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and polygenetic geomorphic systems - A novel ‘Geomorphic Entities’
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ABSTRACT

This paper presents a novel GIS-based methodological framework for multiscale digital
mapping and database implementation in sediment dynamics assessments. It relies on the
concept of ‘Geomorphic Entities’ (GEs), which are polygon objects representing complex,
polygenetic geomorphic systems. GEs allow mapping ‘focal landforms’ as elementary
mapping units, while the database stores hierarchical information on sediment sources/sinks
classification, process composition, activity, and morphodynamics. We tested this approach
in the upper Val d’Arda (N-Apennines, Italy), integrating pre-existing geomorphological
datasets with field assessments, photointerpretation, terrain analysis, semi-automated
landform classification, and manual digital mapping to produce an Inventory Map of GEs.
The primary result is a WebGIS application, allowing end-users to consult and query
geospatial data and associated attributes interactively. By combining geomorphological and
GIS expertise, this framework addresses the limitations of classical symbol-oriented maps,
supporting scientific and applied purposes. It complements traditional mapping methods by
structuring complex geomorphological data for use in integrated modelling procedures.
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1. Introducti
ntroduction landform classification and mapping (e.g. Bufalini

Over the last decades, geomorphological studies have
been widely applied to assist decision-makers in effec-
tively managing soil erosion and sediment yield at the
watershed scale (Renschler & Harbor, 2002). In this
framework, multiscale geomorphological mapping
plays a crucial role in understanding earth surface pro-
cesses and the related morphodynamics (Bishop et al.,
2012). Multiscale geomorphological mapping has pro-
ven to be a useful tool for land management, especially
in the field of geohazard evaluation and risk mitigation
(Dramis et al., 2011).

GIS-based digital mapping allows to produce
maps which can be wupdated, integrated, and
implemented in further steps (Bufalini et al,
2021). This approach provides a digital collection
of different data layers and/or objects (Gustavsson
et al., 2008), including information on the terrain
surface derived from Digital Terrain Models
(DTMs) (Maerker et al., 2019; Minar et al., 2024).
Moreover, it can include both field-based mapping
approaches and (semi-)automatic DTM-based

et al., 2021; La Licata et al., 2023).

Land surface features can be represented on a digi-
tal map using various types of data, such as raster or
vector data (i.e. point, lines, or polygons), which can
be combined with attribute data describing their
characteristics (Seijmonsbergen, 2013). The database
typically collects information on the morphology,
morphogenesis, morphometry, hydrography, lithol-
ogy, structure, and age of landforms as mutually inde-
pendent factors (Gustavsson et al., 2006). Moreover,
digital maps allow for rapid handling and elaboration
of thematic layers, the achievement of numerical
analysis, and automatic extraction of the information
(Dramis et al., 2011). Furthermore, analyzing the
relationship between geomorphic process distribution
and environmental parameters leads to a better under-
standing of trigger mechanisms, as well as of the
behaviour of geomorphic systems time
(Bartelletti et al., 2017).

The integration of geomorphological mapping and
GIS processing is often employed to assess sediment

over
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dynamics (e.g. Maerker et al., 2001; Theler et al., 2008,
2010; Bollati et al., 2024). Basically, the assessment of
spatial distribution and geometric characteristics of
sediment-related geomorphic features is generally a
key prerequisite for assessing process-based suscepti-
bilities and specific sediment transport dynamics
(Bosino et al., 2022; Cho et al., 2023). Based on this
assessment, it is possible to design effective manage-
ment strategies in order to achieve meaningful
reductions in sediment-related threats (Najafi et al.,
2021; Sadeghi et al., 2014). However, the identification
of hotspots of sediment dynamics to which the necess-
ary attention must be directed should consider the
variety of processes acting at the different spatio-tem-
poral scales (La Licata et al., 2024). Thus, mapping the
complexity of sediment dynamics (Gao et al., 2019)
might be quite difficult in highly active complex geo-
morphic systems characterized by multiple and/or
overlaying processes, and affected also by interacting
anthropic activities (La Licata et al., 2023).

Despite the fact that geospatial technologies have
greatly improved geomorphological mapping in the
last decades (Bishop & Shroder, 2004; James et al,
2012), issues related to space—time variation in the con-
text of processes and surface-object evolution still
remain (Gustavsson et al., 2006). From this viewpoint,
dynamic representations of forms and processes are
quite limited using traditional ’static’ cartographic
approaches or by using ambiguous and/or not standar-
dized terminology related to scale and spatial entities
(Bishop et al, 2012). According to Dramis et al.
(2011), multiscale mapping frameworks, coherently
managed with a GIS and applicable for cross-disciplin-
ary analysis, should be based on correctly bounded geo-
metric elements/entities implementable and manageable
in a database (object-oriented maps) instead of using
specific genetic- and scale-dependent symbols (sym-
bol-oriented maps) (e.g. Buter et al, 2020). In this
regard, object-oriented mapping schemes can be
adapted to meet specific needs for managing complex
geomorphological data through hierarchical, scalable
classifications, allowing for detailed analysis and flexible
adaptation to different scales and applications
(Magliuolo & Valente, 2020), as well as to adhere to
data transfer standards and to facilitate interoperability
across different computer systems (Dramis et al., 2011).

Moreover, some studies pointed out that traditional
landform-oriented geomorphological maps are not
fully satisfactory for evidencing the importance of
sediment storage systems and their potential contri-
bution to sediment dynamics, as the represented land-
forms may change very quickly over a short spatial
and temporal scale in dynamic environments (Theler
& Reynard, 2008). In this regard, more dynamic
approaches that integrate both process-oriented and
genetic-based geomorphological mapping for semi-
quantitative assessments of sediment cascades have

been proposed (e.g. Theler et al., 2010). However, pro-
cesses like erosion, sediment transport, and deposition
vary significantly over time and space, making it chal-
lenging to precisely define their boundaries and spatial
extent on a map. Therefore, process-oriented maps
may require extensive field-based and remote sensing
data, frequently updated information, and continuous
monitoring to accurately assess morphodynamics.

In this context, La Licata et al. (2024) employed a
novel GIS-based multiscale mapping approach for
assessing and characterizing sediment sources and
sinks within the HOTSED semi-quantitative model-
ling framework. It integrates both landform- and pro-
cess-oriented mapping schemes to assess spatially
delimited polygenetic geomorphic systems, character-
ized by a scale-dependent and morphogenetic-based
hierarchical process composition. The elementary
mapping unit essentially corresponds to the ‘focal
landform’ (landform unit), as proposed by Campo-
basso et al. (2023), which is represented on the map
using polygon entities (i.e. Geomorphic Entities).
Unlike ‘full-coverage’ mapping schemes that charac-
terize the entire topographic surface in terms of
associated landforms and deposits using a hierarchi-
cal-nested approach (e.g. Bufalini et al., 2021; Campo-
basso et al., 2023; Dramis et al., 2011), the approach
adopted by La Licata et al. (2024) focuses exclusively
on mapping sediment-related landforms (erosion or
deposition) related to the primary/dominant morpho-
genetic processes at a defined focal scale. Secondary
processes associated with primary morphogenesis, as
well as subordinate processes linked to a subsequent/
overlaying morphogenetic system, both of which act
as secondary contributors to sediment dynamics on
the same mapped landform, are surveyed at a greater
scale and integrated as attributes in the database.
Additionally, information related to morphody-
namics, such as present activity and evolutionary
trends of geomorphic systems, is assessed through
multi-temporal image series analysis and incorporated
into the database. Thus, the novelty of this approach
lies in its ability to efliciently manage complex,
dynamic, multiscale geomorphological spatial data
using single, spatially defined, and overlapping poly-
gonal geomorphic entities, facilitating the integration
of these data into modelling procedures.

