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Abstract— Sediment connectivity, defined as the degree to which a
system facilitates the transfer of water and sediment through itself
by means of coupling relationships between its components, has
become a key issue in sediment transfer processes analysis and one
of the building blocks of modern geomorphology. The growing
availability of high-resolution Digital Elevation Models (DEMs)
offers new opportunities for the characterization of sediment
connectivity spatial patterns. An index of sediment connectivity,
based on DEM derivatives as drainage area, slope, flow length and
surface roughness, has been recently developed along with related
freeware software tool (SedInConnect). The index aims at depicting
spatial connectivity patterns at the catchment scale to support the
assessment of the contribution of a given part of the catchment as
sediment source and define sediment transfer paths. The increasing
interest in the quantitative characterization of the linkages between
landscape units and the straightforward applicability of this index
led to numerous applications in different contexts. Such works
demonstrate that, when carefully applied considering the intrinsic
limitations of the geomorphometric approach, the index can rapidly
provide a spatial characterization of sediment dynamics, thus
improving the understanding geomorphic system behavior and,
consequently, hazard and risk assessment. This work presents and
discusses the main applications of this sediment connectivity index.

l. INTRODUCTION

In recent years, connectivity has emerged as a paramount
property of geomorphic systems [1-3]. The growing interest of the
earth sciences community on water and sediment connectivity led
these concepts to become key issues in research on hydrological
and sediment delivery processes and on the characterization of
source to sinks pathways [e.g. 4-8].

The assessment of the degree of linkages exerted by
coupling/decoupling relationship between different parts of a
system is pivotal to comprehend the behavior of hydro-
geomorphic systems and thus to predict their responses.

Geomorphic coupling and connectivity play a relevant role in the
assessment of the sediment budget in watersheds since they reflect
the contribution of different processes that can have a large spatio-
temporal variability.

Among the numerous definitions of connectivity available in
literature, the one by Heckmann et al. [9] (“...the degree to which
a system facilitates the transfer of water and sediment through
itself, by means of coupling relationships between its components.
In this view, connectivity becomes an emergent property of the
system state, reflecting the continuity and strength of runoff and
sediment pathways at a given point in time”) is one of the most
comprehensive. Accordingly, the interaction governed by
geomorphic processes among natural landforms and man-made
structures is fundamental to understand connectivity [10] (Fig. 1).
The spatial configuration of system components and their potential
linkage is known as structural connectivity whereas the term
functional connectivity refers to the dynamics of geomorphic and
hydrologic processes within the system [11].

The increasing availability of high-resolution Digital Elevation
Models (DEMs) from different sources as LiDAR and Structure
from Motion (SfM) paved the way to a more quantitative approach
for assessing sediment connectivity. Recently, a geomorphometric
index of sediment connectivity has been developed [12] along with
related freeware software tool [13]. The index, based on the
original work by Borselli et al. [14], aims at characterizing
connectivity patterns at the catchment scale allowing to estimate
the contribution of a given part of the catchment as sediment
source and define sediment transfer paths.

In this work, this index of connectivity is presented along with
its most recent applications in different contexts.
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Figure 1. Schematic illustration of sediment connectivity distinguishing
between lateral (i.e. hillslope-channel) and longitudinal (along channel
network) and of the most relevant factors controlling it (modified from [9]).

1. THE INDEX OF CONNECTIVITY IC

Following the approach by Borselli et al. [14], the index of
connectivity (IC) is computed as:

IC = log,, (zﬂ) 1)

an

where Dy, and Dy are the upslope and downslope components of
connectivity, respectively (Fig. 2). IC is defined in the range of [~
o=, +oo], with connectivity increasing for larger IC values.

The upslope component Dy, represents the potential for
downward routing of the sediment produced upslope and is
estimated as follows:

Dy, = WSVA @)

where W is the average weighting factor of the upslope
contributing area, S is the average slope gradient of the upslope
contributing area (m/m), and A is the upslope contributing area
(m?).

The downslope component Dy takes into account the flow path
length that a particle has to travel to arrive at the nearest target or
sink:

Dan = Z% ©)
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where d; is the length of the flow path along the cell according to
the steepest downslope direction (m), and W and S are the
weighting factor and the slope gradient of the cell, respectively.

