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Abstract 

Urban geomorphology studies the landscape in cities, and changes induced by human activities to the natural 

landscape. Cities have different geological-geomorphological substrates, and humans as "geomorphic agents" have been 

operating within them in different times since the Paleolithic, threatening the Earth-surface heterogeneity and ecological 

sustainability, especially in urban areas. Urban geomorphology helps understanding natural and historical landscape 

evolution, changes to natural morphologies, and the effects of the development of cities on natural geomorphological 

processes. Quantitative geomorphodiversity describes the variety of landforms and morphological processes 

characterizing the landscape. Geomorphodiversity maps can be prepared using heterogeneous spatial data, at different 

geographical scales. Here, we adopt the land surface diversity index of Italy, which approximates field-based 

geomorphological maps. One relevant example of the latter, in Italy, is the geomorphological survey carried out in 

Rome, which integrates field surveys, historical maps, aerial photographs, archaeological and geomorphological 

literature. In this work, we compare the land surface diversity index, obtained with a simple and objective approach, 

with comprehensive geomorphological maps of locations describing the rural-urban gradient within the Rome urban 

area. We aim at understanding the representativeness of the geomorphodiversity index at the local scale, and its 

advantages and limitations, in urban areas. We describe a simple approach to compare the geomorphodiversity index 

and the geomorphological dataset. The method pins down to a common ground the five diversity classes, in the raster 

index, and the number of landforms mapped in the field, in the geomorphological map. Most notably, the latter 

distinguishes natural and anthropogenic landforms, allowing us a different assessment for these substantially different 

geomorphological elements. Results highlight that both natural and anthropogenic processes contribute to 
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geomorphodiversity in urban environment, and in areas having different urbanization level. They are relevant to 

understand the anthropogenic morphogenesis impact on geomorphodiversity in urban environment.  

Keywords 
 

Geomorphodiversity, Geomorphological mapping, Landscape classification, Urban environment, Anthropogenic 

erosion-accumulation 

Highlights 

● Anthropogenic morphogenesis modifies natural landscape in urban environments 

● Locally scaled-down land surface diversity index matches real-world geomorphology 

● Anthropogenic landforms contribute to geomorphodiversity as much as natural ones 
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1 Introduction 

The Earth is experiencing the most populated period of its history, with urban areas increasing worldwide. Future 

projections report that 70% of humans will live in cities by 2050 (United Nations, 2012). Uncontrolled expansion of 

built-up areas has a huge demand for land and a large impact on natural systems surrounding urban areas.  

Urban ecology recently emerged as a discipline (Sabogal, 2021), which discusses cities either as integrated 

ecosystems (Rebele, 1994) or as ecosystems themselves (Grenier et al., 2020). To analyze ecological sustainability, 

urban ecology studies are paying increasing attention to the anthropic impact on urban ecosystem processes and 

components. This led to the development of Essential Variables (Bojinski et al., 2014), and Essential Geodiversity 

Variables (EGVs; Scrhodt et al., 2019). EGVs aim to “quantify and monitor heterogeneity of Earth-surface and 

subsurface abiotic features, including geology, geomorphology, hydrology and pedology” (Schrodt et al., 2024). 

In this framework, geodiversity assessment in urban areas may represent an indicator of human impact on the 

environment, for what concerns abiotic components. Few geodiversity studies investigate urban environment, mainly 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

focused on ecosystem services provided by geodiversity and impacted by human activity (da Silva and do Nascimento, 

2020; Reverte et al., 2020; Balaguer et al., 2022, 2023), geodiversity elements inventory and assessment for geotourism 

(Pica et al., 2016; Kubalíková et al., 2017; Pica et al., 2017; Kubalíková et al., 2018; Pica et al., 2018; Kubalíková et al., 

2019; Mucivuna et al., 2019; Moradipour et al., 2020; Kubalíková et al., 2021; Wolniewicz, 2022) and urbanization 

planning and management (Ilić et al., 2016; Santos et al., 2017). Geomorphology is less investigated than other 

geodiversity component (Hubert et al., 2019; Burnelli et al., 2024), in fact quantifying the impact of human activities on 

geomorphological processes is poorly represented in the scientific literature, and this work goes the direction of filling 

this gap. 