Building upon this previous work, in this paper we
formalize and further elaborate this multiscale map-
ping framework (La Licata et al.,, 2024). Specifically,
we aim to provide a more rigorous and schematic
description of the general methodological framework,
focusing on the underlying concepts and definitions,
to enhance its applicability and reproducibility. Since
this approach can be used complementarily to tra-
ditional cartographic methods, we compare it with
classical symbol-oriented maps to illustrate the con-
texts in which our method can be applied and how



its use may be beneficial. The methodology illustrated
herein was applied to the upper Val d’Arda (Northern
Apennines, Italy). We selected this watershed since it
is an open laboratory for studying different processes
that are part of complex and polygenetic geomorphic
systems. Hence, the area is suitable to emphasize the
structure of the methodological workflow. Finally,
we implemented a WebGIS application to support
the dissemination and integrated visualization of
spatial information (Veenendaal et al., 2017), as well
as to facilitate the applicability of this approach.

2, Study area

The upper Val d’Arda is located in the Northern
Apennines, Emilia-Romagna region, Italy. The study
area covers the watershed upstream of the Mignano
reservoir, which is an artificial basin exploited for irri-
gation purposes. It stretches SW-NE for ~14 km and
extends for ~ 88 km? The altitudinal range varies
from 285 to 1,356 m a.s.1 (Mt. Menegosa).

The geological context is related to the External
Ligurian Domain (Marroni et al., 2001). According
to Servizio Geologico d’Italia (1999), the study area
is characterized by lithological units dating from the
Upper Cretaceous to the Paleocene-Eocene periods,
which can be summarized as follows: (i) calcareous
and silicoclastic marly turbidites (Mt. Cassio Flysch);
(ii) varicoloured clays with intercalated layers of turbi-
ditic sandstones (Cassio Varicoloured Shales); (iii) tur-
bidites made up of lithoarenites and silty marly pelites
(Scabiazza Sandstones); (iv) turbidites made up of cal-
carenitic marly limestones and marls (Bettola Flysch);
(v) argillites with intercalations of turbiditic arenites,
calcareous-marly turbidites, or sedimentary and
ophiolitic breccias (Guselli Argillites); (vi) arenac-
eous-pelitic and calcareous-marly turbidites (Farini
d’ Olmo Flysch); (vii) sedimentary mélanges associated
with matrix- to clast supported polygenetic breccias
and ophiolitic sandstones (Pietra Parcellara Complex)
(Martini & Zanzucchi, 2000).

The upper Val d’Arda is of particular interest con-
cerning land degradation processes. Its heterogeneity
in terms of lithological and morphological features pro-
motes a great variety of complex and polygenetic geo-
morphic systems (La Licata et al., 2023). Landslides are
extensively distributed in the study area. They contribute
to the sediment delivery with multiple and interacting
processes showing high variability of magnitudes and
frequencies (Figure la). Other processes such as fluvial
and rill-interrill erosion act as sediment sources, signifi-
cantly contributing to the sediment yield (Figuere 1b, ¢).
Badlands are mostly limited in extent by lithological
constraints (i.e. varicoloured clays; Figure 1d), where
piping and tunnelling have a significant role in their
development. These processes are spatially and tem-
porally combined and are responsible for the sediment

JOURNAL OF MAPS (&) 3

discharge into the drainage system. Moreover, the
Mignano reservoir is intensely affected by reservoir silta-
tion (Patro et al., 2022) (Figure le). Nonetheless, only a
fraction of the sediments eroded from hillslopes is
deposited in the reservoir, while the remaining part is
stored within the watershed in depositional landforms
such as large landslide bodies as well as slope and alluvial
deposits (Figure 1f, g, h). However, the latter are fre-
quently affected by subsequent and overimposed erosion
processes that contribute to the remobilization and
transport of sediments.

The study area has a humid warm temperate cli-
mate, with very hot-warm summers and with very
low or without water deficit (Cfa and Cfb, Koppen-
Geiger climate types; Kottek et al., 2006). The mean
annual air temperature is 11.4 °C at 342 m a.s.l. and
9.7 °C at 1,077 m a.s.l. The mean annual rainfall at
lower and higher altitudes is respectively 930 mm
and 1,155 mm, with a bimodal trend with maxima
in spring and autumn (La Licata et al., 2023).

Soils develop under biochemical alteration and inci-
pient or complete decarbonation. Soils with strong
profile differentiation, complete decarbonation, and
mild acidification (Eutric Cambisols and Dystric Cam-
bisols) are present on more stable slopes, both on calca-
ric and ophiolitic parent material. Conversely, partially
decarbonated soils (Calcaric Cambisols) are dominant
on marly-calcareous and arenaceous-pelitic parent
material, particularly in areas affected by mass move-
ments and soil erosion. Less developed soils (Calcaric
Regosols) are present on convex, steep, and erosive
slopes with scarce vegetation cover (IUSS Working
Group, 2015; Regione Emilia-Romagna, 1994).

The study area is characterized by the widespread
presence of arable lands (~1,560 ha). Forest vegetation
is mostly composed of oak, hornbeam, and chestnut
woods at lower altitudes and beech woods at higher
ones. Deciduous, coniferous and mixed coppice and
high forests are widespread. Orchards and vineyards
are also present (Regione Emilia-Romagna, 1994).

3. Materials and methods

3.1. General mapping framework: concepts and
definitions

The mapping process is based on the identification of
geomorphic systems characterized by a scale-depen-
dent and morphogenetic-based hierarchical process
composition (Figure 2). These geomorphic systems
are geometrically represented and digitized in a GIS
environment by using polygon objects, herein called
‘Geomorphic Entities’ (GEs) (Figure 2). In the present
work, GEs are defined by a set of criteria. In particular:

e They are based on focal landforms (or landform
units) uniquely delimited in space (sensu
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Figure 1. Geomorphic processes and related landforms of the upper Val d’Arda: (a) mudflow with pine colonization; (b) river-
related slope erosion at the landslide toe; (c) rill-interrill erosion on arable land; (d) rill erosion features on a badland set on var-
icoloured clays; (e) sedimentation within Mignano reservoir; (f) debris cones at the base of an ophiolitic outcrop; (g) alluvial plain
of the Arda river with evidence of human alteration due to excavation; (h) toe of a complex dormant kilometre-size landslide body.

