to-destination matrix, ahd distance matrix automatically created (a topoldglistance has been
considered) thanks to the igraph package. All datmns on matrices have been conducted in R, laadesults have been
exported to QGIS to be mapped.

First it can be noticed that only 60% of the tqiaths are connected to the outlet, the others @maected to permanent
sinks. By applying the typology established by Fyet al. (2007), disconnections are due to barrerorainic ridges),
buffers (roches-moutonnées and glacio-fluvial s and blankets (screes made of large grainbsimiglers) (Fig. 5B).
Second, the IC index highlights the influence & thunk valley located between the margin of Gladie Sélé and the
confluence with the Coup-de-Sabre proglacial riffég.6A). This observation can be interpreted inmi of sensitivity to
external factors at the catchment scale. On thehand, high-connectivity nodes (e.g. along thekrualley, the Coup-de-
Sabre subcatchment) are able to transfer alongabeade a perturbation due to a geomorphic evesigrficant input of
sediments (due for instance to hydro-meteorologigeht) in these areas would increase the sedidedinery at the outlet.
On the other hand, any perturbations on the nomecied nodes (e.g. on the southern flank of Aild&pwould have a null
influence on the sediment delivery. The IC indesoaéxhibits a hierarchy between the sources. Ag déine significantly
closer to the outlet all the sources located inGbep-de-Sabre subcathment have a greater influemsediment delivery
than the sources located in the Ailefroide, SélBaeufs-Rouges areas.

Thus, the map of IC index helps to conceptualizedbntinuum of sediment transfer, and helps inrméting monitoring
measurements at one point in a catchment (not saclsat the outlet). The examination of nodesnemtivity may be
required to establish sampling strategies for sswle measurements of erosion on the field. Furtbee, this first
examination highlights that the impacts of exterdavers (anthropogenic impact, hydro-meteorolog®ent and more
generally climate change) are space dependentinipacts are higher and efficiently propagated #ytraffect high-

connectivity areas.

4.2 What if...?

The connectivity hierarchy between nodes can l&pneted as the potential influence of the nodeestiment delivery, on

the global functioning of the cascade. The IC indad more generally tools provided by graph thedigws simulation to

10
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predict what can be the more impacting events encdscade. Two algorithms were here applied in Rirtwlate the
consequences a local disconnection and a locahnection.

First it has been asked to remove a node to ctiatenore significant drop in terms of connectiv{sig. 6B). This
simulation can reflect the possible impact of athespogenic feature (e.g. a dam) or of a hillslgpecess (e.g. a dam
created by a landslide mass or a debris flow). greater impact would occur if the node locatedhattoe of Glacier du Sélé
disrupts. It would imply the disconnection from tbetlet of three main subcascades (organized fraefraide, Sélé and
Boeufs-Rouges sources) so that only 26% percetiteohodes would remain connected to the outlet. disreiption would
be more significant than in the case of a disrupti the node located at the confluence with CoeBebre proglacial
river. In this latter case, many nodes would bee@uidisconnected from the outlet, but the threeasdades of Ailefroide,
Sélé and Boeufs-Rouges would be less impacted anddvibe still self-organized. As a consequence,sthecture of the
sediment cascade would be less modified.

Second, it has been queried to add a new linkageetite the better improvement of the overall sedinconnectivity (Fig.
6C). This simulation can reflect the disruptioredbarrier, the removal of a blanket, for instaraoiving a high magnitude
geomorphic event. In that case, a link between @&lLgabcatchment and the trunk valley would crelagehighest IC value
at the confluence. Such an increase is due to ifje mumber of nodes that would become connectethéooutlet.
Furthermore these nodes (especially the sources)redatively close to the outlet. A reconnection sefbcascade in
Ailefroide area would have a lesser impact becanisiés eccentricity. It can be noticed that theammection of Guyard
subcascade would decrease the influence of Coupablee subcascade on the overall network: underhpsthesis of
reconnection, all the sources of this area arectffeby a decrease of IC index. According to thesvrstructure of the
cascade, the hierarchy of sources would be thusfieddthe sources of Guyard area would have atgréafluence than
Coup-de-Sabre sources, which would have a gre#taence than Ailefroide, Sélé and Boeufs-Rougescsss.