The focus of urban geomorphology is to investigate the changes to the natural landscape caused by human activities 

in cities (Cooke 1976; Cooke et al. 1982), and to consider humans as geomorphic agents, generating anthropogenic 

erosion and accumulation (Vergari et al., 2021; Campobasso et al., 2018). Urban geomorphology helps understanding 

the natural, historical, and anthropogenic landscape evolution, the changes imposed by settlements on natural 

geomorphological processes and geodiversity.  

Here, we consider geomorphodiversity, a subset of geodiversity, as a representation of “the natural range, or 

diversity, of geological (rocks, minerals, fossils) geomorphological (landforms, topography, physical processes) and soil 

features” (Gray, 2013). In particular, we adopt the land surface diversity index (GmI) proposed by Burnelli et al., (2023) 

as a proxy for heterogeneity of land surface in Italy. The index is a discrete categorization of land surface diversity, 

embedding information on geology and digital elevation model-derived quantities. 

Geomorphodiversity (Thomas, 2012a, b; Melelli et al., 2017; Burnelli et al., 2023) can be compared in urban areas 

with real-world urban geomorphological maps, and the comparison is an effective tool to analyze the impact of human 

activities on the Earth surface heterogeneity (Rito et al., 2022). In this work, we focus on the city of Rome, Italy, 

considering data collected with a geomorphological survey and mapping that has been going on for 20 years. Such 

survey has allowed the proposal of a model for the geomorphological classification of urban landscape (Della Seta et 

al., 2002, 2007; Del Monte et al., 2016; Luberti et al., 2018, 2019; Vergari et al., 2021, 2022). The geomorphological 

survey is still ongoing, and the urban geomorphological dataset of the metropolis describes the natural and 

anthropogenic processes and landforms, which shaped the city landscape. The dataset provides an unprecedented 

opportunity to study the complex effects of human activities, particularly those related to intense urbanization, on the 

spatial distribution of different levels of geomorphodiversity. 

Within this context and with the available data, we tried to answer the following research questions:  

I) how well can the GIS-based land surface diversity index represent the actual geomorphology of urban areas?  



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

II) does anthropogenic morphogenesis contribute to geomorphodiversity?  

To answer those questions, we compared the GmI of Italy with the landforms dataset of three areas describing Rome 

city’s urban-rural gradient, “one of the techniques commonly used to investigate how urbanization is changing the 

ecological patterns and processes across the landscape” (McDonnell and Pickett, 1990; Hahs and McDonnell, 2006; 

McDonnell and Hahs, 2008).  

A simple method allowed us the interpretation of the discrete geomorphodiversity values, as compared to the high-

resolution map of landforms. We discuss the relationship between different geomorphodiversity values with the 

surveyed landforms, both natural and anthropogenic, to understand if diversity depends on the morphogenesis type. We 

further discuss whether GmI overestimates or underestimates (mismatch) the number and diversity of landforms 

observed in the real landscape. 

2 Regional setting 

Italy presents an outstanding variety of landscapes and landforms, due to its complex geological history and 

repeated climate changes. Its unique civilization history played a large role in shaping the landscapes through time 

(Marchetti et al., 2017). These characteristics are borne out in the geomorphodiversity index of Burnelli et al. (2023), 

which highlights a heterogeneous and interesting landscape. The same can be said about the Italian cultural landscape, 

shaped by the richness of historical metropolises, cities and villages, resulting from the ‘joint works of nature and man’ 

(Sauer, 1925). 

The study area of this work is in the central part of the Italian peninsula, on the western side of Lazio region, 

encompassed by the municipality of Rome, the capital city of Italy (Fig. 1). 

Rome arose south of the confluence between the Tiber and Aniene Rivers in the 8th century B.C. The elevation 

ranges from the minimum of 10-20m a.s.l. of the Tiber and Aniene floodplains to the maximum of 100-200m a.s.l., on 

the top of the volcanic plateau and the main structural relief.  

