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The physical landscape is the mosaic resulting from a wide spectrum of environmental components. The
landforms define the variety, or diversity, of the geomorphological component: the geomorphodiversity.
Landforms are usually represented in thematic maps where the scale and the graphic solutions are widely
heterogeneous. Since geomorphological maps are not always easy to obtain and standardize, topography
might be used as a proxy to infer the morphological signature. To recognize, evaluate, and in some cases
promote the geomorphodiversity of an area, a numerical assessment is preferable. Through the use of quan-
titative approaches, indexes can be defined which quantitatively characterize the physical landscape in a
discretized space consisting of continuous and regular cells. In this approach each cell is labelled with an al-
gebraic value, which increases with the diversity degree.

In this paper a quantitative index for geomorphodiversity is estimated stressing the topographic variables de-
rived from Digital Elevation Models in a GIS environment. The resulting index is the sum of the variety of each
terrain parameter taken into account. The areas characterized by the highest value of geomorphodiversity
index show a good correspondence with well-known situations in the region where not always the geological
heritage is properly acknowledged. The areas characterized by the lowest value of geodiversity correspond to
the center of some intermountain basins of the region. Being the index strictly related to the topographic variety,
this result is quite obvious but not easily predictable since in some flat areas the index is higher. Comparing the
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results with the geomorphological map of the area performs a validation procedure for the method. A positive
correlation is found between the index calculated and the presence/absence of landforms.
The paper shows that the index is a useful and simple tool for the identification, analysis and promotion of the

geological heritage.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

In the last decades many researchers have focused their attention on
the definition of geodiversity and its relationships with biodiversity,
natural environment conservation, ecosystem services, geotourism
(Gray, 2004). Evaluating the diversity of an ecosystem involves the ne-
cessity to define indexes able to compare different geographical and
morphological areas. The concept of the physiographic unit is one the
main focal points defining the relationships between the different vari-
ables composing the landscape (Bailey, 2009; Fenneman, 1928; Hooson,
1968; Miliaresis and Argialas, 1999). Fennemans' (1928) method, still
acceptable in the scientific literature, classifies the United States in
physiographic provinces, and was the basis for many other studies de-
veloped for other countries. Since the beginning of the 20th century
the concept of physiography was enlarged, including the more general
idea of a geographic division of the landscape. The approach of a division
of the terrestrial surface in homogenous districts characterized by par-
ticular processes and landforms is still a main topic for the earth scien-
tists. To classify and divide areas with similar geomorphological
arrangement is the basis for a correct planning of the territory for man-
agement and exploitation.

To this end spatial analysis and quantitative measurements of envi-
ronmental variables are the basis for an innovative approach to investi-
gate the mutual relationships between the different components of an
ecosystem (Bétard, 2013; Hjort and Luoto, 2010; Hjort et al., 2012). Abi-
otic and biotic components are related to each other, but methods and
techniques used for their assessment are not always comparable
(Matthews, 2014). It is well recognized that the biotic richness and
the diversity of an ecosystem, or biodiversity, strictly depends on the
abiotic elements belonging to the same area. The geological substrate
and the topographic setting, together with the morphological processes
and the climatic conditions, create the basis for the weathering activity
and the soil formation at the bottom of each biotic cycle (Musila et al.,
2005). Accordingly, the definition and evaluation of the abiotic compo-
nents is an essential step in order to compare and model the ecosystem
evolution. Thus, since the last decade, the scientific community has
started developing a specific field of research in the Earth Sciences
aimed at the definition and measurement, in a quantitative perspective,
of the diversity of the abiotic components, or geodiversity.

The geodiversity of an area is defined as its “natural range (diversity)
of geological (rocks, minerals, fossils), geomorphological (landforms,
physical processes) and soil features” (Gray, 2004). The definition col-
lects the three main abiotic components involved in landscape model-
ling: 1) the geological parameters, 2) the geomorphological processes
and 3) the landforms and the resulting soil types, which are the starting
conditions for the biotic cycles. In this qualitative characterization, no
reference is given to how and how much these parameters need to be
taken into account when studying an ecosystem.

Recent works focused on a semi-quantitative approach take into ac-
count the presence/absence of geosites (Reynard and Coratza, 2007)
and their abundance and richness as indicators of high ranks of
geodiversity. Ruban (2010) suggests a further clarification of the defini-
tion of geodiversity starting from the geosites, or the portions of the
geosphere presenting a particular importance for the comprehension
of Earth history, and considering their presence/absence in the study
area as a measure for ranking the geodiversity. A semi-quantitative def-
inition is also proposed, where geodiversity is the sum of “total quantity
of geosite types occurring on a given territory” (Ruban, 2010). A

complex geosite, described by different components has a rank equal
to the maximum value observed among the counterparts' ranks. Thus,
the geodiversity of an area is the sum of maximum rank scores of each
type of geosites within a given territory.

