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Abstract

In fluvial basin analysis, sediment connectivity is an important element for defining channel dynam-
ics. Nevertheless, although several approaches to quantify this concept have been trialed, there is
considerable discussion about ways to measure and assess sediment connectivity. The present study
investigates sediment connectivity through the definition of a new index, aiming to integrate func-
tional aspects within a structural component. Our objective is to produce a sediment flow connectiv-
ity index (SCI) map, directly applicable to monitoring and management activities. Our SCI is de-
fined as the result of the gradient-based flow accumulation of a sediment mobility index, which is in
turn a simple function of rainfall, geotechnical properties of soil and land use. This method is here
applied to the Vernazza basin (eastern Liguria, Italy), producing a sediment connectivity map that
shows good performance in predicting the positions and accumulation paths of mobilized deposits
detected on the ground after the October 25", 2011, flood event. A further evaluation of the pro-
posed index is performed through a comparison of the maps derived using the SCI and connectivity
index (IC) developed by Cavalli et al. (2013), which highlights comparable quantitative overall per-
formances, together with a slightly better qualitative identification of subtle sediment flow paths by
the SCI. In spite of current limitations due to, e.g., the local nature of the final index, the availability

of input information through open global datasets promises the potential application of this method



to larger-scale assessments, paying attention to properly addressing upscaling and standardization

issues.
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1. Introduction

Since erosion and deposition processes determine the morphological aspects of a topographic sur-
face and its modifications through time, sediment dynamics are a key process in terms of the source
to sink path connectivity, and, in particular, the connection with the fluvial system (Hooke, 2003).
For this reason, it becomes fundamental to consider sediment fluxes within a catchment, via a con-
cept more recently referred to as ‘sediment connectivity’. Sediment connectivity or (dis) connectivi-
ty is affected by, and in turn affects, channel dynamics (Messenzehl et al., 2014; Rinaldi et al.,
2016; Surian et al., 2016). Sediment connectivity investigations impose a considerable challenge to
the researcher because identification and measurement of sediment fluxes depend on an understand-
ing of the complex nature of internal sediment dynamics in different areas of a catchment system
(Bracken and Croke, 2007; Hooke 2003; Fryirs et al., 2007). This spatial variability is a crucial con-
cern in connectivity investigations. Recognition of areas with different degrees of connectivity is
helpful for identifying those areas most sensitive to sudden geomorphological modifications, i.e.,
‘hotspots’ (Vergari et al., 2013; Wohl 2014). Hotspot analysis is useful when considering the influ-
ence of anthropogenic activities on these processes and, vice versa, the control of these processes on
land planning.

The spatial and temporal role of landscape change has been investigated by Doyle and Ensign
(2014) and Poeppl and Parson (2017). Multitemporal land connectivity investigations aim to recog-
nize the effects of both natural and anthropogenic drivers through time (Fryirs and Brierley, 2000;
Kondolf et al., 2006). Moreover, this concept can be considered at several scales: large-scale as-

sessment of structural connectivity can be undertaken alongside reach-scale studies of functional



connectivity, where research can explore the detailed behavior of sediment pulses (Gran and Czuba,
2017).

Approaches to connectivity have changed over time, through an evolution of concepts, definitions,
methods and applications. Early studies introduced the concept of a sediment delivery ratio (Caine
and Swanson, 1989), in which a net sediment budget was calculated, represented by the ratio of
mass delivered to channels and mass eroded in a catchment. From the sediment yield estimation,
geomorphologists then focused on sediment cascades (Fryirs, 2012), i.e., processes (supply,
transport, and storage) responsible for sediment movement within a catchment. At a larger scale, the
degree of connection among different parts of a landscape (or geomorphic system), e.g., longitudi-
nal, lateral, and vertical connectivity, was argued to be very important (Fryirs, 2012; Wohl, 2014).
Others focused on paths and processes differentiation, such as hillslope flows, debris flows, fluvial
channels, etc. (Benda, 1990; Benda and Dunne, 1987; Heckmann and Schwanghart, 2013), as well
as the location and type of storage landforms (Fryirs et al., 2007). Subsequent papers were con-
cerned with mobilization and remobilization mechanisms (Bracken et al., 2014), micro- and
macroscale events (Faulkner, 2008), and anthropogenic impacts (Brierley et al., 2006; Poeppl et al.,
2017).

All these studies highlight strong relationships between the so-called structural and functional com-
ponents of sediment connectivity. In the most accepted definition, structural connectivity describes
the contiguity of landscape units, while functional connectivity describes the interaction among
structural elements by geomorphic, hydrological, and ecological processes (Bracken et al., 2014;
Turnbull et al., 2008; Wainwright et al., 2011; With et al., 1997). The structural component of con-
nectivity allows one to visualize the spatial distribution of potentially detachable sediment, based on
the geomorphic system configuration, while through the functional component, it is possible to
gauge the flows of energy and material based on the way catchment processes must be operating. In
the past, there have been different ways to measure and analyze sediment connectivity, depending

on the consideration of these two components. It must be said that, in the literature, there is some



considerable conflation of structural and functional studies, which makes reviewing the literature
challenging. Heckmann et al. (2018) (table 1) have summarized some of these challenges.