The weighting factor W in Eq. 2 and 3 is intended to represent
the impedance to sediment transport and can be expressed in
different ways. Cavalli et al. [12] refined the original index by
Borselli et al. [14] in order to adapt it to the mountain environment
and to better exploit high-resolution DEM. In particular, they
proposed to use a surface roughness index [15] in place of the
USLE/RUSLE C- factor adopted in [14] as weighting factor. Other
modifications encompass the calculation of the slope along the
flow direction and of the drainage area using the multiple flow D-
infinity approach [16], replacing the single-flow direction
algorithm used in the original version to capture flow paths on
hillslopes where divergent flow occur. More details on the
theoretical basis and the methodology can be found in Cavalli et
al. [12]. A standalone freeware software (SedinConnect 2.3, [13])
implementing new features, as the possibility to normalize W
according to Trevisani and Cavalli [17], was also developed to
facilitate index computation. The software is available at
https://github.com/HydrogeomorphologyTools/SedIinConnect_2.
3.
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Figure 2. Representation of the components of the index of connectivity (from

[13])

I1l.  RECENT APPLICATIONS AND CONCLUSIONS

The version by Borselli et al. [14] was successfully applied to
understand soil erosion patterns [18] and specific sediment yield
variations [19]. Using a land-use based weighting factor permits
to study the effects of different land use and land abandonment
scenarios on sediment connectivity e.g. [20, 21]. Even if not
meant for this purpose, IC has proven useful also for estimating
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hillslope sediment delivery ratio (SDR) [22]. Jamshidi et al. [23],
developed an algorithm integrating the SDR estimation approach
by Vigiak et al. [22] to assess annual variability in sediment yields
related to changes in vegetation. Hamel et al. [24] integrated IC
into a new version of the INVEST model, a model aiming at
quantifying and map ecosystem services, showing a great
potential to quantify the sediment retention service. IC supported
the interpretation of radioactive dose rate measurements after the
Fukushima Dai-ichi Nuclear Power Plant accident in nearby
catchments [25]. Another interesting application of this version of
IC was carried out by Foerster et al. [26] in the Spanish Pyrenees.
In [26], IC was computed in two catchments in contrasting
seasons estimating the weighting factor based on fractional
vegetation cover from hyperspectral data. This approach
permitted to effectively identify hot spot erosion areas.

The herein presented version implementing roughness index
as W factor, after its first application in two small adjacent
catchments of the Eastern Alps [12], was extensively applied in
different contexts especially in the mountain environment.
Notable applications include the analysis of hillslope—channel
coupling in a catchment in SW Turkey [27], sediment transfer
dynamics in a formerly glaciated alpine valley [28], the impact of
volcanic eruptions on sediment connectivity [29, 30] and
sediment connectivity in proglacial areas [1, 31, 32]. IC has been
successfully used in combination with sediment sources and/or
landslide inventories in order to characterize such areas and
optimize sediment management and to focus on the most critical
hotspots [33, 34]. A valuable feature of IC arose from an
application to 22 catchments in the Eastern italian Alps: if
averaged at catchment scale, IC values can help distinguishing
among different dominant processes (debris flow, bedload
transport and intermediate behavior) [35]. Similar results were
found in the Austrian Alps where IC was used together with other
morphometric parameters to identify dominant processes acting
in headwater catchments [36]. Most recently, the increasing
availability of multitemporal high-resolution data offered the
opportunity to integrate the time variable into the connectivity
analysis [37, 38]. It is worth noting that the index values show a
systematic decrease with increasing resolution [35, 39] and it has
a strong dependency on catchment size. Furthermore, the use of
different weighting factors can lead to different connectivity
patterns. It is thus recommended to carefully choose the weighting
factor according to the specific research aims. These limitations
should be taken into account to produce reliable results that, given
the simple index structure, must be always validated in the field.