Campobasso et al., 2023; i.e. characterized by a
specific distinctive configuration of the dominant
morphogenetic processes that generated them);

e They involve one or multiple overlapping processes
(i.e. levels of processes) occurring over various
spatial scales;

They involve processes potentially interacting with
watershed hydrology and external drivers over var-
ious temporal scales;

Depending on the process composition, they con-
tribute to sediment accumulation or sediment
export or a combination of both.
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INVENTORY MAP
ELABORATION

‘Geomorphic Entities’ mapping approach

Geomorphic systems
(hierarchical overlay of processes and landforms)

Identification of the primary
morphogenesis

Main Landforms
(shaped by the dominant morphogenetic processes)

Mapping using a defined
scale (e.g., 1:5000)

GEOMORPHIC ENTITIES
(mapped using polygon features/entities)

DATABASE
IMPLEMENTATION

Primary / Dominant morphogenesis
A i

Producing minor :
landforms 1
1
1

Secondary processes
(surveyed at 1:2500)

Assessment based on present morphoclimatic conditions

Categorization of GEs
based on geomorphic

processes and dynamics

Sediment sources/sinks
and dynamics

4 l

Present activity of the

Assessment based on multi-temporal

Subsequent / Overlaying morphogenesis

Producing minor

landforms
v 3

Subordinate processes
(surveyed at 1:2500)

*
I
I
1
1
I

——

5
Past trend of evolution of

main landform
(surveyed at 1:2500)

analysis in terms of surface extent

the geomorphic system
(surveyed at 1:2500)

Figure 2. Flowchart of the new ‘Geomorphic Entities’ mapping approach designated in this study. The database variables/attri-
butes (1) Sediment sources/sinks and dynamics, (2) Secondary processes, (3) Subordinate processes, (4) Present activity of the main
landform, and (5) Past trend of evolution of the geomorphic system are defined in Table 1. The variable n. 1 is used as the reference

variable. Modified after La Licata et al. (2024).

Considering the polygenetic nature of GEs, the
initial mapping focuses on identifying the main
(focal) landforms shaped by dominant processes (in
terms of occurrence and extent) associated with the
primary morphogenesis (Panizza, 1972), while setting
an appropriate scale (e.g. 1:5,000). Then, the entire set
of GEs is implemented within a GIS-based Inventory
Map (IM) (Figure 2), conveying information on
their location and spatial distribution. Particularly,
the GEs dataset can be implemented through a unique
vector layer or split into multiple layers depending on
data structure and organization, practical purposes,
and/or specific applications. Generally, GEs grouping
can be achieved following classical geomorphological
criteria (e.g. main categories of morphogenetic

processes, erosion and deposition dynamics, litho-
structural control on processes).

Subsequently, a corresponding database (i.e. attri-
bute table) is developed in order to collect information
useful for characterizing the GEs. A hierarchically
organized structure is implemented to account for
complex and polygenetic systems. Specifically, each
GE is characterized and categorized according to the
attributes defined in Table 1 (i.e. 1-5; Figure 2).

The attribute Sediment sources/sinks and dynamics
is used as the reference variable as it is essentially a
more specific categorization of the main landforms
mapped as GEs (Figure 2). Moreover, the categoriz-
ation of Secondary processes and Subordinate processes
essentially depends on their relative small-scale and
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Table 1. Definition of the attributes considered for the implementation of the Inventory Map database (Figure 2). The definition of
the Present activity of the main landform is based on Campobasso et al. (2021).
Variable Attribute

1 Sediment sources/sinks and
dynamics

Definition

Specific morphological and geomorphic characteristics through which landforms mapped as GEs can
be uniquely classified as sediment sources/sinks, based on the dominant morphogenetic process and
sediment dynamic.

Processes related to the primary morphogenesis, acting as secondary contributors. When present,
these processes are minor compared to the dominant ones but still affect the overall morphology by
creating smaller features on top or within the main landform. They play a role in sediment dynamics
but on a smaller scale.

Processes arisen from a different, subsequent morphogenetic system that overlays or converges with
the primary one that previously shaped the main landform. When present, these processes act as

2 Secondary processes

3 Subordinate processes

subordinate contributors to sediment dynamics, producing minor and overimposed features
distinguishable over the main landform.

4 Present activity of the main
landform

Landforms actively shaped by the primary morphogenetic agent or capable of reactivation under
current morphoclimatic conditions are Active. Landforms that are no longer actively influenced by the

primary morphogenetic agent or cannot be reactivated within the present geomorphic and
morphoclimatic setting are Relict. For landslides, an additional Dormant class is also considered.

5 Past trend of evolution of the
geomorphic system
regression.

Geomorphic systems in which the overall surface affected by processes has increased, remained stable,
or decreased, during the defined time-frame, are respectively classified as In evolution, Stable, or In

diffuse extent that does not allow them to be mapped
as individual GEs (i.e. depending on the adopted map-
ping scale). For this reason, they may not always be
identifiable in all the GEs of the same sediment
sources/sinks class (i.e. variable 1; Table 1). Hence,
secondary and subordinate processes can be assessed
by employing a greater survey scale (e.g. 1:2,500)
and/or by detecting evidence of their occurrence
directly through field surveys. Introducing these
definitions (i.e. secondary and subordinate processes)
is crucial for effectively acknowledging the presence of
complex and polygenetic geomorphic systems (La
Licata et al, 2023). This remains applicable even
when the limitations of the representation scale hinder
detailed mapping. Therefore, different levels of pro-
cesses identified within a single geomorphic system
can be assessed across different spatial scales within
the same GE by incorporating geomorphic infor-
mation as attribute data.

Additionally, superimposed geomorphic systems
characterized by main landforms related to distinct
and chronologically separated morphogenetic settings,
and/or dating back to different morphoclimatic set-
tings, can be mapped at the same scale by overlapping
distinct GEs. Particularly, in this latter case, the two
overlaid GEs should be part of different sub-databases.

Moreover, the characterization of variables such as
Present activity of the main landform and Past trend of
evolution of the geomorphic system can be achieved
through a multi-temporal assessment over a defined
time-frame (e.g. time series analysis based on geomor-
phological surveying, photo-interpretative analysis on
aerial/satellite images, application of remote sensing
techniques, and/or DTMs processing). However, it is
noteworthy that the trend of evolution is referred to
the present time and it is not considered predictive.
Moreover, the past trend of evolution accounts for
changes in the affected area due to factors such as veg-
etation removal or regrowth, even if the perimeter

remains unchanged. Anyway, a geomorphic system
might be ’in regression’ despite the processes still
occur in present time or the main landform is
reactivable.

In the following sections, we illustrate how this
method can be applied at the watershed scale, using
the study area as a practical example.

3.2. Acquisition of high-resolution orthophotos

Weacquired a series of high-resolution orthophotos cov-
ering a 44-years period from national and regional Web
Map Services (WMS). National geoportal (http://www.
pcn.minambiente.it/mattm/servizio-wms/)  provided
years 1988, 1996, and 2000. RER geoportal (https://
www.geoportale.regione.emilia-romagna.it/catalogo/
dati-cartografici/cartografia-di-base/immagini) ~ pro-
vided years 1976-1978, 2008, 2011, 2018, 2020 (Red,
Green, Blue; RGB), and 2020 (Near Infrared; NIR).