In this work the geodiversity is not evaluated based on the presence
of geosites. This choice is motivated by the fact that a landscape can be
regarded as having a high value of geodiversity without hosting any
geosite since the identification of a geosite requires some elements
not directly linked to geodiversity as cultural and aesthetic values. For
instance, in the Italian Geosites Inventory (www.isprambiente.gov.it)
a large number of geosites are located in areas like the Padan Plain,
where the morphological setting is quite monotonous and a low variety
of landforms and processes are present. In these cases, the presence of
geosites is not associated to a high geodiversity, but rather it is due to
the meaning that the associated landforms have for that specific geo-
graphical area, like their social and historical context. In this context, it
is important to reiterate that geodiversity is linked to the simultaneous
presence in a region of a large number of processes and variables, while
in order for an area to be a geosite only some peculiarities are required,
not necessarily related to its scientific value. Following the decoupling of
geodiversity from geosites, the second point is how the assessment of
the abiotic components can be improved, moving towards a quantita-
tive evaluation. This last approach has several advantages. First of all, a
quantitative approach is an objective and repeatable procedure, thus
allowing for the comparison of areas in different geographical contexts.
Second, a geodiversity index (GI) value can be joined to a planimetric
area, usually corresponding to a squared cell in a raster layer, so that
large areas may be tiled in zones with similar GI values. Moreover, this
approach would allow overlaying the GI to other spatial terrain infor-
mation for different purposes. Geographical Information Systems
(GIS) and remote sensing data are the best tools for a quantitative defi-
nition by exploiting digital terrain data (Yongxin, 2007). Geodiversity
indexes have been mostly implemented for regional scale studies, im-
proving the number and quality of historical cases in the recent years
(Benito-Calvo et al., 2009; Hjort and Luoto, 2010; Melelli, 2014;
Pereira et al., 2013; Serrano and Ruiz-Flafio, 2007; Silva et al., 2015;
Vergari, 2009; Zwolifiski, 2010). In this context, the GI has been recently
correlated with a new geovisualization technique in order to improve
the digital cartography and the 3D virtual displaying (Martinez-Grafia
et al.,, 2014; Melelli et al., 2012). Useful implementations are also sug-
gested for a wide range of purposes, such as geoparks and geoheritage
characterization (Erikstad, 2013; Ferrero et al., 2012; Panizza and
Piacente, 2009) or for hazard evaluation and prevention (Gordon et
al, 2012).

The quantitative procedure for the GI assessment generally takes
into account several terrain parameters, such as the geological, geomor-
phological, hydrographical and topographic datasets. Among these, the
geomorphological data are the most difficult to include in an automatic
procedure. Although geomorphological mapping production is aligned
with new digital techniques (Gustavsson et al., 2006), currently the geo-
morphological characteristics are still the most difficult to obtain, in par-
ticular due to the lack of geomorphological maps for large areas.
Moreover, the geomorphological information is extremely complex to
be represented due to the huge amount of associated data, thus
resulting in a map that is not easily converted to a digital format
(Carton etal., 2005; Melelli et al., 2012). The large heterogeneity of sym-
bols and legends used to represent landforms and their close depen-
dence on the scale is one of the strongest barriers preventing the use
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of geomorphological datasets. Further, geomorphological mapping has
a no continuous drawing. Symbols representing landforms are inter-
posed with blank - empty space and in some cases the same area in-
cludes more than one landform.

Some geodiversity models already applied to Italian regional terri-
tories (e.g. Vergari, 2009) present some limits essentially due to i) the
low number of components considered to assess geodiversity (i.e.
those models in which the analysis is only limited to the lithology diver-
sity) and ii) the a priori assignment of weights to the different
geodiversity components.

The first purpose of this work is to elaborate a procedure that ex-
ploits GIS and Digital Elevation Models (DEMs) to obtain an automatic
and unbiased mathematical expression for the morphological compo-
nent of G, the geomorphodiversity index (Gml). The second fundamen-
tal aim is to propose an indicator of geomorphodiversity, attempting to
replace the landforms by DEM-derived morphometric parameters. Al-
though a geomorphological map is a thematic map, which cannot be re-
placed at all, because of its wealth of information, some topographic
attributes can usefully outline to model the geomorphological setting
of an area when the corresponding geomorphological map is not avail-
able. In this approach, topography is considered as a signature of the su-
perimposition between exogenous and endogenous forces shaping the
land surface. Moreover, using topographic attributes different geo-
graphical zones can be compared and large areas can be represented.
Being the DEM the only input data, this approach allows acquiring topo-
graphic variables with different horizontal resolution and vertical accu-
racy, and testing more than one topographic data for the same area. This
represents the main difference between the numerical model proposed
in this work and the formulas already existing in the scientific literature.
In this way, the proposed method uses the geomorphological data only
to validate the result and not as input parameters, in order to avoid the
above-mentioned limits of the geomorphological thematic mapping.

We apply our approach to the Umbria region (Central Italy) and the
results are validated comparing the resulting GmI map with the avail-
able geomorphological maps of a selected part of the study area, consid-
ering the geomorphology of a territory as the result of the interactions
among all the components contributing to define its geodiversity.

2. The study area
2.1. Topographic setting

Umbria (Central Italy) covers an area of 8456 km? (Fig. 1).

The Umbrian territory, despite its limited extent, is characterized
by an outstanding diversity of geomorphological and geological con-
texts. The hilly setting is predominant (Fig. 1), and is characterized
by both low (200-500 m a.s.l. 52% of the regional area) and high
(500-800 m, 24% of the total) landscapes. The first is present in the
entire regional area, with the exception of the northeastern sector,
where the high hills are prevalent, and of the southeastern portion,
occupied by mountains (14% of the total area, with an average alti-
tude value higher than 800 m, and the highest peak being Cima del
Redentore at 2448 m, in the Sibillini Mountains). The remaining
10% is below 200 m, confined to the Terni basin and the middle and
lower Tiber valley. The region is longitudinally crossed by the Tiber
River, starting from the northern boundary along the Upper Tiber
Valley with an altitude of 320 m and flowing along 50 km of the re-
gional territory. The Tiber River draws partially the Tiber Basin, the
largest of the intermountain basins in the Umbria region (with an
area of about 1800 km?) with an overturned Y shape splitting near
Perugia (Basilici, 1997 and references within). The morphological
setting agrees with the topographic setting. In Fig. 2 slope values
are grouped into four classes highlighting a spatial distribution
very similar to the altitude values mapped in Fig. 1. The lowest
range (class 1, slope values between 0° and 5°, 25% of the total
area) is present in the main intermountain basins, along the alluvial

plain and around Trasimeno Lake. A second slope class (5°-16°, 41%
of total area) is widespread in the whole area, mostly in the western
part while the highest slope values (30-76°) only cover about 6% of
the region.