There is a need for studies that connect these characteristics to estimate the material fluxes along
different compartments of a catchment. Most indices available for connectivity maps are based on
the structural component (e.g., Borselli et al., 2008; Cavalli et al., 2013; Crema et al., 2014), where-
as applications of models for simulating transport processes connected to the functional component,
such as LAPSUS or Caesar-LISFLOOD (Coulthard et al., 2017), are more connected to the model-
ing of functional connectivity. Tried and tested approaches, such as USLE, RUSLE, or USPED, can
sometimes be used for investigations of sediment delivery and connectivity (Capolongo et al., 2008,
Aiello et al., 2015). More recently, studies have been identified that attempt to connect the two
components (Baartman et al., 2013; Chartin et al., 2017; Hooke et al., 2017; Kalantari et al., 2017).
Additionally, several authors have proposed various methods for deriving connectivity maps
(Borselli et al., 2008; Cavalli et al., 2013; Ortiz-Rodriguez et al., 2017). However, evaluations of
index and model results are, given the complexity of the problem, largely qualitative, and this issue
raises the question of how to assess those results in the field.

The need to combine geomorphological structures with sediment dynamics is our starting point to
explore connectivity in a catchment. In this study, we propose a new approach for defining and
computing a sediment connectivity index, which addresses structural connectivity including func-
tional interactions. Our definitions include a reasonably low number of input variables and data,
such as rainfall (as external forcing on the system), land use, geotechnical soil features, and topog-
raphy (as intrinsic properties). The obtained connectivity map is thus directly applicable to monitor-
ing activities in the study catchment, e.g., for fluvial system understanding and land management.
The method is applied to the Vernazza basin (eastern Liguria, Italy), a small river basin character-
ized by high sediment connectivity and recently affected by an increased frequency of extreme rain-
fall events (Cevasco et al., 2015). In the following section, we describe in detail our proposed con-

nectivity index, in terms of input data and computational details. In section 3, we introduce the



Vernazza basin in northwestern Italy, where we apply our method, and in section 4, we describe the
data processing and validation approach; then, in section 5, we propose an assessment of our con-
nectivity index map with respect to a database of sediment deposits and detachment areas, collected
at a fine scale on the ground after a flood event in 2011. We use another well-known connectivity
index, the IC index developed by Cavalli et al. (2013), as a benchmark for both qualitative and
quantitative evaluations; we also derive a simplified version of our SCI map, spatially smoothed
and classified into three levels, suitable for more operational purposes. Finally, in section 6, we crit-

ically review our results and, in section 7, we draw some conclusions.

2. Methods

In our study, connectivity is defined as the potential connection among parts of the same system,
i.e., the catchment, through sediment transport (Bracken et al., 2014; Wohl, 2014). From this per-
spective, connectivity is expressed not only by the contiguity between neighboring areas but also by
indirect “contact” due to material (sediment and/or water) flow. Mobility and transfer of sediment
into the channel network determine sediment fluxes. In our method, we first consider sediment mo-
bilization (erosion) and then the movement of this sediment along pathways toward the main chan-
nels and thus to the outlet, considering both longitudinal and lateral linkages. For example, if A and
B are two different areas of the catchment, we consider A connected to B if the sediment mobilized
in A reaches B. We also assume that the greater the sediment mobility in A, the greater the proba-
bility that A is connected with B (Ali et al., 2018) because of the larger availability of sediment to
be transported. Furthermore, the path from A to B is determined through a process-based approach,
simulating sediment flux through slope-driven flow accumulation. Our sediment connectivity map
is based on an estimation of sediment mobility and considers the connection of any cell A in the ras-
ter to any other downstream cell through flux patterns determined by flow accumulation. Hence, our
sediment flow connectivity index (SCI) measures sediment pathways in lateral and longitudinal di-

rections to the catchment outlet (target).



2.1. Sediment mobility

Sediment mobility is expressed as a product of two factors, namely, one that defines the potential
sediment detachment (SM;) and a second factor that encodes the potential subsequent movement
toward surrounding areas, in relation to morphological characteristics of the terrain (SM>) (fig. 1).
The index is derived considering key variables that are the primary factors for starting and support-
ing sediment transport: morphology, rainfall, and soil and surface characteristics. The combination
of these different variables is a consolidated approach in sediment connectivity estimation (Borselli
et al., 2008; Cavalli et al., 2013; Chartin et al., 2017; Hook et al., 2017; Lizaga et al., 2018; Wohl et
al., 2018).

SM is thus defined as follows:

(1) SM = SM; - SM,,
with:
R
2 SM, = L,
S

SM; represents the potential availability of detachable sediment in a cell, where R is the rainfall in-
dex, Sl is the soil stability index, and L is the land use index. The R index rates the rainfall amount
in a catchment, by assigning high values to areas with greater rainfall and low values to areas with
lower rainfall. Rainfall intensity is a proxy of erosivity because it plays a major role in runoff pro-
cesses and sediment generation (Chartin et al., 2017; Coulthard et al., 2016). R is considered a spa-

tially variable index. Its temporal variability determines its role as a simple climatic classification of