3.3. Assessment of pre-existing georeferenced
datasets

We utilized the following datasets provided by
regional and national authorities:

e Quaternary deposits, 1:10,000 scale (QD) (SGSS,
2005).

o Italian Landslide Inventory, 1:10,000 scale (IFFI)
(APAT, 2007; Trigila et al., 2010).

The QD dataset includes slope and alluvial deposits.
It is provided by the Geological, Seismic and Soil Sur-
vey (GSSS) of the Emilia-Romagna Region (RER) in
shapefile format. Most of the slope deposits in the
dataset are classified as ‘Slope deposits s.l.” due to
their uncertain genesis, lacking clear morphological
evidence to relate them to either mass movements or
surface runoff.
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The IFFI Inventory is the official landslide database of
Italy. It is provided by the Italian Institute for Environ-
mental Protection and Research (ISPRA; https://www.
progettoiffi.isprambiente.it/cartografia-on-line/; APAT,
2007; Trigila et al.,, 2010) through a dedicated WMS,
according to the EU-INSPIRE-Infrastructure Directive
for spatial information (2007/2/CE). It was elaborated
by means of the integration of historical landslide data,
photointerpretation of aerial images, and field surveys
(Trigila et al., 2010). For the RER, the survey scale and
the related minimum area for cartographic mapping
are respectively 1:10,000 and 1,600 m* (Gozza & Pizziolo,
2007; Trigila et al., 2007). Thus, spatially limited land-
slide deposits below the mapping threshold may not
have been mapped. According to Trigila et al. (2007,
2010), falls and topples are grouped into the same class
(i.e. fall/topples), as are rotational and translational slides
(i.e. roto-translational slides). In the study area, most of
the landslides are classified as ‘complex landslides’ (i.e.
including both landslides characterized by a combi-
nation of movements and rock avalanches). Other land-
slides are classified as slow mudflows. All the landslides
are classified regarding their activity status as Active or
Dormant (APAT, 2007).

Moreover, the RER provided also the regional sha-
pefile datasets of geological and land use data. In par-
ticular, the following datasets were acquired:

e Geology (units, limits, and structural elements),
1:25,000 scale (SGSS, 2004a, 2004b, 2004c; Geologi-
cal Sheet 198 — Bardi, 1:50,000 scale; Servizio Geo-
logico d’Italia, 1999; CARG project);

e Land use 2020, 1:10,000 scale (Regione Emilia-
Romagna, 2023).

3.4. Channel network and watershed
delineation

We outlined the selected watershed based on a 5 m
DTM (Regione Emilia-Romagna, 2019). Firstly, a
Gaussian filter of radius 3 was applied to the DTM
to remove errors and artifacts. Then, the Sink Removal
pre-processing tool was applied to deepen drainage
routes, using a threshold height of 10 m. Hence,
Flow Directions (Wang & Liu, 2006) and Flow
Accumulation (Tarboton, 1997) were computed to
derive channel network and watershed boundaries.

3.5. DTM-based morphometric analysis

A DTM-based terrain analysis was carried out to
characterize the main land-surface features useful for
landform identification (Olaya & Conrad, 2009). Par-
ticularly, we computed the Analytical Hillshading and
some primary morphometric parameters such as
Slope, Aspect, Profile Curvature, and Tangential
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Curvature according to Zevenbergen & Thorne
(1987). Moreover, the LS Factor of the Universal Soil
Loss Equation (USLE; Wischmeier & Smith, 1978)
was computed according to Moore et al. (1991). Fur-
thermore, we performed the GIS-based semi-auto-
matic procedure for landform classification proposed
by Weiss (2001), following La Licata et al. (2023).
Specifically, this method allows for the classification
of landscape features into discrete morphological
classes using the Topographic Position Index (TPI;
Guisan et al, 1999), achieving a morphological
characterization of the study area (De Reu et al,
2013). TPI grids with neighbourhood radius of 80
and 600 m were computed and combined with the
slope grid to perform a classification into ten morpho-
logical classes: (1) Deeply Incised Streams/Scarps Base,
(2) Midslope Drainages, (3) Upland Drainages, (4)
Main Valleys, (5) Plains, (6) Open Slopes, (7) Upper
Slopes, (8) Local Hills/Ridges in Valleys, (9) Midslope
Hills/Ridges on Slopes, (10) Mountain Tops/High
Ridges. Finally, we calculated topographic profiles in
specific investigation areas (e.g. valley bottom, slope
breaks) using the Profile graph tool (3D Analyst tool-
box, ArcMap) (Zangana et al., 2023).

3.6. Inventory Map: mapping procedure

We produced an Inventory Map (IM) of Geomorphic
Entities (GEs) that accounts for the entire range of sedi-
ment sources and sinks within the watershed, following
Gellis et al. (2016) and Dumitriu et al. (2017). There-
fore, GEs were mapped at 1:5,000 scale according to
the general methodological framework (Figure 2).
The landform classification map provided an initial
representation of the main morphological units. Then,
we carried out an extensive photo-interpretative analy-
sis of recent orthophotos and satellite 3D-images, as
well as the visual interpretation of Technical Regional
Map (1:5,000 scale; Regione Emilia-Romagna, 2020).
Particularly, we focused on the identification of mor-
phological and geomorphic features, as well as differ-
ent vegetation patterns emphasizing the spatial
extent of landforms, their genesis, and hydrological
elements. Moreover, the hillshade relief map and mor-
phometric parameters were used to interpret the ter-
rain surface in order to investigate the extent and
geometric features of landforms (Magliuolo & Valente,
2020). According to Zangana et al. (2023), the hill-
shade map provided quick information on the terrain
features, serving as a background for other layers to
better visualize landforms. Furthermore, morpho-
metric parameters such as slope and curvatures,
along with topographic cross-sections, provided valu-
able sources to interpret and digitize steps and breaks
in complex slope features, boundaries of landforms,
and drainage pathways. Additionally, aspect, flow
direction and flow accumulation were used to assess
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links between landforms and the drainage system, as
well as the direction of processes. Complex and poly-
genetic geomorphic systems were characterized
through detailed field surveys and geomorphological
mapping based on a previous work by La Licata
et al. (2023). At this mapping stage, our primary
focus was directed on assessing the dominant/primary
morphogenetic processes to identify and spatially
delineate the main landforms using GEs.

Spatial accuracy and consistency of pre-existing
datasets were accurately checked and validated
adopting a 1:5,000 scale. Subsequently, we made
improvements and corrections, such as feature reclas-
sification, redrawing, updating, integration, and map-
ping of new features. Landslides were mapped
primarily using data included in the IFFI Inventory
(Figures 3a and 4a). Moreover, we integrated recent
landslide events and small-scale landslides below the
detection mapping threshold (cfr. Gozza & Pizziolo,
2007; Trigila et al., 2007). Furthermore, landslides
whose delimitation included only the accumulation
body (Figure 3a) were reshaped to delimit also scarps
and crowns (Figure 3b, ¢, d). According to La Licata

Earthflow

et al. (2023), some landslides previously classified as
‘complex landslides’ in the IFFI were reclassified as
‘rock avalanches’ (sensu Nicoletti & Sorriso-Valvo,
1991). Other complex landslides (sensu Cruden &
Varnes, 1996) were subdivided and reshaped in order
to delimit the different types of movement. Slide-flow
landslides were split into a roto-translational move-
ment in the depletion zone and a flow movement in
the accumulation zone (Figure 3b, ¢, d; Figure 4a, b).
Flow landslides resulting from a complex style of
activity were classified as ‘earthflows’ (i.e. as to keep
the diction in use in literature; Bertolini et al., 2017)
and distinguished from ‘mudflows’ (Figure 3b, c).