2.2. Geological setting

A well-defined relationship between the topographic arrangement
and the geological setting is present on the entire area. For this reason
the Umbria region is an excellent test area for evaluating the
geomorphodiversity with the method proposed in this paper, being
the superficial topographic an excellent mark of the past and present
geological and geomorphological evolution. The most ancient endoge-
nous event still recorded in the superficial morphology is a compressive
tectonic phase (from Oligocene - Miocene to Pliocene) that has formed
the northern Apennine, a succession of anticlines and synclines with a
NW-SE direction, eastward dipping and bordering the Umbria region
along the eastern limit. The Apennine is mostly formed by the carbonate
complex (Upper Trias - Lower Miocene) cropping out continuously in
the southeastern portion of the region, and, with a lesser extent, in cor-
respondence with the reliefs in the central sector. Moving from the bot-
tom to the top of the sedimentary multilayer, the lithological
composition changes from limestone to marl limestone. This geological
complex exhibits low values of drainage density. Fluvial erosion results
in deep river valleys and rectangular drainage patterns.

In the higher part of the sedimentary sequence, the terrigenous
synorogenic complex is present (Oligocene — Medium Miocene)
and outcrops in the northern and central part of the study area. It
consists in a sequence of limestone and arenaceous layers interbed-
ded with marls and clays. Fluvial and gravitational processes mainly
consisting of slides and flows are the predominant processes shaping
the surface. Dendritic drainage patterns are characteristic of this
complex; the drainage density increases with the percentage of
clay. The fold system was involved in an extensional tectonic
phase, which created sets of normal faults resulting in valleys and in-
termountain basins. Moreover an isostatic uplift started in the Medi-
um - Upper Pleistocene and still active, involved the entire area
creating an high energy relief. Superficial sediments infilled the tec-
tonic depression, actually grouped in the post-orogenic Plio-Pleisto-
cene deposits, that are marine and continental sediments with a
great compositional heterogeneity constitute the post-orogenic
complex (Pliocene - Holocene). Conglomerates, sands and clays are
present.

In order to complete the geological description of the region, the vol-
canic complex (age of 600-130 ky) must be mentioned, although it only
covers a limited portion in the southwestern part of the area and is
mainly characterized by ignimbrite deposits and stratified tuffs. The ex-
tensional tectonic activity involving the complex affected the spatial or-
ganization of the drainage network.

3. Methods

The quantitative index, which we propose, is based on the con-
cept of geomorphological diversity or geomorphodiversity
(Thomas, 2012), thus restricting the input data only to those vari-
ables associated with the evolution of the physical landscape.

In order to parameterize the processes shaping the Earth surface,
topographic attributes must be necessarily considered. It is natural,
therefore, to rely upon methods and data that can be directly derived
through the geomorphometric analysis of Digital Elevation Models
(Evans, 2013; Pike, 2000). The primary and secondary parameters
(sensu Hengl and Reuter, 2009) useful for landform representation
such as slope, aspect, curvature and roughness are extensively de-
scribed in the scientific literature (e.g. Bétard, 2013; Melelli and
Taramelli, 2010; Taramelli and Melelli, 2009a, 2009b; Wu et al.,
2008). The evaluation methods are fundamental for having reliable
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Fig. 1. Umbria region: location map and elevation ranges a.s.l. 1) <200 m, 2) 200-500 m a.s.l,, 3) 500-800 m, 4) >800 m.

results. For this reason different approaches have been tested, which
take into account the estimation accuracy and error (Honghu et al.,
2011; Vaze et al., 2010; Warren et al., 2004). Some parameters
have been investigated for better understanding their characteristics
according to the topographic setting, in particular when they are de-
rived from high-resolution digital terrain models (HRDTMs). Surface
roughness is one of the most promising data. In order to capture the
anisotropic and multiscaling properties of this attribute some at-
tempts have been made (Trevisani and Cavalli, 2016).

However, the information associated with these attributes in some
cases is rather similar. As a result not all these attributes are included in

the analysis to not overload the procedure with redundant data. Because
of this, a pre-analysis was done crossing-comparing the most used topo-
graphic attributes for the study area and analysing their correlation. In
particular, the curvatures (both the planar and the radial) are discarded
from the input data because, as discussed in Section 4.3, they show behav-
iour similar to roughness. The remaining factors, selected in the pre-anal-
ysis, are all included in the formula for the index characterization.
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The applied mathematical expression (1) is the sum of five factors;
all of them are grids of different terrain parameters (Fig. 3).

Gml = Geoy + Ddy + Rg, + Sp, + Lcy (1)

where

» Gml is the geomorphodiversity index,

* Geo, is the classified raster map of geological diversity factor,

 Dd, is the classified raster map of the drainage density diversity factor,
 Rg, is the classified raster map of the roughness diversity factor,

* Spy is the classified raster map of the slope position index diversity fac-
tor,
* Lc, is the classified raster map of the landform category diversity factor.

Terrain data are derived from the DEM as a floating raster (Rgy, Spy,
Lcy) or converted into a grid raster from a starting vector layer (Geo,,
Dd,). Two functions are used: the focal function, and the local one
(ArcGIS 10.x © ESRI).

In order to evaluate the diversity of each parameter, a focal function
(neighbourhood statistic function) is applied resulting in the variety
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Fig. 3. Flow chart showing the steps of the analysis.

value. In the map algebra syntax for variety the input defines the argu-
ment list to evaluate the majority value for each cell location. A number
can be input as an argument, but it will be converted to a raster at the
current window and cell size set in the analysis environment, with
each location containing the input number.

In Eq. (1) the statistical value used is the variety. This parameter de-
fines the diversity of the values (the number of unique values) on a cell-
by-cell basis within the analysis mask. The output is always an integer
grid. The analysis mask can be defined as a rectangle of any dimension,
a circle or annulus of any radius or an oriented wedge in any direction.
The dimensions of each geometric figure are in cells or map units. The
selected mask is a circle. The radius value is identified in map units in
order to obtain a circle area equivalent to 1 km?. The radius is selected
considering a meaningful area comparable to the DEM resolution and
suitable for the aim of the analysis. Even if a rectangle mask produces
the best resolution enhancement, this shape also creates a blocky-
looking output that results from the fact that peaks or sinks are included
(Guzzetti and Reichenbach, 1994). In order to avoid this disadvantage,
the circle optimizes an omnidirectional resolution.