territories (if only temporally averaged values are available) or as a forcing element in an event
simulation (if more frequent measurements are used). In our SCI index, both uses are potentially
envisaged, although in the proposed test application, R represents a climatic classification of catch-
ment areas as only annual average rainfall values are available. The Sl index is determined by con-
sidering soil features such as lithology, soil type, permeability, plasticity, and thickness. Soil stabil-
ity indices are used in other approaches to quantify connectivity, e.g., within USLE-RUSLE indices
(Quinofiero-Rubio et al., 2013; Walling and Zhang, 2004) or in other equations (soil loss, curve
number, and water and soil erosion models; Grauso et al., 2018a, b; Hooke et al., 2017; Kalantari et
al., 2017; Lane et al., 2004, 2009; Mahoney et al., 2018), which, however, do not consider some
specific properties, such as soil plasticity and thickness. The inclusion of these soil surface and sub-
surface characteristics, which are recognized as intrinsic functional properties of connectivity
(Heckmann et al., 2018), represents an innovative aspect of the present method. The Sl index con-
siders stratigraphic and geotechnical properties of soil, through an assessment of water permeabil-
ity. The land use index L is defined, in a similar way to the C-factor used in USLE-RUSLE models
(Renard et al., 1997; Whishmeier and Smith, 1978), as a factor that is higher over areas that can fa-
vor sediment mobility, i.e., where the soil is more exposed (less protected), e.g., sparsely covered or
bare land and is lower in areas with more constrained sediment, e.g., when the soil is covered by
vegetation (Borselli et al., 2008), in forests or in urban areas.

Each of these indices is defined as dimensionless, i.e., represented by a scale of normalized value
classes or ranges. The definition and ranking of the ranges of numerical intervals for the R, SI and L
indices is qualitative and relative to the catchment under study. This approach, though simplified, is
used in other definitions of connectivity (e.g., Wohl et al., 2017), as it allows for properly distin-
guishing areas with different degrees of sediment availability.

The second factor, SM,, considers the potential sediment movement available from a cell toward
the surroundings. Here, S is the slope and Ru is the ruggedness of the surface (which are both de-

rived from a DEM, similar to, e.g., the IC index by Cavalli et al. (2013)). Various algorithms can be



used to compute the terrain slope (e.g., Schwanghart and Kuhn, 2010); in this case, we use the “D8”
approach, where for each cell, the drop/distance ratio from that cell and its eight neighbors is com-
puted, and the maximum slope is selected, which identifies the steepest downhill descent from that
cell. Although more sophisticated algorithms exist, this simple method gives an acceptable repre-
sentation of the steepest descent paths in the case of high-resolution LIDAR topographic data (as
those used for this study). Ruggedness describes the topographic variability, defined as the mean
difference between a central pixel and its surrounding cells (e.g., Wilson et al., 2007); this simple
algorithm is used here to approximate the surface roughness. In fact, a higher local slope can be
considered a favorable element for mobility, which is thus modeled as directly proportional to S,
and vice versa. A greater surface roughness can instead be assumed as an obstacle for sediment dis-
placement, and so, SM;, is inversely proportional to Ru.

The two factors of the final sediment mobility (SM) map thus take into account external forcings
(rainfall) and structural (land cover and topography) and functional (soil stability) characteristics of

the surface.

2.2. Sediment flow connectivity index

The final connectivity map is defined by a sediment flow connectivity index (SCI) that measures
sediment transport through flow accumulation. This map is derived by propagating the SM values,
computed as described in the previous section, through a classical flow accumulation algorithm

(Schwanghart and Scherler, 2014; Jenson and Domingue, 1988) as follows:

4) SCI = logyo F(SM).

The flow accumulation algorithm takes into account “potential sediment movement”, by sequential-
ly updating the initial raster (SM) map. Conceptually, this process mimics the flow of sedimentary

material, which drives available sediment progressively from higher to lower pixels (Ludwig et al.



2007). The flow accumulation procedure, here represented by the function F, is often used to esti-
mate the water contributing area of each cell in a catchment. In this ordinary use, unit values of wa-
ter contributions are often assigned to each cell. In more evolved analyses, spatially variable initial
values can instead be used to consider, e.g., the influence of spatial variations of precipitation
(Giachetta and Willet, 2018). Such initial seed values are later propagated, from each cell, iterative-
ly across the surface according to a steepest slope principle, so that, at the end of the iterations, ter-
rain cells with the highest flow-accumulated values are those receiving the most contributing flow
from the surrounding upslope cells. In our case, assuming that the sediment transport process is
similar to that controlling water flow, the SM raster is used to initialize the process, which is then
run to represent sediment flow accumulation. We are aware that this method is a simplification re-
garding sediment transport, both in the detachment-limited and transport-limited regimes of fluvial
incision (see, e.g., Gasparini and Brandon, 2011). However, here we are not interested in quantify-
ing the amount of sediment and the processes that are actually moving sediments within channels,
nor the erosion/sedimentation rates. Instead, we are merely using the flow accumulation process as
a proxy to reconstruct the paths of transported material, following the steepest descent direction
principle. This assumption is justified by other studies that use flow accumulation as a proxy for the
runoff process in a catchment (see Heckmann et al. (2018) and references therein).

The final map thus obtained shows the sediment pathways in the catchment, in both the lateral
(hillslope-channel coupling) and longitudinal (upstream-downstream) direction components, by
considering the channel network up to the outlet. The final cell value is thus assumed as a connec-
tivity proxy: a high value indicates that a cell has consistent sediment flow accumulation through
flow paths from surrounding upslope cells. As in the case of contributing area maps, the locations
with high accumulation are identified with those receiving more contributions, and thus finally with
sediment paths.