In conclusion, IC has proved very promising for rapid spatial
characterization of sediment dynamics both at catchment and
regional scales. The reported applications demonstrate that a
reliable assessment of sediment connectivity via a
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geomorphometric approach, especially when integrated with a
sediment sources inventory, is useful for giving management
priorities. This represents a key issue when dealing with sediment
management and has important linkages with hazard and risk
assessment and in relation to priorities of intervention at the
catchment scale. Being a topography-based index, IC is focused
on structural aspects of connectivity, and quality and resolution
of DEMs may have significant impact on the results. Future
development should consider process-based connectivity and
incorporate temporal variability directly into the index. First
attempt has been made by Kalantari et al. [40] who modified IC
including a functional weighting factor based on surface runoff
estimate by curve numbers and considering spatially and
temporally variable forcing. Further research in this direction will
help to conceive a new geomorphometric approach combining
system configuration, processes and external forcing towards an
improved caractherization of sediment and hydrological
connectivity.

REFERENCES

[1] Cavalli, M., Vericat, D., Pereira, P., 2019. Mapping water and sediment
connectivity. Science of the Total Environment 673, 763-767.
https://doi.org/10.1016/j.scitotenv.2019.04.071

[2] Parsons, AJ., Bracken, L., Poeppl, R.E., Wainwright, J., Keesstra, S.D.,
2015. Introduction to special issue on connectivity in water and sediment
dynamics.  Earth  Surf.  Process. Landf. 40, 1275-1277.
https://doi.org/10.1002/esp.3714.

[3] Wohl, E., Brierley, G., Cadol, D., Coulthard, T.J., Covino, T., Fryirs, K.A,,
Grant, G., Hilton, R.G., Lane, S.N., Magilligan, F.J., Meitzen, K.M.,
Passalacqua, P., Poeppl, R.E., Rathburn, S.L., Sklar, L.S., 2019.
Connectivity as an emergent property of geomorphic systems. Earth Surf.
Process. Landf. https://doi.org/10.1002/esp.4434

[4] Bracken, L.J., Wainwright, J., Ali, G.A., Tetzlaff, D., Smith, M.W., Reaney,
S.M., Roy, A.G., 2013. Concepts of hydrological connectivity: research
approaches, pathways and future agendas. Earth-Sci. Rev. 119, 17-34.
https://doi.org/10.1016/j. earscirev.2013.02.001

[5] Brierley, G., Fryirs, K., Jain, V., 2006. Landscape connectivity: the
geographic basis of geomorphic applications. Area 38, 165-174.
https://doi.org/10.1111/j.1475-4762.2006.00671.X.

[6] Fryirs, K., 2013. (Dis)connectivity in catchment sediment cascades: a fresh
look at the sediment delivery problem. Earth Surf. Process. Landf. 38, 30—
46. https://doi.org/10.1002/esp.3242.

[7]1 Poeppl, R.E., Keesstra, S.D., Maroulis, J., 2017. A conceptual connectivity
framework for understanding geomorphic change in human-impacted fluvial
systems. Geomorphology, Connectivity in Geomorphology From
Binghamton 2016. 271, pp- 237-250.
https://doi.org/10.1016/j.geomorph.2016.07.033

[8] Wohl, E., 2017. Connectivity in rivers. Prog. Phys. Geogr. Earth Environ.
41, 345-362. https://doi.org/10.1177/0309133317714972

[9] Heckmann, T., Cavalli, M., Cerdan, O., Foerster, S., Javaux, M., Lode, E.,
Smetanova, A., Vericat, D., Brardinoni, F., 2018. Indices of sediment
connectivity: opportunities, challenges and limitations. Earth-Sci. Rev. 187,
77-108. https://doi.org/10.1016/j.earscirev.2018.08.004.



Geomorphometry 2020

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Fryirs, K.A., Brierley, G.J., Preston, N.J., Kasai, M., 2007. Buffers, barriers
and blankets: the (dis)connectivity of catchment-scale sediment cascades.
CATENA 70, 49-67. https://doi.org/10.1016/j.catena.2006.07.007.

Wainwright, J., Turnbull, L., Ibrahim, T.G., Lexartza-Artza, I., Thornton,
S.F., Brazier, R.E., 2011. Linking environmental régimes, space and time:
interpretations of structural and functional connectivity. Geomorphology,
Geomorphology on Multiscale Feedbacks in Ecogeomorphology. 126, pp.
387-404. https://doi.org/10.1016/j.geomorph.2010.07.027.