Therefore, for each terrain parameter the grid of variety is computed.
Since each parameter produces a variety grid with a range of values,
which differs from the ranges obtained for the other parameters, all
the input data are reclassified in five classes. This procedure scales all
the input grids to the same number of classes and standardizes the
values of cells from 1 to 5, whit 1 representing the minimum variety
and 5 representing the maximum variety.

The choice to use five classes is the final result of several attempts
where the qualitative geomorphological information is compared with
the resulting areas of the reclassification. With five classes the cells are
properly grouped, representing homogenous areas with the same char-
acteristics in terms of geomorphodiversity. A lower number of classes
limit the diversity inside some areas where, on the contrary, a large

variety is well known. A higher number of classes change the aim of
the procedure, which is to group the cells to highlight areas with homo-
geneous characteristics in terms of geomorphodiversity.

This procedure ensures that the range of classes is equal for all the
parameters. The statistical method used to classify each dataset is the
Jenks' natural breaks algorithm, which clusters the data values based
on their distribution (Jenks, 1967). The algorithm reduces the variance
within groups and maximizes the variance between them.

The final sum of the input raster data is then performed. The sum pro-
vides the GI value of an area. To obtain this value it is not necessary to use
a weighted overlay, since the reclassification, according to Jenks algo-
rithm, has already assigned the proper rank to each class of each input pa-
rameter. The sum assigned the same rank to each input parameter
according to Jenks algorithm. In the final sum, the cell size is lowered to
the minimum value of all the terrain parameters, i.e. 500 m. The choice
of lowering the cell size is made by taking into account the resolution of
the data entries, in order to increase the reliability of the output data.
With this approach in mind, it is preferable to reduce the initial data
with high spatial resolution rather than increasing the lowest ones.

4. Input data
4.1. Geological vector (Geo,)

In order to obtain a geomorphodiversity index, which is capable to
express the effects of modelling processes on the relief, it is necessary
to consider a factor expressing the spatial variation of the main bedrock
characteristics. For this reason a geological factor has been added to the
input data.

The geological layer has been extracted from the official vector geo-
logical map of the Umbria region (http://www.regione.umbria.it/
paesaggio-urbanistica/cartografia-geologica-informatizzata-vettoriale)
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stored in a GeoDataBase (ESRI © model). The shapefile, completed in
2012, derives from field surveys at scale 1:10,000. The original vector
data has a total of 46,982 features, being the subdivision of the outcrop-
ping lithotypes and sediments hierarchically organized.

In this way seven classes have been obtained:

Alluvial deposits constrained to river tracks on flat areas,
Debris and fluvial deposits (mainly gravels),

Fluvial and lacustrine deposits (mainly sands),

Fluvial and lacustrine deposits (mainly clays),
Terrigenous complex,

Carbonate complex,

* Volcanic complex.

The final shape file is converted to a grid with a cell size of 25 m.
Then, the diversity of the values is computed, obtaining an integer
grid that is a raster format where a terrain value is assigned to each
pixel, or cell. It was then reclassified in five classes and the break values
were identified according to the Jenks algorithm.

4.2. Drainage density (Dd,)

While topographic attributes and the derived indexes are adequate
to highlight the geomorphological diversity in mountains and hilly
areas, they fail in the flat ones. In plain territories, the low or null differ-
ence in altitude decreases the efficiency of slope parameters thus affect-
ing their capability to describe morphometric characteristics.

The flat regions of the study area correspond to alluvial plain crossed
by several rivers and streams. In active alluvial plains the morphogenet-
ic processes can be fast, especially near the stream channels, developing
a large number of erosional and depositional landforms. Hence, the
drainage network may be a valid input parameter, useful for
geomorphodiversity assessment.

In order to find an efficient numerical attribute to link the presence/
absence of the river network to the geomorphology, the drainage densi-
(Dd) is considered (Tucker et al., 2001). The drainage density param-
eter (Horton, 1945) is a function of erodibility and permeability and,
therefore, it can be also connected to the degree of fracturing. Many
studies on the spatial variation of the Dd values highlighted their useful-
ness in identifying zones with different geological and geomorphologi-
cal characteristics (Del Monte, 1996; Lupia Palmieri et al., 2001;
Strahler, 1958). The Dd, defined as the total length of the entire river
network in a drainage catchment divided by the area of the basin, also
depends on climatic conditions, slope angle, land use and landcover.
Thus, it is an excellent parameter to identify and highlight the relation-
ships between the hydrographical component and the geomorphologi-
cal characteristics of an area.

Rather than to extract the rivers from the DEM with GIS-based syn-
thetic network extraction we preferred to digitize the drainage network
from the topographic maps with an equivalent scale (1:25,000). Even if
the digitalization is strictly dependent on the spatial scale, it produces
more reliable results on flat areas. The GIS-based procedures, instead,
typically fail where the flow direction and accumulation are not well
emphasized by clear differences in altitude, such as on flat areas. Fur-
thermore, the algorithm may not consider neither the artificial

<

channels, which sometimes do not follow the maximum slope direction,
nor the meandering rivers with a radius of curvature lower than the cell
size of the DEM. Considering that the alluvial plains are just the portions
of the study area where Dd should improve the GI index, we preferred
to rely upon input data with a higher level of accuracy.

In this way, a polyline vector layer was obtained. The topological re-
lationships between the segments of the networks are added by
converting the shape into a 3D vector layer. To compute the Dd value,
the Line density Tool in ArcGIS was used. The magnitude per area unit
is derived from the polyline features (rivers) falling within a given radi-
us around each output raster cell, thus obtaining, as output, a grid data.
Density is calculated in units of length per unit area, similar to the Dd
parameter. Several values were tested for the radius in order to find
the optimal resolution in an output grid with a cell size of 500 m. This
spatial resolution has been chosen since it is the lowest one among
those of the data entries. Once again it is important to highlight that
drainage density is added in the GmlI evaluation mostly to better define
the diversity of the geomorphological aspect on flat areas. Where the to-
pographic model is quite monotonous and the climatic conditions allow
it, the fluvial process is the most important factor favouring and increas-
ing geodiversity.