Our final sediment flow connectivity index thus expresses both the potential availability of detacha-

ble sediment as a result of external forcings and landscape characteristics and the connection of this



sediment, through slope-driven flow accumulation processes, in the catchment. A high SCI value in
a given terrain cell means a high sediment contribution in that cell from upslope cells, and vice ver-
sa, so that the spatial pattern of SCI values reproduces qualitatively the connection paths of sedi-
ment throughout the landscape. We note that, as in most other approaches to connectivity mapping
(Cavalli et al., 2013, Cossart and Fressard, 2017; Walling and Zhang, 2004), the final values of our
SCI have no intrinsic meaning (i.e., they are not physically measurable quantities); the final infor-

mation lies in the spatial pattern of higher and lower index values.

3. Study area

The proposed method has been applied to the Vernazza basin, a Mediterranean coastal catchment
located in the “Cinque Terre” area (eastern Liguria, northwestern Italy). This small mountainous
basin (5.7 km?) has steep slopes and a valley floor occupied by the village of Vernazza, which was
built on the final tract of the Vernazza stream (fig. 2a). The geology of the area is structured on a
sandstone claystone flysch bedrock (Macigno Formation, Tuscan Unit) and a pelitic complex
(Argille e Calcari di Canetolo Formation, Sub-Ligurian Unit), involved in a wide overturned
antiform fold (Abbate, 1969; Giammarino and Giglia, 1990). The hillslopes are mainly covered by
eluvial—colluvial deposits.

The main characteristics of the catchment are short streams with an ephemeral hydrological regime,
slope steepness and a widespread agricultural terraced environment, currently mostly abandoned.
Usually, agricultural terraces inhibit connectivity by acting as barriers in the sediment cascade;
however, abandoned terraces can reverse this condition, increasing erosion processes (Calsamiglia
et al., 2017). According to recent studies performed in the Vernazza basin on the relationships be-
tween denudation processes and land use changes (Brandolini et al., 2018a, 2018b; Cevasco et al.,
2014, 2013), the lack of maintenance of agricultural terraces makes them susceptible surfaces for
sediment mobility because of the deterioration of dry-stone walls and the consecutive intense over-

land flow. These geomorphological aspects, coupled with the substantial extent of abandoned ter-



races, determine a strong soil instability, mostly during intense rainfall, which occurs during autumn
and winter (Brandolini et al., 2018; Cevasco et al., 2015). In past years, this basin has been investi-
gated with regard to the mass wasting processes activated after an extreme rainfall event (occurred
on October 25™, 2011) and their correlation with land use (Brandolini et al., 2018a, 2018b; Cevasco
et al., 2014; Cevasco et al., 2013; Cevasco and Brandolini, 2015; Galve et al., 2015). These catch-
ment characteristics and the availability of a large quantity of data make the VVernazza basin an ideal
test site for applying the proposed sediment connectivity methodology.

4. Data

4.1. Data processing

The following input data were considered for the SCI map. The spatial resolution of all the used
maps is 2x2 m>.

Rainfall data refer to the mean annual precipitation (MAP) recorded by the Liguria rain gauge net-
work and converted to isohyet maps. In particular, MAP values over the Vernazza basin are related
to data from the rainfall stations of Levanto, Montale di Levanto, and La Spezia, which are the clos-
est stations, located within 10 km from the Vernazza catchment (Pedemonte, 2005). Due to the
topographic gradient and marine influence, there is considerable spatial variability in the rainfall
amounts across the catchment, from 1500 mm (1) in the upper basin to 1100 mm (0) in the lower
basin.

The isohyet map intervals over the basin were rescaled into index values from 0 to 1 (see table 1
and fig. 2b). In our simplified approach, the maximum value is assumed equal to 1, the minimum
value is assumed equal to 0 and the intermediate values correspond to the relatively uniform ranges
from 0 to 1. As mentioned above, this arbitrary subdivision has no consequence on the final spatial
pattern of connectivity.

The soil stability index values were based on engineering geological units and subunits, mapped by
Cevasco et al. (2014), through a lithological and geotechnical soil properties classification. This

variable, which constitutes, as already mentioned, a novelty in the approach, comes from many



years of research studies on soil surface characteristics conducted in the Vernazza catchment
through field surveys, engineering geological investigations, and laboratory and in situ tests
(Cevasco et al., 2014). Units and subunits (sandstone/terraced, sandstone/wild, pelitic/terraced, and
pelitic/wild) and their relative soil attributes (e.g., soil type, plasticity, and thickness) allowed us to
identify four soil stability classes, to which relative normalized values were assigned (see table 2
and fig. 2c). The rationale of this classification is based on the interpretation of results obtained in a
previous study of the catchment (Cevasco et al., 2014).

The land use index values were derived from a land use map, again from Cevasco et al. (2014). As
explained in section 2, high values were assigned to classes that can favor sediment detachment
(e.g., abandoned terraces), lower values were attributed to land cover classes that were considered
obstacles to sediment detachment (e.g., covered soil); urban areas, having virtually null sediment
mobility, were assigned a value of 0. The classification is reported in table 3 and in fig. 2d. This
type of category ranking for the terrain cover is an approach already tested in a connectivity context
(e.g., Wohl et al. 2017).

