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siliciclastic basins. Rock resistance is generally lower in
the Emilia Apennines in comparison to the Romagna
Apennines, except for some of the high-elevation portion
near the drainage divide. Here, siliciclastic turbidites,
the Macigno and Cervarola formations, similar in grain
size and bedding characteristics to the younger Marnosa
Arenacea, outcrop as resistant cliff-formers (Cerrina
Feroni et al., 2001; Spagnolo and Pazzaglia, 2005). The
study area is also characterized by numerous landslides
(Bertolini and Pellegrini, 2001; Trigila, 2007) of all types
(according to the classification of Cruden and Varnes,
1996) consistent with steep slopes, weak rock type, and the
existing underlying structural settings.

4. Methodology

4.1. Hypsometric curve and hypsometric integral

The study of HCs and HIs has been performed to
differentiate between erosional landforms at different
stages during their evolution (Strahler, 1952b; Schumm,
1956; Ohmori, 1993; Willgoose and Hancock, 1998; Keller
and Pinter, 2002; Chen et al., 2003; Omvir, 2009; Pérez-
Pena et al, 2009a, 2009b). The HC (Langbein, 1947;
Strahler, 1952) depicts the distribution of a basin area
with altitude, typically as a proportion of an area above
a unit of elevation (Figure 3a). The shape of the HC and
HI values provides vital information about erosional
stages of the relief and tectonic, climatic, and lithological
factors controlling landforms development (Moglen
and Bras, 1995; Willgoose and Hancock, 1998; Huang
and Niemann, 2006). Convex-up curves are typical for
the “disequilibrium” stage (or youthful stage), typified
by rugged terrain and deep incision; smooth, S-shaped
curves crossing almost the center of the diagram typify
“equilibrium” landscapes (or mature stage); and concave-
up curves typify the “peneplain” stage (or old stage),
characterized by land near base level with extremely
subdued relief (Strahler, 1952b; Schumm, 1956; Chen et
al., 2003; Pérez-Pefia et al., 2009a; Figure 3a). These stages
of landscape evolution are based on the assumption that
wherever active deformation and uplift rates dominate
over erosion, the elevation and topography increase.

The HI is a dimensionless number that allows different
watersheds to be compared regardless of scale [Eq. (1)].
The HI value could reflect both tectonic activity and
lithological control (Lifton and Chase, 1992; Hurtrez
and Lucazeau, 1999; Chen et al., 2003), and it might be a
capable tool that can differentiate these 2 aspects. Lifton
and Chase (1992) tested the influence of variable uplift
rates on hypsometry from a numerical model of landscape
development, showing that the hypsometric integral
was positively correlated to the uplift rate. The HI value
is the area below the HC, which relates the percentage
of total available relief to the cumulative percentage of
area (Figure 3b) and, therefore, is similar to the shape of
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the HC (Pike and Wilson, 1971; Mayer, 1990; Keller and
Pinter, 2002; Pérez-Pefia et al., 2009b). The value of the HI
varies from 0 to 1 (Harrison et al., 1983); high HI values
(20.55) correspond to less eroded “young” landscapes
where tectonic processes are dominant as compared
to erosion, low values (<0.35) are related to old, highly
eroded landscapes, and intermediate HI values (~0.5) are
associated with a balance (dynamic equilibrium) between
erosion and tectonic processes (Strahler, 1952b; Mayer,
1990; Keller and Pinter, 2002).

HI analysis using digital elevation model (DEMs)
is handy because it is a dimensionless parameter and
allows various watersheds to be analyzed and compared
irrespective of basin area or shape (Strahler, 1952b; Keller
and Pinter, 2002; Walcott and Summerfield, 2008). A GIS
provides significant tools for the computation of spatial
parameters (e.g., area, altitude, perimeter, length, width)
and facilitates extraction of valuable morphometric
information, especially through the use of DEMs.

4.2. Computer estimation of hypsometric integral

Following the methodology of Pérez-Pefia et al. (2009b),
we computed HI values for the Secchia, Panaro, and
Reno mountain river basins using a DEM of 5-m spatial
resolution. The DEM was pit/depression-filled using
ArcGIS 9.3 software. The HI values were computed using
analysis grid size of 1 km, since this grid scale can obtain

Figure 3. a) Hypsometric curves showing the geomorphic cycle
of landscape development, where changes in the shape of the
curve indicate different stages of landscape evolution (modified
from Ohmori, 1993); b) diagram shows procedure for calculating
hypsometric curves using percentage height (h/H) and percentage
area relationship (a/A) (modified from Luo, 1998).
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Figure 3. (continued).