4.3. Roughness (Rg,)

The topographic attributes derive from a DEM with a cell size of
25 x 25m. The terrain model is obtained from the digitalization and in-
terpolation of contour lines and spots heights drawn on topographic
maps with similar resolution. The altitude values are interpolated in
order to obtain a grid DEM. The input data were the digital contour
lines obtained from IGMI topographic maps, consisting of 131 digital to-
pographic sheets at a scale of 1:25,000. The DEM was processed in three
steps. In the first step the elevation values and the geometry of the con-
tour lines were checked. In the second steps all the 131 topographical
sheets were assembled in 21 partially overlapping maps (Taramelli et
al., 2008). In the final step a Triangulated Irregular Network (TIN) was
derived from contour lines and then converted in a raster grid. In
order to reduce the errors, in particular in flat areas, detailed topograph-
ic maps at a 1:10,000 scale were introduced in the model. In the final
DEM, sinks and peaks were erased (Taramelli et al., 2008).

The landscape roughness is the measure of how a topographic sur-
face is irregular (Hani et al., 2011). In a geomorphometric approach,
roughness can be based on different topographic attributes, such as
the standard deviation of slope or elevation (Cavalli and Marchi, 2008;
Frankel and Dolan, 2007). In this context, and with the purpose of
avoiding redundant data in the calculation of the Gml index, the rough-
ness was compared with other topographic attributes in a pre-analysis
phase, through the use of a multivariate analysis. The topographic attri-
butes taken into account were the slope angle, the planar and the radial
curvature. In detail the curvature was computed as the second deriva-
tive of the input surface on a cell-by-cell basis. For each cell, a fourth-
order polynomial of the form: Z = Ax?y? + Bx?y + Cxy? -+ Dx? + Ey? +-
Fxy + Gx + Hy + lis fit to a surface defined by of a 3 x 3 window. The
coefficients from A to [ are calculated from this surface.

This analysis was performed using the ArcGIS Statistics tool (Band
Collection Statistics) in order to highlight the correlation between pa-
rameters and avoid redundancy. The tool provides statistics for the mul-
tivariate analysis of a set of raster bands. As an output a correlation
matrix was provided showing the values of correlation coefficients
that represent the relationship between the crossed datasets. The corre-
lation index is the ratio of the covariance between couples of layers di-
vided by the product of their standard deviations. The range of the index
is between + 1 and — 1. A positive correlation suggests a direct relation-
ship between two layers. Results obtained from this procedure
highlighted a good correlation between roughness and slope (correla-
tion value equal to 0.84). The planar curvature has a correlation value
with the radial one equal to 0.94, suggesting that the two variables are
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redundant. The correlation value of the curvature with the roughness is
not particularly high (about 0.6). However, the curvatures (both planar
and radial) are removed from the input data also considering that the
drainage density is a suitable parameter for modelling the watershed
lines of water accumulation (positive planar curvature), and the ridges
lines (negative planar curvature). Based on these results, both the
slope and the curvature were discarded for the computation of the
Gml. Roughness is strongly affected by the scale, since the concept of
roughness may be applied on a multi-scale level (Hollaus et al., 2011).
In this study roughness was computed in a grid format as the ratio be-
tween the real surface area and the planimetric one of the same square
cell (Jenness, 2004). High values of roughness identify zones where val-
leys and ridges are frequently alternated and are associated with het-
erogeneous geological substrate or with an intense geomorphological
activity (Melelli, 2014). Therefore, the higher the value of roughness,
the higher the probability to detect landforms. The surface area for a
cellis calculated considering the elevation of that cell plus the elevations
of the 8 adjacent cells (Jenness, 2004). A 3-dimensional space is built
starting from the centerpoints of each cell, achieving nine columns
with height proportional to the elevation value of each cell. Then the Eu-
clidian distance between the focal cell's centerpoints and the
centerpoints of each of the eight surrounding cells is calculated. It is im-
portant to highlight that this distance is not the planimetric one, being
in a 3D space. A triangulation is performed using the centerpoints as
vertices and the distances as sides. By limiting the area values only to
the portion of the triangles lying within the cell boundaries, the surface
area for that cell is estimated (Jenness, 2004).

4.4. Slope position index (Sp,) and landform category (Lc,)

The last two addends in the GmlI formulation derive from a common
morphometric value defined as a Topographic Position Index (TPI; De
Reu et al., 2013; Weiss, 2001). The TPI is defined as the difference be-
tween a cell elevation value and the average elevation on a
neighbouring area around the cell. Positive TPI values are associated
with cell elevations higher than the surrounding, inside the mask anal-
ysis; negative TPI are associated with the lowest and near zero eleva-
tions in flat areas. TPI is scale-dependent; thus, attempts must be
made to find the best resolution for the analysis. The final classification,
based on Sp and Lc, depends on the scale used to analyse the landscape.

The TPI is computed considering a 100 m radius circle
neighbourhood. The TPl is a scale-dependent parameter. The same loca-
tion may be either a flat plain at a fine scale or the bottom of a deep can-
yon at a coarser scale of several kilometers. In order to select the best
radius several attempts were made. The choice of a threshold of
100 m was considered appropriate for the morphostructures and
morphosculptures present in the study area. Thresholding the TPI
values at a given scale and pointing out the slope values near zero,
slope position classes (Spy) can be extracted. In our analysis the thresh-
old of 100 m is the same of the TPI grid and the slope position classes are
six, distinguished in: valley, lower slope, flat slope, middle slop, upper
slope and ridge. The TPI values below the threshold are classified as

Table 1
Landform classes in landform category parameter.

Number Morphological units

Canyons, deeply incised streams
Midslope drainages, shallow valleys
Upland drainages, headwaters
U-shaped valleys

Plains

Open slopes

Upper slopes, mesas

Local ridges, hills in valleys
Midslope ridges, small hills in plains
Mountain tops, high ridges

— O 0N UA WN =

(=}

valley or lower slope, while those above the threshold are classified as
upper slope and ridge. Flat slope and middle slope are the classes for
TPIvalues near zero. Comparing the TPIs obtained at two different scales
derives a further index. A set of rules is used for determining how land-
form values may be classified. The resulting grid is a landform category
(Lcy). In our analysis the scale range is between 500 m and 1000 m cell
size maps. The detected landforms are grouped into ten classes
(Table 1).