A Plio-Pleistocene marine sedimentary basement characterizes the area (Funiciello and Giordano, 2008; Marra and 

Rosa, 1995). Volcanic, tectonic and glacio-eustatic processes interplayed in the area since the Middle Pleistocene. A 

volcanic plateau was generated by the Sabatini and Alban Volcanos (Karner et al., 2001; Giordano et al., 2006), formed 

during the Middle-Upper Pleistocene from several eruptive phases. It shows an alternance of effusive and pyroclastic 

rocks, and continental sediments (Funiciello and Giordano, 2008). Late Pleistocene fluvial erosion modeled the volcanic 

plateau, resulting in the historical hilly fluvial landscape of Rome deeply modified by three millennia of urbanization. A 
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subsequent rise in sea level caused a depositional phase, during which alluvial deposits filled the valleys up to 60 meters 

(Ascani et al., 2008). 

3 Materials and Methods 

Materials used in this work are a geomorphological dataset, described in Section 3.1, and a land surface diversity 

index, in Section 3.2. The main method adopted here is a comparison of the two input maps, described in detail in 

Section 3.3; Fig. 2 summarizes the procedure. 

3.1 Geomorphological survey 

The landscape of Rome is an outstanding example of urbanization characterized by the century-old stratification of 

urban expansion phases (Del Monte et al., 2013). Since its ancient time foundation, until the intense and progressive 

growth started after the Second World War and still ongoing (Del Monte et al., 2016), several kinds of human activities 

have been operating and generated anthropogenic erosion and accumulation, moving “tremendous amounts of soil and 

rock” (Hooke, 2000).  The city progressively expanded over the centuries. During the Roman period, the expansion 

proceeded radially from the Tiber River, and later followed the directions of the main ancient Roman roads: to the east, 

before, and to the west, during the last 30 years, influencing the city urban-rural gradient. 

The geomorphological investigation of such a deeply multi-layered and anthropized environment led Del Monte et 

al. (2016) to the proposal of the urban geomorphological survey method and subsequent improvements (Vergari et al., 

2021). The survey is based on multitemporal data and materials analysis (i.e., historical topography and orthophotos, 

satellite imagery, geognostic data), integrated by multidisciplinary investigations (i.e., archaeological reports, historical 

archives, iconographical, artistic materials, etc.), and field survey. Geographical information system (GIS) software 

allows managing data overlay and operating processing of multitemporal data (Del Monte et al., 2016; Vergari et al., 

2022), to understand the urban landscape evolution under natural and anthropogenic morphogenesis. 

The mapping procedure relied on the guidelines for national geomorphological cartography (Campobasso et al., 

2008), which classifies landforms following morphogenetic criteria, and considering both erosional and constructional 

processes. The case study of Rome demonstrates that in urban areas, natural morphogenetic processes are active in 

modeling landforms, and inactive landforms shaped by different morphogenetic conditions in the past exist as well. A 

third morphodynamic kind of natural landform is widespread in urban environment: modified natural landforms, 

modeled by natural processes but reshaped and altered by anthropogenic erosion and accumulation. Anthropogenic 

morphogenesis erases, buries, flattens natural morphologies or builds hills, generating new landforms and actively 

contributing to the evolution of the landscape under the influence of human activity. Moreover, geomorphological 
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analysis of an urban area required innovative strategies for the detection and mapping human induced modifications to 

the topography, and anthropogenic landform classification, beyond the Italian national guidelines for geomorphological 

mapping (Vergari et al., 2022). 

The natural and anthropogenic landform dataset adopted here is the preliminary result of the ongoing survey at 

1:25,000 scale, and contains two major classes: 

● Natural landforms – 2,507 elements, distinguished in 26 landform types; 

● Anthropogenic landforms – 1,242 elements, distinguished in 21 landform types. 

Natural and anthropogenic landforms are both distinguished in erosional and constructional and, in few cases, mixed 

landforms. The vector layers describing the landforms contain polygonal, point-like, and linear features. 