As a consequence, the IC index provides an exporatf the cascade structure and may explain tot wktent a small-
scale modification (disruption of a node, creatidm linkage) may result in significant broad-sogg®morphic patterns and
processes. More generally, IC index makes possibieparisons. In this study case comparisons havedse between
cascades of different sizes, suggesting that I@xnd sufficiently robust to allow comparisons iotl space and time

between various catchments.

5 Conclusion

This paper seeks at developing an original methugpotiedicated to the study of sedimentary cascadésr the hypothesis
that connectors and paths influence on sedimemtediglis space-dependent. The methods rely on gtapbry to assess
structural connectivity: sediment cascade is dbsedrias a network and consequently as graph. lasgicen indices
developed in undirected graphs, a potential floa an accessibility of geomorphic units (i.e. acitBty to both sediment

sources and to the outlet) can be measured throtighe sediment cascade. Both indices are combinesktimate a
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connectivity index that reveals how influent is @da within a sediment cascade. Specific applicatiware led in a GIS
software (QGIS) but also in software dedicatedatmdnalysis and matrices calculations (R).

The application on a virtual and simple catchmemt then on a real catchment, exhibits how geoniorptocesses
filiations may lead (or not) to sediment mobilizatiand exportation, from upper slopes to the owtfevatersheds. The
behaviour of the sediment cascades appears sppeedint: the geometry of paths and the locatiomodes have a direct
influence on the structural connectivity and thentbe ability of the sediment cascade to delivetiraents. It is also
highlighted that the impact of an external forcetlom sediment cascade depends on the location vithests: the higher the
connectivity of the node, the higher the impactloa cascade. Some simulations can moreover be Ipcetlict how local
perturbations may have an impact on the overatazies

This issue relies on main challenges in geomorghoémd may lead to deep applications on river mamet, especially in
Western Europe where rivers are affected by a gtdaficit of sediment load. An assessment of cotivigc will help at
describing coupling patterns, scale dependenceosianal processes, to understand and predict lodiigs at catchment
scale may supply sediments to the river systemm@iglement of hydraulic infrastructures, changeteims of land use,

etc.).
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A B C D E F G
A 1 0 0 1 0 0 0
B 0 1 1 0 0 0 0
C 0 0 1 1 0 0 0
D 0 0 0 1 1 0 0
E 0 0 0 0 1 1 0
F 0 0 0 0 0 1 0
G 0 0 0 0 1 0 1
Table 1: Adjacency matrix of the virtual sediment cacade

0 1 2 3 4 5 K =
A 1 0 0 0 0 0 1 0,05
B 1 0 0 0 0 0 1 0,05
Cc 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

Table 2: Analysis of the potential sediment flow whin the sediment cascade. The first rows corresportd the iterations simulating
5 the evacuation of sediments. At the right, the rowdetail the calculation of the Flow index.
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A B C D E F G D Al
A 0 0 0 1 2 3 0 6 0,17
B 0 0 1 3 4 5 0 13 0,37
C 0 0 0 2 3 4 0 9 0,29
D 0 0 0 0 1 2 0 3 0,26
E 0 0 0 0 0 1 0 1 0,34
F 0 0 0 0 0 0 0 0 0,49
G 0 0 0 0 1 2 0 3 0,09
D, 0 0 1 6 11 17 0 35

Table 3: Distance matrix (origin-to-destination) ofthe virtual sediment cascade. At the right, the row detail the calculation of the
accessibility index.

0 1 2 3 4 5 [ Fi Ai ICi
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

Table 4: Analysis of the potential flow and calculabn of connectivity following a new parameterizatim. The rows indicate the
patterns of sediment evacatuation at each iteratiof the simulation. Source B provides twice more s@ments and the distance
between E and F is twice than during the initial coditions.
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Figure 1: The virtual sediment cascade. A: The struare of the cascade, represented by a graph. B: Raitial flow of sediments
after one iteration during the simulation. C: Map o flow index values.
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5 Figure 2: Assessment of accessibility index withithe virtual sediment cascade.
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Figure 3: Assessment of connectivity index withinte virtual sediment cascade.
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Figure 4: Flow, accessibility and connectivity indies following a modified parameterization. Note howthe connectivity of node D
5 s reinforced, and connectivity of F gets lower.
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