In the first class canyons and deeply incised streams are present; in
the second one, midslope drainages and shallow valleys are considered.
Upland drainage and headwaters, U-shaped valleys, plains, open slope,
upper slopes and mesas, local ridges and hills in valleys, midslope ridges
and small hills in plains, mountain top and high ridges are the other
eight classes. For both Sp and Lc the focal function of variety is applied
and the resulting grids are classified into 5 classes.

5. Results: the GmI map

The Gml is the sum of the variety of each terrain parameter taken
into account. Each variety grid is classified into five classes in order to at-
tribute the same weight to each parameter in the final sum (Figs. 4 and
5).

The percentage of the variety classes is: variety (v) vy (lowest), 12%
of the total area; vy, 38%; v3, 36%; v4, 12%; vs (highest), 2%. The lowest
values (v; and v,) are distributed along the larger valleys and where
the terrigenous complex is more extended (northern part of Umbria),
the highest values (v3 and v,) are uniformly distributed in the rest of
the study area with some spots of vs along isolated zones on the south-
western portion of the Umbria region.

The drainage density variety (Dd,) classifies the original data into
five classes, where the v, represents the 43% of the total area, v, 14%,
V3 32%, v4 9% and vs5 2%.

The highest values (v4 and vs) mainly occur in the western part of
the region and, although they are also present, to a smaller extent, in
the north eastern part, where fluvial lacustrine and terrigenous rocks
prevail. The roughness final reclassified grid (Rg,) shows a v; equal to
34% of the total area, v, 38%, v3 20%, v4 6% and vs 2%. The five classes
of roughness show a good correspondence with the geological sub-
strate, with the highest values belonging to the carbonate complex
and to some portions of the terrigenous one. On the contrary the lowest
values are distributed on the alluvial and fluvial-lacustrine deposits. The
low values on the flat or gentle hillslope areas, although quite common,
are a consequence of the DEM resolution and accuracy. The quality of
the elevation model is not high enough to well represent the roughness
of these areas. It is noteworthy, however, that high resolution DEMs are
not always easily available for large areas. In particular for the Umbria
region the high resolution DEMs as Lidar (Light Detection And Ranging)
are available only for restricted areas along the Tiber river valley. There-
fore, the choice of using a DEM with a coarser resolution to derive
roughness appears to be a good compromise complementing the aim
of the analysis and the data available for a regional evaluation.

The percentage of Sp,, they are as follows: vy, 4% of the total area; vy,
1%; vs3, 3%; Va4, 47%; Vs, 45%. The Lc, shows the lowest variety; both v,
and v, only cover 5%; vs covers 18%, v4 31% and vs the remaining 40%.
It is worth noting that Sp and Lc show the highest percentages in the
upper classes of variety relative to the other parameters in the Gml
equation (Eq. (1)). The different trend of the variables depends on the
neighbouring area used for their estimation. For each variable the radius
of the moving window is a consequence of the observed spatial distribu-
tion of the variables.

The final GmI map (Fig. 5a) is the result of the application of Eq. (1).
The dataset is in a grid format with a cell size of 500 m. The coarser res-
olution, in comparison to the data entry cell size equal to 25 x 25m, is
due to the drainage density map, obtained at a 500 m resolution. The
values of the output grid (Gml) range from a minimum of 5 to a maxi-
mum of 25. Cells with value equal to 5 correspond to the minimum
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Fig. 4. Variety maps in grid format. a) Geological factor, b) drainage density, c) roughness, 5) slope position, 6) landform category. Colours indicate the variety, which increases from class

v1 (lowest) to class v5 (highest).

variety for all the input parameters; values equal to 25 indicate that all
the terrain data show the maximum variety. In the range 5-25 all the
possible combinations are present.

The Gml grid was classified into 5 classes according to Jenks' algo-
rithm, similarly to all the previous reclassification done on the data en-
tries. As shown in Fig. 6, the index distribution is strictly linked to the
topographic arrangement: where the amplitude of relief is high the
Gml shows the highest values; on the contrary, the lowest value uni-
formly characterizes the main flat areas of the region.

However, this trend is not observed everywhere and some further
considerations must be made. In order to better highlight the areas
where the Gml reaches the lowest and the highest values (class 1 and
class 5 respectively) the two classes were extracted from the Gml total
grid, thus obtaining two grids representing class 1 and class 5. Each of
the two grids was converted to a point vector layer allowing the usage
of a density point tool to generate a density map. The density was calcu-
lated for the points falling in a neighbourhood. If no points fall into the
moving window, a NoData value is assigned to the output cell. The den-
sity value is directly proportional to the number of points falling into the
mask. Lowest Gml values (Fig. 7a, class 1, 5% of the total area) cover a
large areal extent and correspond to the central part of the main inter-
montane basins, i.e. the northern part of the Upper Tiber Valley (num-
ber 1 in Fig. 7a), the Umbrian Valley (number 2 in Fig. 7a) and along

the opposite segment of the Tiber Basin Valley (number 3 in Fig. 7a)
as well as in the Terni basin (number 4 in Fig. 7a).

However, it is worth noting that the portion coincident with the
class 1 of Gml is always limited to the center of the basins, whereas
the index value increases towards the edges. It is important to note
also that the lowest value is not so widespread in the Gubbio basin
and on the flat uplands of the eastern regional limits; here the class 2
(12% of the total area) is present. In both cases the plain areas are less
wide than in the Tiber basin segments. Consequently, the increase of
the Gml value can be interpreted as the result of the close proximity
of the mountain ridges bordering the basins. The abrupt change in ener-
gy relief along the transition between mountains and plains, usually oc-
curring along a normal fault system, is responsible for the diversity of
the geological component and, above all, of the topographic setting.
The spatial irregularity of these components is again the main cause of
the abiotic diversity. The Gml classes 3 and 4 (respectively 37% and
38%) are equally distributed on the hilly areas and on some portions
of the mountainous areas.