To apply equations (2) and (3), we processed a DEM of the Vernazza catchment (HR-DTM, 2-m
resolution) to derive slope and ruggedness raster maps. We computed ruggedness with the same
definition as the TRI (Terrain Ruggedness Index) in Wilson et al. (2007):

( |z(-1,1)— z(0,0)|+ |z(0,1)— z(0.0)|+ |z(1,1)— z(0,0)|+ |z(-1,0)— z(0,0)| )
Ru /

+|z(1,0)— z(0,0)|+ |z(1,-1)— z(0,0)|+ |z(0,-1)— 2z(0,0)|+ |z(1,-1)— z(0,0)]|

where z is the height of the DTM surface with the positions relative to the central cell (0,0) in a 3x3
analysis window (Wilson et al. 2007). The tool used for TRI calculation was implemented with the
“gdaldem” module of the GDAL geospatial software library.

Finally, we used the flow accumulation tool as implemented in the TopoToolbox 2.2 MATLAB®
suite (e.g., Schwanghart and Scherler, 2014; Schwanghart and Kuhn, 2010) to propagate the SM

values according to the slopes calculated from the DTM, as mentioned above, to obtain the final



SCI map. All the other steps of the procedure, based on mapping, were carried out through

ArcMap® and QGIS software.

4.2. Validation approach

The connection between areas within the catchment by sediment transport is thus a complex phe-
nomenon, consisting of dynamic processes, triggered and controlled by many factors. In the previ-
ous sections, we have proposed a method for estimating these elements in a static way through an
index, but validation of connectivity maps with ground data clearly requires considerable effort in
general, and can be considered, in fact, another open question in the scientific community, as quan-
titatively sensing the processes involved in the concept of connectivity is still at the limit of current
technology (Heckmann et al., 2018; Wohl, 2017). As a generalized consensus about validation pro-
cedures is yet to be reached, a relatively common approach is to use existing ground data about sed-
iment transfer, typically collected after “bursts” of activity, e.g., following storms or other hazards,
as a proxy for the location of sediment transfer processes and pathways. Following this practice, as
also adopted by other authors (e.g., Borselli et al., 2008; Cavalli et al., 2013; Wohl et al., 2017), we
have compared our SCI map with the distribution of debris flow and mass wasting phenomena,
where sediment reached the channel network after an extreme event. We used a detailed landslide
inventory map, highlighting channels and hillslopes that presented high connectivity and sediment
transfer, realized immediately after the exceptional rainfall event that impacted the easternmost part
of the Liguria region and thus the Vernazza basin on October 25", 2011 (Cevasco et al., 2014), ob-
tained through oblique aerial photointerpretation and field surveys. In view of the abovementioned
complexity of the mass wasting processes, we underline again the assumption that such a map of
sediment sources and deposition areas can be treated as a proxy to identify potential sediment path-
ways and sinks. For example, in reference to our concept of connectivity (see section 2), mass wast-
ing deposits can be considered areas (B) that have been reached by the upstream mobilized sedi-

ment (A) and are therefore highly connected. We are aware that mass movements can generally also



be a cause of lateral disconnection within a system, but in our case, surface erosion and mass wast-
ing processes are strictly connected with the channel network. In fact, the topography of the study
area is characterized by steep and relatively short hillslopes coupled with drainage channels. In such
landscapes, the geomorphic processes of mass wasting play a significant role in sediment lateral
connectivity (as also argued by Heckmann et al. 2018, section 2.1.3, p. 81). Furthermore, our de-
tailed mass wasting inventory clearly shows that most of the events are laterally connected to the
channels.

We also performed a quantitative analysis, using the landslide map as a binary ground truth, and
calculating false positive and true positive rates as a function of the SCI index threshold value, rep-
resented by a receiver operating characteristic (ROC) curve.

To add objectivity to the validation, the same qualitative and quantitative comparison with ground
data was also presented for the connectivity index (IC), developed by Cavalli et al. (2013) and
based on the work of Borselli et al. (2008), which was considered here as a benchmark. The two
mapping approaches are thus intercompared and evaluated through their respective assessments.
Finally, we presented a simplified version of our SCI map, based on 3-level quantization of a fil-
tered version of the full-resolution map, to foster applications to environmental monitoring and

planning.

5. Results

5.1. Mobility and Connectivity Maps

Fig. 2 (e, T) shows the maps for the obtained sediment mobility factors, SM; and SM, respectively.
In the SM; map, obtained from equation (2), the catchment areas with a greater mobility index are
located in the central part of the catchment and are characterized by the presence of sandstone bed-
rock covered by eluvial-colluvial deposits (Cevasco et al., 2014), abandoned terraces and medium-

high rainfall. Conversely, a smaller mobility index characterizes northern catchment areas, where,



despite a higher rainfall, there is low susceptibility to sediment mobilization, also constrained by the
presence of forest coverage.

The SM;, map, obtained from equation (3), is shown in fig. 2f. By visually comparing the two maps,
one can observe that the areas characterized by higher potential sediment availability (SM;) have
medium-high values in the sediment mobility SM, map; it can be deduced that the potential sedi-
ment detached in a cell can also move from the cell because there are structurally suitable condi-
tions for this movement, thus giving a final high connectivity (see later in the text). Both the SM;
and SM, maps exhibit considerable spatial variations: in the northeastern part, areas with low SM;
mobility values are more frequent and homogeneous, while in the central and southwestern parts,
there are more extensive and widespread areas with medium-high SM; mobility. The distribution of
SMj; is more complex, as it also depends on the distribution and variability of the elevations.