significant topographic information of the area under
investigation (Pike and Wilson, 1971; Keller and Pinter,
2002; Luo, 2002; Chen et al., 2003; Pérez-Pena et al., 2009b;
Blanchard et al.,, 2010). In order to obtain HI values, we
prepared regular 1-km-sized grids using the ArcGIS 9.3
spatial analysis tool (Figures 4a and 4b). Using a zonal
statistics tool, we extracted the maximum, minimum, and
mean elevation from DEMs for each grid cell. Pike and
Wilson (1971) mathematically proved that the elevation-
relief ratio (mean elevation - minimum elevation/
maximum elevation - minimum elevation) can be a valid
proxy to the HI and has the benefit of being easier to
obtain numerically. Therefore, in this study, we computed
HI values using the following equation:

H -H_
HI = mean min
Hmax _Hmin (1)

In this study, we do not analyze catchments of different
order, and so instead of representing a measure of
landscape dissection, the HI values indicate how quickly
elevation varies within each square (van der Beek and
Braun, 1998). Using this methodology, we can obtain
HI values independent of catchment area and geometry.
The HI values can vary from high to low across adjacent
cells due to the complexity of deformation processes and
variable erosion rates (Figures 5a and 5b). The variations
in HI values did not show significant patterns; for this
reason, we used the local indices of spatial autocorrelation
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(LISA) technique (Moran, 1950; Anselin, 1995; Getis and
Ord, 1996; Ratcliffe and McCullagh, 1998) to distinguish
clusters of high and low HI values. In the case of tectonic
activity, the clusters of high HI values should show a general
spatial pattern in correspondence to neotectonically active
areas (Pérez-Peiia et al., 2009b).

4.3. Spatial autocorrelation using Moran’s I and Getis-
Ord Gi*-statistics

Spatial autocorrelation analysis is helpful in investigating
spatial association in georeferenced datasets (Moran,
1950; Cliff and Ord, 1981; Haining, 1990; Anselin, 1995;
Chou, 1997; Ratcliffe and McCullagh, 1998; Diniz-Filho
et al., 2003; Yu and Wu, 2004; Pérez-Pena et al., 2009b).
Spatial autocorrelation measures the degree of sameness
of spatially distributed values of a single variable (e.g., HI
values) within their neighborhood. In the last decades,
these statistics have been significantly used for spatial
autocorrelation analysis in many different disciplines, e.g.,
remote sensing investigations (Wulder and Boots, 1998),
criminology (Ratcliffe and McCullagh, 1998), sociology
(Unwin, 1996; Amrhein and Reynolds, 1997), ecology
(Diniz-Filho et al., 2003), and tectonic geomorphology
(Pérez-Pefia et al., 2009b). The global Moran index (Moran,
1950) can be used to measure the spatial autocorrelation of
any variable (HI values in this study). This statistic shows
the extent to which points that are “close together” in space
have similar values on average. It estimates whether the set
of attributes are random, dispersed, or clustered (Figure
6). Moran’s I can be computed using following formula:
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Figure 4. Schematic diagram showing HI value computations from DEM using regular-sized analysis grid:
a) division of DEM into regular squares; b) the HI values show high variation due to the location of squares

(modified from Pérez-Peiia et al., 2009b).

szwij(xi ~X)(x; - X)
[-—
zzwﬁ]gm 2
1 ] 1

where N = the number of cases, X= the mean of the
attribute of interest, x, = the measured attribute of interest
at location i, x = the measured attribute of interest at
location j, and w; = a weight indexing the location of i
relative to j.

The expected value of Moran’s I or E(I) is calculated
using -1/(N - 1), by assuming that the values are randomly
distributed. This is generally very close to 0, and so for
all practical purposes, a value of 0 is used to indicate a
random distribution. Results for Moran’s I (MI) range from
-1 to 1. If more pairs of neighboring values have similar
values, then the sum of the cross-products will be positive

)

and MI will be greater than 0, indicating positive spatial
autocorrelation in which similar values, either high or low,
are spatially clustered. Similarly, if MI is less than 0 and
close to -1, it indicates negative spatial autocorrelation, in
which neighboring values are dissimilar and completely
dispersed (Figure 6).

In ArcGIS, the Z-score and P-value are calculated to
indicate the confidence level that any pattern of positive
or negative association is not just due to chance (Anselin,
1995). For this purpose, the GIS uses the following formula:

Z —score = I_—E(I)

St 3)

where E(I) is equal to —1/(N - 1) under the assumption
of no autocorrelation, and SE(D is the standard deviation
based on the number of data points, the number of

Figure 5. Schematic illustration showing spatial dependency of hypsometric integral: a)
change in HI values due to drop in elevation from upstream reach to downstream reach;
b) small-sized square areas or catchment units can significantly determine local variations
due to tectonic activity or lithological change (modified from Chen et al., 2003).
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