The most meaningful result is the spatial distribution of the density
map of class 5 (Fig. 7b), which shows a very good agreement with the
locations of the sites having the greatest natural importance in the
study area. Five main areas of interest, characterized by the highest
values of density, are detected. In the northern part of the Umbria region
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Fig. 5. Pie charts showing the percentages of each variety class for the maps shown in Fig. 4. a) Geological factor, b) drainage density, c) roughness, 5) slope position, 6) landform category.

The colours indicate the variety which increases from class v1 (lowest) to class v5 (highest).

the first relevant area is identified in the Mt. Cucco Regional Park area
(number 1 in Fig. 7b). This protected area is known as the ‘womb of
the Apennines’ with a complex hypogean system and karst phenomena
(Gregori et al., 2005). Moreover, here some very particular geosites are
present due to the complex interaction between slope evolution and
geomorphic processes. In the central and southern portions of the Um-
bria region, moving from west to east the other main relevant areas are
present. In the western sector the zone between Allerona, Fabro and
Ficulle (number 2 in Fig. 7b) is famous for the badlands covering large
areas, creating an amazing landscape, not so common in the Umbria re-
gion. Then, moving eastward a belt elongated north south is present
around the Corbara Lake (number 3 in Fig. 7b). The Tiber River crosses
the area along the Forello Gorge. As said above, this zone is meaningful
for the geomorphological evolution of the entire regional territory: a
fault system created the valley deflecting the Tiber River path in the
lower Pleistocene. According to this tectonic evolution, the entire area
is very far from an equilibrium condition, for both the river drainage
network and the slope assessment. Therefore, the geomorphological
evolution is active and well evident. The remaining two areas character-
ized by high-density values of the highest Gml class are located in the
carbonate complex, corresponding to the mountainous part of the Um-
bria region. One of these zones (number 4 in Fig. 7b) is part of the
Valnerina, a valley well known for being one of the best tourist destina-
tions due to its natural values. The maximum density partially coincides
with the extent of the “Valnerina geologic park and Geologic Study Cen-
tre”. Geosites and geomorphosites are present in this park, as well as
georoutes. The last area (number 5 in Fig. 7b) is surrounded by the Na-
tional Park of the Sibillini Mountains. The zone (700 km?) is the only na-
tional park present in the Umbria region (Fig. 8).

It contains some geological uniqueness including polje, karstic fea-
tures and fluvial landforms (alluvial fans). Moreover, the area is
enriched with spectacular glacial (glacial cirque) and periglacial (strat-
ified talus slope deposits e.g. gréze litée) landforms dated to the Middle
Pleistocene and now involved in mass wasting phenomena.

6. Validation

In order to validate the results a comparison with a geomorpholog-
ical digital map was performed.

In the geomorphological digital dataset each landform is represent-
ed as a vector (point, polyline or polygon) with an attribute table
where the type of feature and the process responsible for each landform
are always mentioned. The vector geomorphological map was convert-
ed to a raster dataset, with a cell size of 50 m, in order to compute the
landform multiplicity (focal statistics tool in the software ArcGIS) and
compare it with the geodiversity index map. The landform classification
was computed considering i) the number of landforms and ii) the num-
ber of landform types, in a 1 km? circle neighbourhood.

The relation between the number of landforms of the geomorpho-
logical map and the values of the GmI was evaluated using the Zonal
Statistics tool in GIS, in order to quantify the capability of the Gml to de-
tect the geomorphological diversity of the area.

The validation was tested in a portion of the Upper Tiber Valley
(Sansepolcro sub-basin, Fig. 1) where the GmlI shows the lowest value
of diversity. The area is an intermontane basin with a width of up to
4500 m, completely covered by the Tiber River alluvial deposits and
infilled with tens of meters of Holocene alluvial deposits. The eastern
boundary is characterized by a “bajada” of large alluvial fans; along
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Fig. 6. Geomorphodiversity index (Gml) map. The value of Gml increases from 1 (lowest) to 5 (highest).

the western boundary alluvial terraces are present. The normal faults
activity bordering the basin generated an intensive subsidence
(Melelli et al., 2014). The morphological arrangement is a large flat
area whose monotony is interrupted only near the bordering limits.
This area was chosen as a test area in order to observe if, despite the
presence in the geomorphological map of a certain number of fluvial
and tectonic landforms, the correlation between presence/absence of
features and Gml is verified.

As shown in Fig. 9a, the range of the number of different types of
landform per each Gml value is higher as Gml increases. Moreover,
the index value is very well correlated to the average number of land-
forms (Fig. 9b).

To conclude, the outcomes of the validation analysis indicate that the
Gml index is capable of representing very well and with a high degree of
accuracy the diversity of landforms occurring in the study area.

7. Discussion

The algorithm proposed in this work is inspired to the expression
proposed by Serrano and Ruiz-Flafio (2007), where the geodiversity
index is computed as the multiplication between N and R, divided by
InS. In this formula N is the arithmetic sum of the physical elements, R
is the roughness and S is the real surface. The Naperian logarithm is in-
troduced to normalize the result with the area of the unit. In the
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Fig. 7. Maps of the spatial density of the Gml values belonging to: a) class 1 (lowest values of Gml); b) class 5 (highest values of Gml).

equation proposed here (Eq. (1)) only the arithmetic sum of the physi-
cal elements is taken into account. The reason is that in this work only
the geomorphodiversity is evaluated; therefore, the morphometric pa-
rameters are considered as the most important factors for the analysis.
The only parameter, which is not strictly morphometric, is the

geological factor. The choice of considering this parameter is based on
the consideration that the lithotypes affect the response of the relief to
the geomorphic agents, and, consequently, of the resulting landforms.
All the input parameters are strictly related to the morphology of the
surface. To compute the geomorphodiversity, we assumed that all of

Fig. 8. Pian Grande with Mt. Vettore in the background (left). In the foreground the Mergani River (photo by G. Mulazzano).
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Fig. 9. Results of the validation. Relationships between: (left) GmlI and average number of landforms; (right) Gml and number of different types of landforms.

them have the same weight since the grids of their variety are added to
each other, once reclassified in the same number of classes. For that rea-
son the roughness is simply added, and not multiplied, to the other fac-
tors. We neglected the natural logarithm of the cell size because the
analysis is confined to the invariable medium-scale of horizontal resolu-
tion of the DEMs used.