Moreover, slope and alluvial deposits were mapped
primarily using data included in the QD Inventory
(SGSS, 2005). Particularly, they were characterized
based on geomorphic process, depositional dynamics,
vegetation cover, and extent with respect to the mor-
phological setting. Slope deposits that could not be
classified as gravitational or colluvial deposits due to
a lack of clear morphological features distinguishable
by the techniques applied in this study were classified
as ‘slope deposits s.l.” (SGSS, 2005).

Earthflow

Rotostratislational, o
*  slides

Slow flow

Mapping
process

1976:78

I” " 7| Definitive
GEs

4 ~ %
““Roto-translational
islide

Figure 3. Mapping process starting from the IFFI Inventory (Trigila et al., 2010). (a) Purple arrows highlight some landslide scarps
that were not mapped in the IFFl. (b) Morphological characterization of roto-translational slides. Green arrows indicate steep
scarps suggesting a sub-vertical movement of the landslide head. Compared to IFFIl, the mudflow has been reclassified as
‘earthflow’. (c) Evolution of the complex landslide now classified as ‘earthflow’. (d) The blue arrow indicates the presence of tensile
cracks on landslide body. Yellow arrows indicate evidence of superimposed landforms produced by water erosion processes acting
on ‘fresh’ displaced material (i.e. subordinate process). Definitive Geomorphic Entities (GEs) are contoured in red. The GEs have
been classified as In regression due to the decrease in surface extent over time mostly caused by increasing vegetation cover.
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Figure 4. (a) Different landslides as represented in the IFFI Inventory (Trigila et al., 2010). (b) An example of a morphometric par-
ameter used for supporting landform identification and mapping: profile curvature. The blue arrow highlights the concave char-
acter of the terrain in correspondence of the surface of rupture, allowing to delimitate the roto-translational source area. These
Geomorphic Entities (GEs) are characterized as Sediment sources/sinks and dynamics based on the type of movement within the

Landslides (LD) sub-database.

Additionally, we mapped also landforms and features
related to water erosion processes (Figure 5). In particu-
lar, we used various criteria to identify rill-interrill ero-
sion features, such as: (i) brightness of the soil due to
the erosion of the dark organic topsoil horizon or to
the removal of vegetation cover (Figure 5a, b), (ii)
specific erosion features visible in the orthophotos
and/or satellite images (Figure 5b, c), as well as (iii)
the susceptible morphological position revealed by
slope map and LS Factor (Maerker et al, 2020). In
some cases, we used the NIR Orthophoto 2020 to ident-
ify erosion features in areas characterized by shrub and
forest revegetation (Figure 5d). Additionally, fluvial ero-
sion features indicating bank retreat and river-related
slope erosion were mapped within the fluvial system.
Finally, we mapped sediment sources affected by grav-
ity-driven processes separately in cases where specific
litho-structural features exert a controlling influence
on landform development and sediment dynamics.

3.7. Inventory Map: implementation of the
database

According to the general methodological framework
(Figure 2), the GEs mapped at 1:5,000 were prelimi-
nary subdivided and managed into distinct sub-data-
bases, accounting for artificial groupings that may be
useful for the specific case study, as well as for poten-
tial overlaps in spatial data. Landslides were managed
separately from other slope deposits, rill and interrill
erosion features were distinguished from other ero-
sion landforms, and fluvial erosion features were
kept separate from fluvial deposits.

Afterwards, we classified the GEs into Sediment
sources/sinks and dynamics classes (Table 1; Figure
2). In this case study, we partially followed the classifi-
cation scheme proposed by the Italian Working Group

for Geomorphological Mapping (Campobasso et al.,
2021), introducing certain modifications to account
for specific geomorphic features and the nomenclature
commonly used in the reference literature. In particu-
lar, landslides were classified based on the type of
movement (Cruden & Varnes, 1996; Trigila et al,
2010). Furthermore, we implemented information
on Secondary processes and Subordinate processes by
employing a survey scale of 1:2,500 (Table 1; Figure
2). In particular, we focused on the relations between
different levels of processes related to different mor-
phogenetic  settings, contributing to sediment
dynamics on different spatio-temporal scales. Then,
an extensive multi-temporal photointerpretation
over a 44-years period was carried out at 1:2,500
scale (La Licata et al, 2023) to assess the Present
activity of the main landform, as well as the Past
trend of evolution of the geomorphic system over time
(Table 1; Figure 2).

Finally, spatial, geometrical, and numerical analyses
were carried out on the GEs, using Sediment sources/
sinks and dynamics as the reference variable.

3.8. WebGIS implementation and visualization

To promote the dissemination of the IM, facilitate
evaluation of database completeness and consistency,
and enable spatial data visualization at an appropriate
scale, we developed a WebGIS application (Bosino
et al., 2024; Maerker et al., 2019; Sartirana et al.,
2020). Initially, the different GE sub-databases were
aggregated and uploaded into a dedicated ArcMap
project in order to assemble the Inventory Map
(IM). We used the Projected Coordinate System
WGS84 — UTM 32N (EPSG: 32632). The IM database
was set up to define the properties, symbology, label-
ling, and visualization criteria of the data layers. The
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2020 RGB

Definitive GEs

oy

Figure 5. Mapping process of areas affected by rill-interrill erosion. Two different agricultural lands are reported: a-b and c-d.
Definitive Geomorphic Entities (GEs) are contoured in yellow (panels b and d). Panels a and b show some GEs In evolution due
to the intensification of tillage and the removal of small vegetated patches protecting soil from water erosion. Panels ¢ and d
show some GEs In regression due to partial land abandonment leading to shrub revegetation. Yellow arrows indicate mild rill-inter-
rill erosion. Red arrows indicate severe rill-interrill erosion. White arrows (in panel b) indicate superimposed landforms produced
by diffuse and small-scale shallow landsliding (i.e. subordinate process).

IM data layers were then displayed using a simple col-
our-based legend based on the Sediment sources/sinks
and dynamics classification (Figure 2; Table 1). In this
way, the GEs were set for displaying and querying up
to a maximum scale of 1:5,000. Then, different data
layers were added to the project and the structure of
the GIS dataframe (i.e. layer order and grouping)
was defined. Terrain parameters include Hillshade
Map, Slope, Aspect, Profile Curvature, Tangential Cur-
vature, LS-Factor, Flow Direction, Landform Classifi-
cation. Additionally, Technical Regional Map,
Geology and Land Use data layers (Regione Emilia-
Romagna, 2020, 2023; SGSS, 2004a, 2004b, 2004c)
were added with a maximum display scale of
1:5,000, 1:25,000 and 1:10,000, respectively. Moreover,
the orthophoto dataset was included in the dataframe
to facilitate the spatial visualization and interpretation
of GE attributes. The ArcMap project was then trans-
ferred to the ArcGIS Server and subsequently pub-
lished through the ArcGIS Online platform. Thus, it
can be viewed either through a web browser or
Open Geospatial Consortium services (e.g. WMS,
WES) using a client GIS. An Esri© topographic

basemap is added to facilitate the localization of the
study area in the geographical context. To enhance
data accessibility and usability for end-users, we inte-
grated standard WebGIS tools, including coordinate
reference system grid overlay, measurement, layer
activation/deactivation, zoom, data selection, a geo-
graphic search bar, and a searchable database for selec-
tive record highlighting.

