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Abstract— In a study area with a complex dry stone walls terracing 

system located in the Cinque Terre National Park (Italy), a very high 

resolution map of the surface connectivity of the flows was generated. 

A 0.06m resolution DTM produced with aerial photogrammetric 

techniques by means of UAV allowed to obtain connectivity index 

(IC) maps that relate the surface flow lines, the IC index and the 

main instability and collapse processes in the terrace system. The 

proposed methodology can be integrated with another proposed 

method for the verification of local stability of dry stone walls. The 

methodologies are proposed as a new tool for future restoration 

projects of dry stone wall terraced systems.   

I.  INTRODUCTION 

In the last 15 years the connectivity paradigm has assumed an 
increasingly important importance in the scientific literature 
relating to various processes such as: geomorphological processes 
of erosion and mass movements; studies relating to 
geomorphological hazard assessment; evaluation of soil erosion 
rates; identification of areas most sensitive to soil degradation 
phenomena, identification of areas with the greatest risk of flow of 
surface contaminants or nutrients (etc.) [2,3,4,5,7,8,10,13],. The 
quantitative evaluation of surface connectivity, to be related to 
other specific indicators of the processes mentioned above, is one 
of the major developments in geomorphology and environmental 
science studies in recent years.  

The surface connectivity flow, which transport mass and 
energy through the surface runoff between two specific points 
located on the surface, has been modeled in the last 15 years by 
different authors both theoretically and practically [2,4,5]. 

One of the most used methods is the so-called Connectivity 
Index (IC) [1]. The IC index was subsequently adopted by several 
authors [1,6,9,10,11,12] for a large variety of applications. The IC 
index has also been proposed with a large number of variants. 

The IC Index is a parameter that can be calculated in a 
distributed way across the territory through standard GIS tools 
once a digital terrain model, with adequate resolution, and a land  

use map are available. The connectivity index is a 
geomorphometric parameter that integrates local characteristics of 
land use or hydraulic impedance produced by the roughness of the 
ground, depending on which variant is used to calculate it [1]. 

The results of the study are related to the application of the 
connectivity theory proposed by [1] in a context of high territorial 
anthropization such as the drywall systems of the Cinque Terre 
National Park (Italy). Our study was applied to a digital terrain 
model (DTM) with high spatial resolution (0.06 m) of a 1 ha area 
together with a detailed land use classification made on 
orthorectified Ortho-photo, both obtained by UAV. The study area 
was chosen given that in the area there are a multiplicity of soil 
degradation processes linked to the partial abandonment of the 
drywall system that occurred from the second half of the twentieth 
century. 

The first objective was to test the validity of the calculation 
methods of the IC index considering the peculiarities of the study 
area such as: the presence of sub-vertical walls of the dry walls and 
other characteristics of strong local anthropization. The second 
objective of the study was to obtain for a highly degraded area, 
such as the study area, new indications on the design criteria for 
drywall restoration interventions that consider the dynamics of the 
degradation processes underway. The tool to reach the second goal 
was to obtain a map of surface connectivity, a map of the surface 
drainage lines obtained with very high resolution DTM and a 
detailed geomorphological map. 

II. METHODS 

A. Study Area 

The selected study area is located within the Cinque Terre 
national park (La Spezia; Italy) with the coordinates 44 ° 06'34.19 
"N, 9 ° 43'49.10" E (Figure 1). The area has an extension of about 
1 hectare, between an altitude of 140 m and 180m. The area is 
characterized by a complex system of terraces that interrupt an 
average slope of 36 °. The dry-stone walls have an average height 
of 2m, and are spaced at an average distance of about 6 meters. 
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The average slope between one wall and the next is around 8-10 ° 
(Figure 2). Land use is characterized by bare soil meadows and 
vineyards. Some of the areas have undergone restoration by the 
Manarola Foundation with the aim of restoring the portions of the 
collapsed walls (Figure 3).  

 

 

 

Figure 1.  Ubication of Study Site, inside Cinque Terre National Park (La 

Spezia, Italy). 

 

 

Figure 2.  Manarola (Cinque Terre National Parck, La spezia, IT) study 
site (2017-2018) 

B. High Resolution Digital Terrain Model by UAV Aero-

photogrammetric Technique. 

The high resolution (0.06m) digital terrain model of the entire 
study area was obtained with aero-photogrammetric technique by 
UAV. At the time of the investigations, the following cartographic 

and technical data were available: Regional Technical Map, in 
scale 1: 5.000, of the Liguria Region; LIDAR data with 1x1m 
mesh deriving from a survey campaign carried out by the Ministry 
of the Environment. The UAV vehicle allowed for a complete 
aero-photogrammetric survey through the acquisition of digital 
images. Preliminary to the acquisition of the images from the UAV, 
the high precision measurement of the coordinates of ground 
control points was carried out by means of a satellite antenna 
(nRTK survey). 