The main advantage of this formula is that the diversity of each input
datais already a measure of the diversity of the abiotic components. This
is a very important point because we do not simply sum a quantity as is
commonly done in most of the previous scientific approaches. The focal
function allows measuring the variety in well-defined surrounding
areas, thus converting the initial terrain information to an intermediate
step, which leads to treat the data in terms of ‘diversity’. Moreover, the
source of the input data (except for the geological layer) is the grid DEM.
The great availability of DEMs derived from remote sensing allows
analysing large areas, while terrain data (as geomorphological or geo-
logical dataset) are not always available and not always uniform. How-
ever, the quality of DEMs analysis depends on the spatial resolution. In
particular some of the input parameters in Eq. (1) depend on the scale
of analysis; these include the roughness, the slope classification and
the landform classification. A good compromise to minimize this prob-
lem is to restrict the analyses to the scale range typical of meso-scale
features, i.e. from few tens of meters to some hundreds of meters. Ac-
cording to this limit the DEMs cell size is selected with a medium reso-
lution, capable to guarantee the required precision needed for the
application of the method.

We validated the method using traditional geomorphological maps,
although these thematic maps are excluded as input data. The aim is to
compare the qualitative classification of the landscape based on land-
forms and shaping processes with the quantitative method proposed.
The good spatial correlation reported between the geomorphodiversity
index values, the number of landforms and with the number of different
types of landforms seems to confirm the quality and robustness of the
proposed quantitative approach.

The Gmlindex is inspired to the previous ones proposed in the scien-
tific literature (Benito-Calvo et al., 2009; Hjort and Luoto, 2010; Pereira
et al., 2013; Serrano and Ruiz-Flafio, 2007; Zwolifiski, 2010). Some sim-
ilarities may be underlined, that is the spatial analysis in a GIS system
and the raster format preferred for the data input. However this index
has two main differences compared to the other numerical methods.
The first is that in the final sum of the formula the single addends do
not derive from a sum of a quantity of elements (i.e. the number of geo-
logical lithotypes outcropping in a pixel) as in many other formulations
(Hjort and Luoto, 2010; Pereira et al., 2013; Zwolifiski, 2010). In this for-
mula the addends are grids with values from 1 to 5 measuring the vari-
ety of the input parameter. This way a specific focal function is used
with the aim of evaluating the diversity in each pixel (or cell). The sec-
ond main difference is that the proposed method, with the exception of
the geological layer, takes advantage of Digital Elevation Models for de-
riving all the input parameters. Digital Elevation Models are widely ac-
cessible for large areas and often available for free downloading.

Starting from the topographic signature allows releasing the index
from thematic maps that are not always available to reproduce the
method in different geographic regions.

Moreover, comparing the geomorphodiversity with the method for
delimiting the physiographic units could highlight some important
points of convergence between the two concepts as much as substantial
differences. The quantitative procedure proposed in this work and the
results in terms of spatial diversity may be, in our opinion, a valuable pa-
rameter to be considered in the definition of the physiographic units.

8. Conclusions

The natural heritage is one of the most important wealth in many
areas of the Earth surface. The diversity of natural ecosystems manifests
itself as biodiversity and geodiversity, which are mutually dependant.
The topographic surface, where the geomorphic agents are acting, is
the layer where the abiotic and the biotic elements interact; at the
same time, it is the constraint for the geomorphological evidence.

Geomorphodiversity is the aspect of geodiversity associated with
the geomorphological diversity or the quantity and number of types of
landforms.

A quantitative evaluation in GIS requires digital data as input param-
eters. Landforms are generally represented in geomorphological maps
as objects in a vector format deriving from a semantic approach. Accord-
ing to this method, a landform is the result of a classification that sim-
plifies the “real world”, depending on the scientists' background and
the research context.

However, the need to classify the landscape in well-defined shapes
can lead to some limitation if the traditional mapping techniques are
used. The geomorphological maps show a high heterogeneity in terms
of graphical techniques used for the cartographic output. The map
scale involves subjective choices for landform representation and local-
ization. These limits strongly affect the extent and the shape of each sin-
gle landform represented on a map. Therefore the landform
representation depends on the scale and may be depicted with a
point, a polyline or a polygon, thus varying the spatial extent of the
input data and their consequent weight in the spatial analysis.

Based on these considerations, the use of a GIS-based approach like
the one proposed in this work should be preferred for regional analyses.
In this approach, extracting the topographic primary and secondary at-
tributes from the terrain data performs the analysis of the morphologi-
cal input factors. The range, the ranking and the spatial distribution of
these topographic attributes allow classifying the morphology using
an unbiased method.

The high correspondence between the physical landscape and the
factors at the base of the geomorphodiversity in the Umbria region con-
firms that the concept of geomorphodiversity is another way to explore
the physiography of a territory (Bailey, 2009; Fenneman, 1916). If on
one hand the geomorphodiversity excludes the biotic components and
the human pressure, on the other it includes all the fundamental vari-
ables that characterize the geomorphological arrangement of an area.



714 L. Melelli et al. / Science of the Total Environment 584-585 (2017) 701-714

Since the geomorphological landforms and processes are strictly linked
to the geological evolution of an area, the proposed index may highlight,
better than other methods, the areas where the abiotic components are
more active and are modifying the landscape. This approach is particu-
lar meaningful in areas such as the Umbria region where the endoge-
nous and exogenous forces are still working to built a unique
landscape in which - quoting the French geographer H. Desplanques
(1911-1983) - “the contrasts overlap almost for fun”.
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