Cavalli, M., Trevisani, S., Comiti, F., Marchi, L., 2013. Geomorphometric
assessment of spatial sediment connectivity in small Alpine catchments.
Geomorphology 188, 31-41.
https://doi.org/10.1016/j.geomorph.2012.05.007.

Crema, S., Cavalli,M., 2018. SedInConnect: a stand-alone, free and open
source tool for the assessment of sediment connectivity. Comput. Geosci.
111, 39-45. https://doi.org/10.1016/j.cageo.2017.10.009.

Borselli, L., Cassi, P., Torri, D., 2008. Prolegomena to sediment and flow
connectivity in the landscape: a GIS and field numerical assessment. Catena
75, 268-277. https://doi.org/10.1016/j.catena.2008.07.006

Cavalli, M., Marchi, L., 2008. Characterisation of the surface morphology
of an alpine alluvial fan using airborne LiDAR. Nat. Hazards Earth Syst. Sci.
8 (2), 323-333. https://doi.org/10.5194/nhess-8-323-2008

Tarboton, D.G., 1997. A New Method for the Determination of Flow
Directions and Upslope Areas in Grid Digital Elevation Models. Water
Resour. Res. 33 (2), 309-319.

Trevisani, S., Cavalli, M., 2016. Topography-based flow-directional
roughness: potential and challenges. Earth Surf. Dyn. 4, 343-358.
https://doi.org/10.5194/esurf-4-343-2016.

Lépez-Vicente, M., Quijano, L., Palazén, L., Gaspar, L., Navas, A., 2015.
Assessment of soil redistribution at catchment scale by coupling a soil
erosion model and a sediment connectivity index (central spanish pre-
pyrenees). Cuad. Investig. Geogréfica 41, 127-147.
https://doi.org/10.18172/cig.2649.

Sougnez, N., vanWesemael, B., Vanacker, V., 2011. Low erosion rates
measured for steep, sparsely vegetated catchments in southeast Spain.
CATENA 84, 1-11. https://doi.org/10.1016/j.catena.2010.08.010.

Lopez-Vicente, M., Poesen, J., Navas, A., Gaspar, L., 2013. Predicting
runoff and sediment connectivity and soil erosion by water for different land
use scenarios in the Spanish Pre-Pyrenees. Catena 102, 62-73.

Lopez-Vicente, M., Nadal-Romero, E., Cammeraat, E.L.H., 2017a.
Hydrological Connectivity Does Change Over 70 Years of Abandonment
and Afforestation in the Spanish Pyrenees. Land Degrad. Dev. 28 (4), 1298—
1310.

Vigiak, O., Borselli, L., Newham, L.T.H., Mclnnes, J., Roberts, A.M., 2012.
Comparison of conceptual landscape metrics to define hillslope-scale
sediment delivery ratio. Geomorphology 138, 74-88.
https://doi.org/10.1016/j.geomorph.2011.08.026.

Jamshidi, R., Dragovich, D., Webb, A.A., 2014. Distributed empirical
algorithms to estimate catchment scale sediment connectivity and yield in a
subtropical region. Hydrol. Process. 28 (4), 2671-2684.

Hamel, P., Chaplin-Kramer, R., Sim, S., Mueller, C., 2015. A new approach
to modeling the sediment retention service (INVEST 3.0): Case study of the
Cape Fear catchment, North Carolina, USA. Sci. Total Environ. 524-525,
166-177.

Evrard, O., Chartin, C., Onda, Y., Patin, J., Lepage, H., Lefevre, I., Ayrault,
S., Ottlé, C., Bonté, P., 2013. Evolution of radioactive dose rates in fresh
sediment deposits along coastal rivers draining Fukushima contamination
plume. Sci. Rep. 3. https://doi.org/10.1038/srep03079.

215

[26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(371

(38]

(39]

[40]

Cavalli and others

Foerster, S., Wilczok, C., Brosinsky, A., Segl, K., 2014. Assessment of
sediment connectivity from vegetation cover and topography using remotely
sensed data in a dryland catchment in the Spanish Pyrenees. J. Soils
Sediments 14 (12), 1982-2000.