The final SCI map, obtained by applying equation (4), is shown in fig. 3. Large values can be ob-
served in the main channels, though variations with lower values along some streams can be ob-
served, possibly indicating spatial differences of flow continuity, related to longitudinal connectivi-
ty variations (fig. 3, detailed map on the right). Lower values are, in some cases, also present over
the hillslopes, indicating a possibly disconnected flow.

In the northeastern part of the catchment, the SCI is high only along the main channels, which re-
ceive sediment contributions from a few upstream areas (a few yellow and several green cells). In
the southwestern parts of the basin, there are more high-SCI areas (several yellow and a few green
cells), which could be interpreted as areas with a significant potential sediment contribution. Here,
larger values would indicate a higher sediment connectivity with “sediment sinks”, i.e., with the
main channels. The map also shows that steeper slopes are characterized by different index values
in the two basin compartments, i.e., lower SCI in the northeastern part (a few orange and yellow

paths) and higher SCI in the southwestern part (more red and orange paths).

5.2. Results validation



We analyzed debris flows, avalanches and landslide sediment paths along eroded gullies, and, in
particular, we considered 493 detachment and depositional areas that appear connected with the
channels (fig. 4a). The comparison was carried out via qualitative and quantitative analysis. First,
through visual interpretation, we observe that displacements and boundaries of the deposit areas, as
well as detachment areas, generally correspond to flow paths with higher index values in the con-
nectivity map. These areas are mostly located along the main channels (fig. 4b). This first analysis
confirms that the proposed connectivity map generally agrees with the field data and represents in-
dicative sediment patterns, i.e., actual sediment transport paths in the Vernazza basin during the Oc-
tober 25, 2011, event. The presence of sediment deposits in the channel shows flow connection
and sediment supply in the channel reaches. Furthermore, these areas usually terminate in the
stream channels for downstream linkages in a connected system. Fig. 5 shows some detailed maps
and aerial photographs of areas that clearly exhibit stream channels full of sediment coming from
tributary gullies (fig. 5a) or from the steep hillslopes affected by several landslide events whose sed-
iment reached the talweg (figg. 5b, c). Fig. 5b also shows how several of these landslides were trig-
gered on cultivated terrace areas.

As previously mentioned, we also applied guantitative testing, utilizing the mentioned mass wasting
source and deposits along eroded gullies as a binary classification reference map, to draw a ROC
curve to verify the class recognition capabilities of the connectivity map. The ROC curve for the
SCI (fig. 4c) shows a shape that denotes a fair classification capability, with an area under the curve

(AUC) corresponding to 0.7.

5.3. Comparison with IC

The IC map of the Vernazza catchment (Borselli et al., 2008; Cavalli et al., 2013) was obtained us-
ing the SedInConnect application (release 2.3; Crema and Cavalli, 2018), using as input the same
DTM used to compute our SCI map; the impedance factor (W) was assumed to be topography-

related (Cavalli et al., 2013) and was computed from the catchment elevation data. The whole IC



map (shown in fig. 6a) shows low connectivity values in the northern basin and medium-high con-
nectivity values in the southwestern areas. The IC map exhibits several features in common with
our SCI map (fig. 6b), e.g., the northeastern part of the catchment appears poorly connected with
streams, while more high-connectivity areas appear in the southwestern part of the basin. In fig. 5,
detailed maps are also shown for the IC map in relation to the field observations.

The ROC curve for IC (fig. 4c) also denotes a fair classification capability, with an AUC of 0.71. In
this respect, the performance figures for both the SCI and the IC indices can be considered equiva-
lent for most practical purposes, also considering the mostly overlapping confidence intervals for

the two ROC measurements, shown as shaded areas in fig. 4c.

5.4. Sediment connectivity application

The detection of sediment connectivity is important to determine the impact of anthropogenic activ-
ities on the basin and, therefore, could be used to devise directives to control the influence of human
actions on the fluvial equilibrium.

A map is more applicable as it transmits the principal information through a simple and effective
graphic representation. An index map can thus be made more directly applicable through further
processing, focused on the particular application context, e.g., reducing the detail by aggregating
data over map regions.

The SCI map of the Vernazza basin was thus further postprocessed to better highlight the areas with
high, medium and low connectivity. A mean filter was applied using a 9x9 rectangular window,
and, then, three classes of values, determined through a natural break index (Jenks), were defined
(fig. 7). In this simplified representation, areas characterized by the high connectivity index value
class could become observation hotspots in the catchment (in the sense of Vergari et al. (2013) or
Wohl (2014), as small areas where the intensity of an event is disproportionately high in relation
with the surroundings), e.g., followed over time to detect their evolution, which could reflect geo-

morphological variations due to, for instance, anthropogenic impacts. This postprocessed map con-



tained most of the original information about sediment flow connectivity (differentiation between
two compartments, discontinuous flows, intensity and spatial variations), but, here, contiguous are-

as with similar connectivity were more evident.

6. Discussion

Our connectivity index is based on local geomorphic, climatic and topographic information. This
index allows us to combine functional and structural elements because it considers physical charac-
teristics of the catchment, including surface features (structural component) and the spatial interac-
tions among these elements (functional aspect) by simulating (in a simplified manner) the erosion,
deposition and transport processes.