3.9. Elaboration of the Main Map

The Main Map was created as a complementary pro-
duct to facilitate access to the WebGIS, providing
representative examples to give end-users a clear
understanding of its functionality. Additionally, the
complete Inventory Map was displayed at a scale of
1:35,000, offering a quick overview of the visual extent
and spatial distribution of the GEs. For improving
visual representation, GEs within the Fluvial erosion
features (BE) sub-database were converted and dis-
played as point features, due to their limited extent.
The hillshade relief map was used as base map,
along with additional information such as toponyms,



elevation points, contour lines, urban areas, and
hydrographic elements derived from the Technical
Regional Map.

4, Results

The Inventory Map (IM) includes a total of 2,687 Geo-
morphic Entities (GEs) covering 4,305 ha, that is, 49%
of the total catchment area. The total area increases to
4,640 ha if overlapping GEs are included. The subdivi-
sion of the IM into sub-databases and the classification
of GEs based on Sediment sources/sinks and dynamics
are presented in Table 2, along with the main numeri-
cal and geometrical outputs from the database analy-
sis. Additional and more detailed results of the
statistical analysis can be found in La Licata et al.
(2024).

The main result of this study is provided
through the WebGIS application, which is freely
accessible at the following link: https://unibicocca.
maps.arcgis.com/apps/webappviewer/index.html?id=
d8bb52f50207475bbe8a34a59bcd456e It allows to
assess the extent and spatial distribution of GEs
within the IM, enabling end-users to access infor-
mation stored in the database, alongside additional
data layers. Additionally, the Main Map enhances
WebGIS accessibility by providing representative
examples of querying individual GEs. The Main
Map is provided in the Supplementary Materials.

The WebGIS application features a single inter-
face where the IM is displayed and classified based
on the Sediment sources/sinks and dynamics variable
(Figure 2; Table 1), using a simple color-classified
symbology. In the top right and left corners of the
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screen, end-users can access the ‘Layer List’,
where the ArcMap project content is organized
under the ‘GIS Dataframe’ grouping. Automatically
active layers include the IM sub-databases (Table 2;
with Fluvial erosion features (BE) displayed by both
points and polygons features), grouped under
‘Inventory Map of Geomorphic Entities’, as well
as the watershed boundary named ‘Upper Val
d’Arda’ and the Hillshade Map under ‘Terrain par-
ameters’. The Hillshade Map is set to 70% visibility,
enabling overlay with other raster layers to enhance
topographic features when viewing other terrain
parameters. Within ‘Terrain parameters’, end-users
can activate additional layers in the following
order: Slope, Aspect, Tangential Curvature, Profile
Curvature, LS-Factor, Flow Directions, and Landform
Classification, all displayed at 100% visibility. Other
layers in °‘GIS dataframe’ include ‘Channel net-
work’, ‘Technical Regional Map 1:5,000’, ‘Geology
1:25,000 (CARG Project)’, and ‘Land Use
1:10,000°. Outside of ‘GIS Dataframe’, end-users
can activate WMS orthophotos. Each layer is predis-
posed for visibility range settings and metadata
access. Orthophoto transparency can also be
modified. The ‘Legend’ can be viewed in the top
right of the screen, automatically updating with acti-
vated/deactivated layers.

Each inventory layer is linked to its attribute table,
which includes the following fields: (i) ID code, (ii)
Sub-database, (iii) Label, (iv) Sediment sources/sinks
and dynamics, (v) Secondary processes, (vi) Subordi-
nate processes, (vii) Present activity of the main land-
form, (viii) Past trend of evolution of the geomorphic
system, and (ix) Area (ha). By activating ‘Filter by

Table 2. Numerical and geometrical output of the Inventory Map database analysis.

Sub-database Sediment sources/sinks and dynamics Label Total Number Total Number (%) Area (ha) Area (%)
Badlands and Gullies BG 19 0.71 11.90 0.26
Badlands BG.1 12 0.45 10.00 0.22
Isolated gullies BG.2 7 0.26 1.90 0.04
Rill-Interrill erosion features RI 1432 53.29 697.41 15.03
Areas affected by rill-interrill erosion RI.1 1432 53.29 697.41 15.03
Fluvial erosion features BE 149 5.55 1.16 0.03
Retreating banks BE.1 149 5.55 1.16 0.03
Alluvial deposits AD 20 0.74 55.32 1.19
Fluvial terraces AD.1 16 0.59 44,93 0.97
Floodplains AD.2 4 0.15 10.39 0.22
Landslides LD 927 34.50 3250.95 70.06
Roto-translational slides LD.1 519 19.31 584.65 12.60
Mudflows LD.2 222 8.26 400.75 8.64
Earthflows LD.3 142 5,29 2175.04 46.88
Block slides LD.4 25 0.93 78.19 1.68
Rock/debris falls LD.5 1 0.41 5.08 0.1
Debris flows LD.6 5 0.19 1.04 0.02
Rock avalanches LD.7 3 0.1 6.20 0.13
Litho-structural-erosional systems LR 47 1.75 40.20 0.87
Rock walls affected by diffuse rock/debris falls  LR.1 47 1.75 40.20 0.87
Slope deposits SD 93 3.46 582.85 12.56
Slope deposits s.l. SD.1 50 1.86 524.99 11.31
Scree slopes SD.2 5 0.19 3.78 0.08
Talus SD.3 31 1.15 50.03 1.08
Eluvial deposits SD.4 7 0.26 4.05 0.09

Note: The total number and the area for each sub-database and Sediment sources/sinks and dynamics class is reported. Total Number (%) is referred to the

total number of GEs. Area (%) is referred to the total area of GEs.
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map extent’, only GEs visible within the map view are
shown in the attribute table, which updates dynami-
cally with changes in spatial extent or zoom levels.
The ‘Options’ function allows custom query filters
to selectively display spatial entities through specific
expressions, as well as to display/hide table fields.
Selecting a record in the attribute table highlights
the respective GE on the map and vice versa, while
selecting a GE directly on the map opens a window
next to the object, showing information stored in the
attribute table (see Main Map).

Additional WebGIS functionalities include a
‘Measurement’ tool in the top right of the screen to
measure area, distance, and position, with selectable
units. In the top left, a ‘Grid Overlay’ tool allows
end-users to overlay the coordinate reference grid
and adjust the related display settings. Basic function-
alities include zooming in/out and resetting to the
default extent. The IM has a maximum display
threshold of 1:5,000, corresponding to the GEs map-
ping scale.