We selected three areas, representative of different degrees of the urban-rural gradient:      i) the natural landscape 

(NW area), ii) the modified natural landscape (NE area) and iii) the anthropogenic landscape (City center area). Figure 

1 shows boundaries of the three areas. Different choices for the definition of urban areas exist. For example, Bettencourt 

(2013) defined cities based on paved areas, and Alvioli et al. (2020) used a parameter-free approach to delineate cities 

boundaries starting from street junction information; both definitions are relevant for purposes other than scope of this 

work. Thus, the urbanization level and rural, urban-rural and urban conditions of the three areas are defined according 

to the Copernicus Dataset Urban Atlas Land Cover/Land Use (2018) classification for the Functional Urban Area 

(FUA; Dijkstra et al., 2019) of Rome. Urban Atlas classifies as urban land use (devoted to continuous or dense urban 

fabric, roads, industrial units, dump sites and leisure facilities) 69% of the city center area, 35% of the NE area, and 

20% of the NW area. 

3.2 Land surface diversity index at national and local scale 

The land surface diversity index of Italy, GmI, is a quantitative geomorphodiversity index, obtained with a simple 

and objective method using geo-lithological information, a digital elevation model (DEM), and a few quantities derived 

from the DEM. The index provides an intuitive result, readily available for subsequent applications in different 

locations and at different scale resolutions.  

The GmI map developed for Italy (Burnelli, et al. 2023) adopted EU-DEM (by Copernicus), at 25 m resolution, and 

the lithological map of Italy recently published by Bucci et al. (2022), at 1:100,000 scale. Topographic quantities such 

as slope, drainage network and landforms (namely, forms singled out by r.geomorphon, a model by Jasiewicz and 

Stepinski, 2013) were derived from the DEM.  
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The method used by Burnelli et al. (2023), extended from Benito-Calvo et al., (2009) and Melelli et al., (2017), 

consists of calculating partial diversity maps for the individual inputs, calculated with circular moving windows (QGIS 

and GRASS – GIS). The size of moving windows is a relevant parameter of the method. The resulting partial diversity 

maps were classified into five classes, combined into a single map (GIS sum), and reclassified into the final 

geomorphodiversity raster index, GmI, with a final spatial resolution of 500 m. In this work, we generated a GmI map 

with higher resolution, 25 m (Fig. 3) corresponding to the resolution of the EU-DEM, which is more suitable for the 

analysis at local scale than the published result. 

The GmI consider the variability of landforms number, while other existing geodiversity assessment methods (e.g., 

Hjort and Luoto, 2012; Tukiainen et al., 2016; Barančoková et al., 2023) explicitly consider landforms richness, namely 

the variability of different landforms. Since detailed geomorphological data are not continuously available for large 

area, these methods resort to Earth observation data and statistical modeling. On the other hand, the GmI adopted in this 

work considers morphometric types defined by the r.geomorphons model for landforms (Jasiewicz and Stepinski, 

2013). For this reason, validation with real world geomorphological maps is of utmost importance. 

Due to the local scale of the test areas (cf. Fig. 1), we argue that the size of GmI assessment in GIS (i.e., size of 

moving windows to calculate diversity) should be pinned down by the size of the polygonal features resulting from the 

geomorphological survey. We selected a moving window radius using the square root of the mean area of the natural 

and the anthropogenic polygonal landforms. 

3.3 Spatial distribution of natural and anthropogenic landforms 

The spatial distribution of the number and of the diversity of point, linear and polygonal features was performed on 

a fishnet of 100×100 m cells, snapped to the GmI resampled at the same resolution. The analysis was carried out both 

separately and overall, for the natural and the anthropogenic geomorphological dataset, which resulted in six raster 

maps: number of natural landforms, number of different natural landforms (number of different landforms same as 

landforms richness in Hjort and Luoto, 2012; Tukiainen et al., 2016; hereafter, named natural/anthropogenic landform 

diversity), number of anthropogenic landforms, diversity of anthropogenic landforms, number of overall landforms and 

diversity of overall landforms. The maps were classified from 1 to 5 according to Jenks natural breaks, from the lowest 

to the highest number of landforms, in analogy with the method used for GmI (Burnelli et al., 2023). 