The application of this methodology to the Vernazza basin allows us to distinguish different pro-
cesses occurring in different catchment compartments. In the northeastern portions of the basin,
covered by woods, scrub and meadowlands, a low connectivity index characterizes sediment paths,
which indicates lower connection with the stream network. The low values of the connectivity in-
dex obtained for this sector of the basin are linked to the key role of natural vegetation cover in de-
creasing soil depletion and mobility. These results concur with findings reported in the literature
about the effect of vegetation on connectivity (Cammeraat et al., 2005; Egozi and Lekach, 2014,
Latocha, 2014).

In the central part of the basin, a higher sediment flow connectivity indicates fluxes that are more
continuous, determining a higher connectivity of this sector with the main channels. Abandoned ag-
ricultural terraces characterize these zones of the catchment. According to preceding studies (men-
tioned in section 3), these results suggest that terrace abandonment may be considered an important
predisposing factor in increasing both the sensitivity to erosion and the transfer of sediment from
hillslopes to channels via flows. This aspect is consistent with the extensive literature dealing with
the effects of farming terraces on hydrological and geomorphological processes (Calsamiglia et al.,

2017; Gerrard and Gardner, 2002; Koulouri and Giourga, 2007; Lasanta et al., 2001; Lesschen et



al., 2008; Tarolli et al., 2014), which reveals how agricultural land abandonment leads to an intensi-
fication of geomorphic processes.

Moreover, by observing the obtained map in some detail, one can identify reaches that receive a
higher sediment supply through the contribution of the fluxes and their continuity, estimating the
whole connectivity pattern: detachment, movement and transport along the surface, and delivery to
the channel (fig. 3).

Via a qualitative analysis, based on observation and interpretation of the results, it is possible to de-
note a general agreement in the description of sediment paths between the SCI index and the IC in-
dex developed by Cavalli et al. (2013). The SCI map exhibits a slightly clearer distinction in the
central part of the basin, between upper areas (low connectivity, green areas) and lower areas (high
connectivity, yellow areas). Furthermore, on a more detailed scale, a larger spatial variation of sed-
iment connectivity in the subbasins can be discerned in the SCI map, compared to the IC map (fig.
5). For instance, in figg. 6c¢, d, sediment paths are characterized by smaller variations in IC values
and wider variations in SCI values, allowing us to better identify variations in sediment flow from
upstream to downstream. Another difference between the IC and SCI maps concerns the spatial
continuity of connectivity values along channels. In the SCI map, one can identify, along the main
channels, some reaches that appear (in darker red) more exposed to sediment supply than the rest of
the channel (fig. 5 and figg. 6e, f).

Nevertheless, a quantitative analysis shows that the SCI and IC maps show substantially similar
performances when compared to spatial distributions of detachment and mass wasting areas that oc-
curred after a particular event in the Vernazza basin, as also shown by the ROC curves reported in
fig. 4. This finding adds confidence to the fact that, although derived from slightly different as-
sumptions and conceptual process models, the two approaches realistically picture sediment con-
nectivity paths in the territory. We are aware that both the SCI and the IC (as well as many of the
other indices and/or approaches found in the literature) are basically static maps of terrain features

that only mimic the real processes occurring on shorter temporal scales on the ground. In fact, this



is one of the main problems in current research on this subject, as well explained in recent reviews
such as Heckmann et al. (2018) and is clearly one of the key aspects that will have to be approached
in the near future to reconcile common ground for the various definitions. In this respect, we believe
that the quantitative comparison of index maps or model results with field observations for the pres-
ence of path connectivity of sediment flows is one viable way to assess and intercompare different

methods and approaches.

7. Conclusions

A new method, based on evaluation of climate, topographic, and geomorphological variables, has
been presented to derive a sediment connectivity index (SCI) to map sediment flow pathways in a
basin. The proposed method combines structural and functional properties to obtain a sediment mo-
bility map, which is then fed to a flow accumulation algorithm, to derive preferential sediment
transfer pathways. An interesting novelty of this approach is the application of a soil stability index,
based on geotechnical properties of the soil.

The index has been tested in the Vernazza basin, located in eastern Liguria (northwestern Italy),
within Cinque Terre National Park, through comparison with a map of mass waste sources and de-
posits, compiled after ground inspections following a flood event that occurred on Oct. 25, 2011.
Results show that the index identifies high efficiency areas of sediment flows, locating those char-
acterized by high sediment connectivity in potential so-called hotspot areas. A comparison between
the proposed SCI and the sediment connectivity index (IC) proposed by Cavalli et al. (2013) de-
notes comparable quantitative performances of the two indices at the local scale (ROC curves with
very similar AUC values), with the SCI exhibiting slightly larger local spatial variations of connec-
tivity values and a somewhat better identification of spatial continuity in the sediment connectivity.
We must underline that, in this case study, all the input parameters for the SCI have been used in a

static fashion, i.e., without considering their variability in time, although at least the climatic fac-



tors, such as rainfall, could easily be considered temporally variable, and thus potentially provide
better performance in adaptively modeling particular events.

This quantitative validation exercise, although inevitably based on assumptions and approximations,
especially regarding the not physically measurable quantities used as a proxy for sediment connec-
tivity, is one of the innovative aspects of our work and constitutes, in our view, a viable means to
test performances of newly proposed approaches to connectivity mapping. Furthermore, the fine-
scale assessment applied to the Vernazza catchment can also be considered a novelty in the sedi-
ment connectivity framework.