The WebGIS facilitates the assessment of infor-
mation on: (i) process composition within the same
GE (i.e. variables 1, 2, and 3; Table 1), (ii) activity and
morphodynamics (i.e. variables 4 and 5; Table 1), (iii)
the relationships between GEs and terrain parameters,
and (iv) the overlapping relationships between GEs.
These functionalities make the WebGIS a valuable
tool for analysing complex and polygenetic geomorphic
systems. For instance, the Main Map is exemplifying the
selection of a typical badland (i.e. contoured in light
blue), whose information stored in the attribute table
appears within a query window. In the study area, Bad-
lands (BG.1) (Table 2) have been mapped as geo-
morphic systems affected by a combination of
multiple ‘dominant’ (i.e. rill-interrill erosion, gully ero-
sion; Figure 6a), ‘secondary’ (i.e. piping; Figure 6b),
and/or ‘subordinate’ (i.e. landsliding; Figure 6c, e) ero-
sion and depositional processes (Table 1). In the Main
Map, tangential curvature shows local flow convergence
and divergence, highlighting water flow pathways
within drainages such as badland gullies, while slope

Figure 6. Assessment of geomorphic systems (i.e. hierarchical overlay of processes and related landforms) during field surveys. (a)
Evidence of rill-interrill and gully erosion acting as ‘dominant/primary morphogenetic processes’ on badland development. (b)
Evidence of piping acting as ‘secondary process’ (i.e. related to primary morphogenesis) on a badland system. (c) Rock fall
detached from a badland, acting as a ‘subordinate process’ (i.e. related to a subsequent and overlaying morphogenesis). (d)
Rill-interrill erosion features emphasising ‘subordinate processes’ acting on landslide displaced material. (e) Deposition of
coarse-blocky material at the bottom of a gully, as a consequence of diffuse and intermittent small-scale landsliding (i.e. subordi-

nate processes).



map gives insights into overland and subsurface flow
velocity and runoff rate (cfr. Wilson & Bishop, 2013).
Moreover, the orthophoto time series emphasizes the
stable trend of the selected GE (Main Map). Other com-
plex and polygenetic GEs are Rock walls affected by
diffuse rock/debris falls (LR.1), which are geomorphic
systems whose control by litho-structural features influ-
ences both landform development and sediment
dynamics. In particular, they have been mapped uni-
formly as GEs affected by diffuse rock/debris falls as
‘dominant’ process (Table 2), while all of them are
further affected by water runoff as ‘subordinate’ pro-
cess. Additionally, most of them are affected by debris
flows (i.e. ‘secondary processes’), mainly occurring
along couloir midslope drainages on ribbon-like slopes
(La Licata et al., 2023).

Regarding overlapping GEs, Areas affected by rill-
interrill erosion (RL.1) forming the ‘dominant mor-
phogenetic process’, on different land uses (e.g. arable
lands, meadows), have been considered as indepen-
dent GEs even when they are imposed on a landslide
body stabilized by soil and vegetation. This is
especially the case when large landslide bodies have
been recognized having an ancient and undefined gen-
esis, thus being preserved in the landscape mostly as
morphological features over which human settlements
have occurred (Bertolini & Pizziolo, 2008). In this
case, RI.1 GEs overlap those of the Landslide (LD)
sub-database (see Main Map). Another frequent GE
overlapping takes place when bank erosion occurs at
the landslide toe/flank or within channels intersecting
landslide bodies. In this case, Retreating banks (BE.1)
GEs overlap other GEs within LD (see Main Map).

Conversely, evidence of small-scale surficial water
erosion above the ‘fresh’ landslide displaced material
has been considered as a ‘subordinate process’ of
GEs within LD (Figures 3d and 6d; Table 1). Similarly,
diffuse and small-scale shallow landsliding (e.g. trig-
gered by prolonged rill-interrill erosion, land use
changes, or agricultural practices) has been considered
as a ‘subordinate process’ of RI.1 GEs (Figure 5b;
Table 1), rather than being mapped as a landslide pro-
cess in LD.

5. Discussion

In this paper, we formalized the GIS-based multiscale
procedure for sediment sources/sinks mapping intro-
duced by La Licata et al. (2024), illustrating and detail-
ing its conceptual structure and key definitions within
a general methodological framework (Figure 2). The
novelty of this approach lies in the possibility of repre-
senting landscape complexity by using geometrically
identifiable polygon objects namely ‘Geomorphic
Entities” (GEs), which are organized in one or differ-
ent sub-databases (Figure 7a, b) consisting of struc-
tured informative attributes (Table 1). The particular
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structure of the data and the simplifications intro-
duced with respect to detailed symbol-oriented geo-
morphological maps — which are often aimed at
illustrating the distribution of landforms regardless
of the adopted scale and their relevance for application
purposes (e.g. Figure 7c¢, d; Magliuolo & Valente,
2020) — makes our approach more understandable to
non-specialist end-users (Griffiths & Abraham,
2008), allowing them to visualize and query complex
spatial geomorphological information through the
WebGIS. As with other object-oriented approaches
(e.g. Buter et al, 2020), using only polygon features
(rather than a combination of points, lines, and poly-
gons) facilitates automated GIS analysis, such as the
extraction of geometrical and numerical information,
improving database analysis (De Jong et al, 2021).
However, the results obtained by applying this map-
ping framework are preliminary and serve as a pre-
paratory work for further elaborations, rather than a
final assessment. It is worth noting that our approach
efficiently combines both geomorphological and GIS
expertise (Radoane et al., 2011), thus being suitable
for GIS-based modelling as well as hazard mapping
and zonation (e.g. Gustavsson et al., 2008; van Westen
et al.,, 2003). From this point of view, complex geo-
morphological information stored in GEs, with a
defined spatial distribution and localization, can be
used as vector data in (semi-)quantitative modelling
procedures involving sediment sources/sinks and
dynamics assessment. An example of this kind of
application was provided by La Licata et al. (2024),
who used structured data stored in IM database to
estimate the geomorphic potential of GEs acting as
sediment sources, by weighing them based on their
process composition and potential contribution to
sediment dynamics through a relative scoring system.
Afterwards, the weighted GEs were rasterized and
integrated with sediment connectivity and sediment
transport modelling to assess potential hotspots of
sediment sources and related dynamics, as well as to
derive ‘relative hazard’ classes for sediment pro-
duction and delivery.