D’Haen, K., Dusar, B., Verstraeten, G., Degryse, P., de, Brue H., 2013. A
sediment fingerprinting approach to understand the geomorphic coupling in
an eastern Mediterranean mountainous river catchment. Geomorphology
197, 64-75. https://doi.org/10.1016/j.geomorph.2013.04.038.

MefRenzehl, K., Hoffmann, T., Dikau, R., 2014. Sediment connectivity in the
high-alpine valley of Val Miuschauns, Swiss National Park — linking
geomorphic  field mapping with  geomorphometric  modelling.
Geomorphology 221, 215-229.

Ortiz-Rodriguez, A.J., Borselli, L., Sarocchi, D., 2017. Flow connectivity in
active volcanic areas: use of index of connectivity in the assessment of lateral
flow contribution to main streams. CATENA 157, 90-111.
https://doi.org/10.1016/j.catena.2017.05.009.

Martini, L., Picco, L., Iroumé, A., Cavalli, M., 2019. Sediment connectivity
changes in an Andean catchment affected by volcanic eruption. Science of
the Total Environment, 692, 1209-1222. DOI:
10.1016/j.scitotenv.2019.07.303

Cavalli, M., Heckmann, T., Marchi, L., 2019. Sediment connectivity in
proglacial areas. In: Heckmann, T., Morche, D. (Eds.), Geomorphology of
Proglacial Systems: Landform and Sediment Dynamics in Recently
Deglaciated Alpine Landscapes, Geography of the Physical Environment.
Springer International Publishing, Cham, pp. 271-
287https://doi.org/10.1007/978-3-319-94184-4 16.

Micheletti, N., Lane, S.N., 2016. Water yield and sediment export in small,
partially glaciated Alpine watersheds in a warming climate. Water Resour.
Res. 52 (6), 4924-4943.

Persichillo, M.G., Bordoni, M., Cavalli, M., Crema, S., Meisina, C., 2018.
The role of human activities on sediment connectivity of shallow landslides.
CATENA 160, 261-274. https://doi.org/10.1016/j.catena.2017.09.025.

Tiranti, D., Cavalli, M., Crema, S., Zerbato, M., Graziadei, M., Barbero, S.,
Cremonini, R., Silvestro, C., Bodrato, G., Tresso, F., 2016. Semi-
quantitative method for the assessment of debris supply from slopes to river
in ungauged catchments. Sci. Total Environ. 554-555, 337-348.
https://doi.org/10.1016/j.scitotenv.2016.02.150.

Brardinoni, F., Cavalli, M., Heckmann, T., Liébault, F., Rimbdck, A., 2015.
Guidelines for assessing sediment dynamics in alpine basins and channel
reaches: Final Report of the SedAlp Project, Work Package 4: Vienna.

Heiser, M., Scheidl, C., Eisl, J., Spangl, B., Hubl, J., 2015. Process type
identification in torrential catchments in the eastern Alps. Geomorphology
232, 239-247. https://doi. org/10.1016/j.geomorph.2015.01.007.

Cucchiaro S., Cazorzi F., Marchi L., Crema S., Beinat A., Cavalli M., 2019.
Multi-temporal analysis of the role of check dams in a debris-flow channel:
Linking structural and functional connectivity. Geomorphology, 345,
106844. DOI: 10.1016/j.geomorph.2019.106844

Llena, M., Vericat, D., Cavalli, M., Crema, S., Smith, M.W., 2019. The
effects of land use and topographic changes on sediment connectivity in
mountain catchments. Sci. Total Environ.
https://doi.org/10.1016/j.scitotenv.2018.12.479.

Cantreul, V., Bielders, C., Calsamiglia, A., Degré, A., 2018. How pixel size
affects a sediment connectivity index in central Belgium. Earth Surf.
Process. Landf. 43, 884-893. https://doi.org/10.1002/esp.4295.

Kalantari, Z., Cavalli, M., Cantone, C., Crema, S., Destouni, G., 2017. Flood
probability quantification for road infrastructure: Data-driven spatial-

statistical approach and case study applications. Sci. Total Environ. 581-582,
386-398. https://doi.org/10.1016/j.scitotenv.2016.12.147.



https://doi.org/10.1002/esp.4295