On the other hand, the present approach has limitations. The first one is given by the combination of
structural and functional components of connectivity, i.e., the new index tries to integrate a func-
tional aspect within a structural connectivity index, through feeding a sediment mobility map within
a flow accumulation algorithm, to describe the flow processes of sediment in a catchment; however,
this method still does not constitute a true, physically based interaction model of the two compo-
nents. A second limitation is the local character of the new approach, i.e., since input variables are
considered mostly adimensional indices, numerical values of the final SCI index are also indicative
and depend on the area to which the method is applied; in our case, the index has been calibrated
and validated in the Vernazza catchment as a proof of concept. This method means that
intercomparisons across different areas would require, e.g., some normalization of values. Over-
coming this limitation, which is also common to many other current approaches to connectivity
mapping through indices, would require expressing all the input variables in terms of standardized,
physically based or probabilistic quantities. For development of the SCI index and its wider applica-
tion, a greater amount of empirical data collected in the field is required to establish factor values in
a weighting procedure. This need constitutes an interesting path for future research.

Our approach could be further improved, e.g., to obtain more accuracy or to consider other possible

variables, such as different parameters for evaluating soil stability (clay fraction, organic carbon



weight, etc.), location and properties of structures considered barriers or preferred paths for connec-
tivity (e.g., weirs, embankments, etc.).

The proposed mapping approach could also be directed, with proper upscaling adaptations, toward
the use of parameters (rainfall, soil units, land use, and morphological aspects) that are considered
available on a global scale, e.g., utilizing open global data sets, which are increasingly updated and

completed. This addition is in fact one of the planned future developments of the proposed method-

ology.
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Figure 1. Processing sequences of the proposed mapping approach for sediment connectivity. Sed-
iment Mobility is derived from two factors (SM; and SM,). In SMy, R is Rainfall, Sl is the Soil sta-
bility index, and L is the Land use index. In SM,, S is Slope and Ru is Ruggedness. Sediment Flow
Connectivity (SCI) is obtained as the logarithm of the SM flow result. See text for further details.
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Figure 2. a. DTM of the Vernazza basin in the eastern Liguria region (northwestern Italy). b, c, d.
Sediment mobility ground data maps for the Vernazza basin: rainfall data (a): isohyets of the
Vernazza basin in the value classes (Mean Annual Precipitation); soil stability data (b): engineering
geological units in assigned value classes (engineering geological map from Cevasco et al. (2014));
land use data (c) in associated value classes (land use map from Cevasco et al. (2014)). In b and c,
urban areas are masked. e, f. Sediment mobility factors: SM; map (e); SM2 map ().
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Figure 3. Left: sediment connectivity index (SCI) map of the Vernazza basin. Right: detailed map

corresponding to the red box on the left, illustrating examples of different connectivity values and
flow discontinuities along the main channels.
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Figure 4. a. Mass wasting and deposits triggered by the event on October 25", 2011, overlaid on a
DTM height map. b. Detail in the yellow rectangle in a., overlaid on the SCI map (color scale as in
fig. 3). c. ROC (Receiver Operating Characteristic) curves computed by plotting the True Positive
Rate (TPR) and the False Positive Rate (FPR), with respect to the binary map in panel a, for the
proposed SCI and IC indices. Shaded areas indicate confidence intervals computed through a boot-
strap procedure. Areas under the curve (AUC) for both plots are indicated.
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Figure 5. Sample areas of the Vernazza basin with high SCI values, coinciding with (a, b) detach-
ment and deposition areas in the field and (c) channel reaches characterized by sediment deposits.
For comparison, IC maps for the same areas are also shown. Helicopter images are courtesy of
Comando unita CARabinieri per la tutela forestale, AMBientale e Agroalimentare.
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Figure 6. Comparison between IC index (a) and SCI index (b) maps. Panels ¢ and d show a de-
tailed map highlighting differences in contrasting flow values on the water courses w.r.t. surround-
ing hillslopes (IC and SCI, respectively). Panels e and f show another detailed map with differences
in flow continuity (IC and SCI, respectively). See text for further discussion.
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Figure 7. SCI map of the Vernazza basin after postprocessing, i.e., application of the mean filter
and classification into 3 classes.
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Tables

Rainfall (MAP) (mm per year) Rainfall
Minimum: 1100 — 0 values
Maximum: 1500 — 1

1100 mm 0
1200 mm 0.25
1300 mm 0.50
1400 mm 0.75
1500 mm 1

Table 1. Mean Annual Precipitation (MAP) in the Vernazza catchment classified as rainfall values.
The entire range (from maximum to minimum values of the temporal series) has been rescaled from
0 to 1 (see text for details).

Engineering geological units Soil Stability Values
Sandstone/Terraced 0.25
Pelitic/Terraced 0.50
Sandstone/Wild 0.75

Pelitic/Wild 1

Table 2. Engineering geological units classified as soil stability values (see text for details).
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Land use classes Land use values

Urban areas 0

Grassland 0.2
Forest 0.4
Cultivated terrace 0.6
Abandoned terrace 0.8

Table 3. Land use classes and values associated in relation to sediment mobility (see text for de-
tails).
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Highlights:

A new mapping approach to sediment connectivity is presented.

The approach models functional and structural components for sediment flow.
Performance of the method is assessed on a test site in North-eastern Italy.
New method has potential to be used in other catchments worldwide.
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