Anyway, while our framework is generally appli-
cable across different geographic and morphocli-
matic contexts, the specific relationships between
processes, landforms, and sediment
sinks depend on the geomorphic characteristics of
the watershed where it is applied. For instance, in
the upper Val d’Arda, slope deposits (SD) and allu-
vial deposits (AD) (such as scree slopes, talus cones,
fluvial terraces, and floodplains; Table 2) are typi-
cally considered sediment sinks due to their deposi-
tional setting (La Licata et al., 2023). However, these
features can also act as sediment sources across var-
ious spatial and temporal scales (Gellis et al., 2016),
as a function of the degree of sediment (dis)connec-
tivity and the magnitude and frequency of external

sources or
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Figure 7. Comparison between the object-oriented ‘Geomorphic Entities’ mapping approach applied in this study (panels a and b)
and a symbol-oriented geomorphological mapping approach (panels ¢ and d) (i.e. based on Italian Working Group for Geomor-
phological Mapping Legend; cfr. Campobasso et al., 2021; modified after La Licata et al., 2023). Two different excerpts are dis-
played (above and below). The yellow arrows indicate overlapping geomorphic systems.

drivers/forcings (La Licata et al,, 2024). Landslides
(LD) in this morphoclimatic setting require special
attention and are treated separately from other
slope deposits. Particularly, large earthflows exem-
plify the dual role of certain landforms, as they
serve as long-term sediment storages due to their
persistence and very slow movement rates but can
become primary contributors of sediment delivery
to the river network when mobility increases
(Carlini et al.,, 2016; Simoni et al., 2013). Conse-
quently, the distinction between sediment ‘sources’
and ‘sinks’ is not always clear-cut, as it is a dynamic
interplay that varies with temporal scales and geo-
morphic processes.

In addition, our methodological framework
accounts for the problem of representing polygenetic
landscapes (Fairbridge, 1968), since different levels
of morphogenetic processes overlaying on the same
geomorphic system can be easily assessed and charac-
terized by adopting a hierarchical scheme based on
different survey scales (Table 1; Figure 2). Thus, sev-
eral attribute data can be related to the same vector
object (Gustavsson et al, 2008; e.g. ‘dominant

morphogenetic processes’ are mapped at 1:5,000
scale defining the GE, while ‘subordinate processes’
are surveyed at 1:2,500 scale and added as attribute).
This makes our approach different from other
object-oriented mapping schemes. For instance, in
Campobasso et al. (2023) ‘focal landforms’ can be dis-
aggregated into distinct ‘elements’ or ‘components’ to
highlight intra-landform complexity, or aggregated to
represent ‘landform complexes’ and ‘patterns’. Con-
versely, our approach assesses geomorphic complexity
within the same focal landform as the elementary
mapping unit, where a single GE encompasses infor-
mation on multiple process levels related to different
morphogenetic settings, along with information on
present activity and its morphodynamic evolution.
Furthermore, superimposed morphogenetic systems,
chronologically differentiated and forming distinct
morphological elements (i.e. palimpsest landscapes;
Bauer, 2004; e.g. rill-interrill erosion affecting culti-
vated areas above wide ancient landslide toe), can be
mapped at the same scale using distinct overlaid GEs
and stored into distinct information layers (e.g. RI
and LD sub-databases; Figure 7a, b). However,



differently from symbol-oriented geomorphological
maps, GEs are not suitable to accurately represent
landforms through a univocal symbology, from
which one can obtain exact information on both pre-
sent geomorphological and paleo-environmental set-
tings, as well as predict their future development
(see Dramis et al., 2011). Thus, since in our approach
all the useful geomorphological information related to
object-entities is stored in a database, a WebGIS tool is
essential to make data accessible to non-GIS experts
(Maerker et al, 2019), thereby supporting stake-
holders and decision-makers in territorial planning
(Karagiozi et al., 2011; Randazzo et al., 2021; Thiebes
et al., 2013).

Conversely, a traditional symbol-oriented map is
not only useful for outlining the general layout of
individual landforms shaped by their morphogen-
esis, but also for emphasizing the relationships
between various landforms, each influenced to
different extents by multiple processes (St-Onge,
1981). For instance, Figures 7c and 7d convey a
clear and immediate representation of the geomor-
phological complexity of the area, thanks to a 1:1
relationship between the ‘symbol-color’ and a par-
ticular geomorphological meaning (cfr. Campobasso
et al., 2021). Nevertheless, this approach may be less
suitable for GIS analysis and modelling due to its
genetic-based, scale-dependent symbology, which
can lead to challenges when using geospatial data
linked by strict topological rules. For instance, in
traditional symbol-based geomorphological maps,
two overlapping landforms cannot be mapped with
polygon symbols (Campobasso et al, 2021). Sim-
plifications are usually adopted to highlight either
the primary genetic process (the one responsible
for creating the landform being described) or the
most recent shaping process that acted on it
(Castiglioni, 1982). Thus, in geomorphologically
complex areas, the real extent of overlapping land-
forms might be underestimated (Figure 7c, d).
That is, representing process composition of com-
plex overlaying geomorphic systems could be chal-
lenging without wusing a proper symbology
differentiated based on both the features to be rep-
resented and the scale (i.e. assemblage of point, line,
and polygon symbols; Figure 7c, d; Seijmonsbergen,
2013). Hence, depending on the geomorphological
legend used, inconsistencies and problems of rep-
resentation may arise when representing a combi-
nation of processes at the same spatial extent
without a unified symbology (Radoane et al., 2011).

6. Conclusion

We provided a GIS-based general methodological
framework for assessing, mapping, and interactively
visualizing complex and polygenetic landscapes
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affected by severe land degradation, where different
levels of processes overlap and interact on different
spatio-temporal scales. By applying our approach in
the upper Val d’Arda (Northern Apennines, Italy),
we illustrated how complex geomorphological infor-
mation can be assessed and mapped using polygon
objects called ‘Geomorphic Entities’, allowing to
store multiscale information within a hierarchically
structured database, including process composition,
activity, and morphodynamics. Particularly, our
methodological framework addresses many problems
typically related to classical symbol-oriented geo-
morphological maps, making it suitable for both
scientific and practical application purposes. However,
it should be noted that this method is not designed to
replace traditional, symbol-oriented geomorphologi-
cal mapping, which remains an essential tool for
territorial knowledge and characterization. Rather,
our approach aims to complement traditional
methods, offering a way to manage complex geo-
morphological data in a form easily implementable
in GIS for modelling purposes.

The data are available for interactive consultation
in a dedicated WebGIS application. The latter has
been implemented as a collection of digital geomor-
phological information layers, consisting of both ras-
ter and vector data, which can be queried and
displayed with additional information layers by end-
users. Our application allows stakeholders such as
local administrations, farmers as well as water and
reservoir managers to visualize and use complex infor-
mation related to geomorphological system dynamics.
Further improvements could be addressed towards the
implementation of a real decision-support system,
supporting decision-makers towards a sustainable
watershed management.

Software

We used the Esri© ArcMap software (version 10.3.1;
ArcGIS; https://www.esri.com/it) to achieve all the
methodological steps aimed at elaborating the Inven-
tory Map (IM), from the acquisition and assessment
of pre-existing datasets and digital orthophotos
(Web Map Services) to digital mapping and
implementation of the database. The Google® Earth
3D Imagery supported the phases related to digital
mapping. We used the SAGA GIS software (version
8.1.1; https://saga-gis.sourceforge.io) to achieve the
delineation of the channel network and watershed
boundary, as well as the DTM-based terrain analysis.
Furthermore, the ArcMap 3D Analyst tools were
used to elaborate topographic profiles. Statistical
analysis on the IM database was performed in Micro-
soft Excel. The WebGIS implementation was devel-
oped through the Esri© ArcGIS Server and
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https://saga-gis.sourceforge.io
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subsequently published through the ArcGIS Online
platform.
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