 

Figure 3. High resolution Ortophoto. Manarola (Cinque Terre 
National Park, La spezia, IT) study site (2017-2018) 

 

Subsequently, images and measurements were processed 
within specific software (Agisoft Metashape Professional). Then 
we proceeded with the elaboration of three-dimensional, oriented 
and georeferenced points clouds of high information density and 
their treatment within data processing software (Cloud 
Compare). At the end the extraction was carried out, from the 
three-dimensional data returned by ortho-mosaics and digital 
elevation models with high resolution (0.06 m). The UAV flight 
was carried out with a flight height of at least 70 m AGL (Above 
Ground Level). The aerial photographs were taken with the 
camera in the nadiral position (the optical axis exiting the lens 
has an inclination of 90 ° with respect to the horizontal) and 
camera inclined by 45 ° with respect to the horizontal, in 
consideration of the average slope of the terraced slope. The 
average overlap between the images was 80%. 

 

C. Index of Connectivity (IC) Map 

The connectivity map by means of the IC index was 
obtained following the original method proposed by [1] through 
the following equation:   
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IC = log10 (
𝐷𝑢𝑝

𝐷𝑑𝑛
) =  log10 (

𝑊×𝑆×√𝐴

∑
𝑑

𝑊×𝑆

)         (1) 

 

where The numerator (Dup) represents the feature uphill from a 

selected benchmark point and evaluates the capacity of water and 

sediment to descend towards the benchmark point (Borselli et al., 

2008). 𝑊 = average value of the weighting coefficient related 

to land cover/use; 𝑆 = average slope of the area that contributes 

to the reference point (m/m); A = contribution area (m2).  
The denominator (Ddn) measures how the features downhill from 
the benchmark point allow the water and sediment to reach the sink; 
the elements of the calculation are similar to the Dup element, 
where the distance (d) to the sink (expressed in m) replaces the 
contribution area (A) (expressed in m2).The weight factors W used 
in the eq. (19 are the same originally implemented by [1] for 
different land use.The map of IC index was obtained considering 
a minimum contribution area of 5 m2 in order to produce basic 
drainage flow line. The basic algorithm used for determine flow 
direction has been the D8 algorithm [14] implemented in ArcGIS 
Module TAUDEM [15]. 

  

III. RESULTS AND CONCLUSIONS 

The most important results of the study are a series of maps, 

with an extreme spatial resolution, which represent the 

distribution of connectivity in relation to the main instability 

phenomena detected in the drywall system (figure 4). The 

obtained maps relate the main flow lines that interconnect 

different terraces through two, or more, points in correspondence 

with collapsed terraces. The collapse of the terraces and the 

subsequent deterioration upon the establishment of a continuous 

flow line associated with accelerated erosion phenomena is a 

fairly common phenomenon in the Cinque Terre area. The 

phenomenon can considerably aggravate the degradation of the 

territory and produce more important threats during extreme 

hydrological events. 

A system of flow lines, with high connectivity, which 

connects two or more terraces, through the collapse areas (figure 

5), represents an extremely risky condition which can produce an 

acceleration of instability and a high production of sediments 

towards the urbanized downstream areas. In figure 4 the higher 

IC index value pixels are related to sites with flow lines 

interconnecting more than one terraces. Instead the lower IC 

values, that in some case are present in between two contiguous 

dry-stone walls, are related to recent human artifact as the 

temporary accumulation of stones and soil due to restoration work 

in progress. 

In general, a rapid local Increase of IC values are always 

related to a sharp increase of sediment mobility and thus soil 

degradation associated to dry-stone walls collapse. 

Figure 6 shows how even a high-resolution digital terrain 

model, such as a DTM lidar (1x1m), is unable to effectively 

reproduce the complex morphology of a terraced system. Instead, 

a high-resolution DEM, such as that obtained on the study site, is 

required to correctly represent the distribution of the actual slopes 

that are used for a multiplicity of applications. In particular, it is 

effective for studying the stability of single or multiple dry-stone 

walls using advanced calculation methods [16]. Lower resolution 

DTMs (for example 1X1m) are not suitable in this terraced system 

to reproduce sufficiently reliable connectivity maps.  

The methodology developed with the application of the 

connectivity theory [1] to terraced systems together with the new 

method of verification of local stability of dry walls [16] is 

proposed here as a new and fundamental tool for the design of 

restoration interventions in terraced system of the Cinque Terre, 

with the aim of also mitigating the adverse effects during extreme 

hydrological events. 

 

Figure 4..flow Connectivity map by IC index distribution in apportion of study 

site 30X30m. The grey zone is characterized by dense mediterranean shrub 
vegetation that do not allow the obtainment of reliable DTM. The yellow lines 

represent the upper limit of main phenomenon of collapsed dry stone walls. The 

yellow arrow is positioned in correspondence of site depicted in figure 5   
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Figure 5 Collapsed Dry stone wall with concentrated runoff pathway across 

a terraced vineyard in the study site. (Photo P. Petri 2017) 

 

 
Figure 6 Comparison of three type of topographic profiles obtained from 

DTM region Liguria (scale 1:5.000 resolution 5x5); DTM form Lidar 1x1m 

(Ministero Ambiente), DTM obtained by aero-photogrammetric survey by 
UAV at resolution 0.06x0.06 m.  
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