3.4 Correspondence of GmI and diversity of observed landforms 

We compared the GmI obtained at local scale (Section 3.2) with the six raster maps representing either the number 

and the diversity of landforms (Section 3.3), within the three surveyed areas (Section 3.1). To perform the comparison, 
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we calculated the raster difference with the map algebra tool in QGIS and GRASS software. The results allowed us to 

test the effectiveness of the GmI concerning the geomorphological diversity observed in the field, in different contexts, 

where natural features and/or anthropic modifications exist. Therefore, this step enables us to detect positive or negative 

differences between the two inputs, and to investigate the potential of the index in urban areas, answering the question 

about how much anthropogenic morphogenesis contributes to geomorphodiversity or alter it.  

In order to investigate the significance about the differences or similarities in the GmI versus observed landform 

number/diversity values in study areas, additional statistical analysis were desirable. 

We have considered statistical tests, such as the Student’s t-test, Mann-Whitney, and Kolmogorov-Smirnov tests. The t-

test requires normally distributed variables, and all of the tests require continuous distributions, and use cumulative 

functions; none of the conditions are fulfilled, here. The issue is to figure out a test that accounts for both the spatial 

distribution and magnitude of the values. We considered Brier score B, considering for each grid cell a prediction, Pi, 

against an observed value, Oi, defined as: 

 

 

 This test is still not well defined, here, because it requires a binary prediction, and we have a five-valued prediction, 

instead. Thus, we considered the following simple test, which is inspired and generalizes the “true positive” and “false 

negative” indicators of confusion matrices. We extended the meaning of these indicators, considering “true positive” a 

prediction (GmI value) which matches the i-th class of an observation (maps obtained from geomorphological survey). 

We take into account all the five classes defining a synthetic indicator as follows: 

  

 Where TPi is the sum of true positives (prediction in the class j=i), for class i, across the study area, and FNi the sum of 

false negatives (prediction in a different class, j≠i), for class i. With 5 possible values, the prediction is better than a 

random prediction if larger than 1/5. We have calculated the indicator I of Eq. (2) for the three different sectors in our 

study area (City Center, NO, and NE). Since we already noted that perfect match is seldom obtained, we generalized the 

expression in Eq. (2) considering as “positive” a prediction differing from the reference value by one unity, or by two 

unities. 
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4 Results 

We discuss in separate paragraphs results of the geomorphological survey in three focus areas in Rome, the GmI 

calculated at local scale, the spatial distribution of natural and anthropogenic landforms, and how they compare with the 

GMI according to the methods developed in this work. 

4.1 Natural and anthropogenic landforms in Rome 

Figure 4 summarizes the results of the geomorphological survey. The natural landforms surveyed in Rome’s 

landscape are fluvial, litho-structural, volcanic, and gravitational. 

 Examples of erosional fluvial landforms are through-shaped and flat-floor valleys, few examples of V-shaped 

valleys are present and rill and gully erosion, fluvial erosion scarps and crests are present. The process is active mainly 

in the rural and suburban area, to the NW and NE areas, meanwhile in the most urbanized area, City center, the valleys 

are inactive, due to culvert, or modified (Fig. 5a), because partially filled by anthropogenic deposits redefining the 

shape but not deleting the landform neither breaking the process. For this reason, in this work natural landforms 

modified by humans, but still recognizable, were grouped into the original natural morphogenetic process category. The 

wide Tiber River alluvial plain is the largest constructional fluvial landform of this kind, dividing the City center area in 

two parts, but several other fluvial landforms exist in the area. Litho-structural and volcanic landforms are related to the 

Pleistocene Sabatini and Alban Volcanos’ activity: sub-horizontal structural surfaces shaped in the volcanic plateau 

deeply characterize the relief top, on both hydrographic right and left sides of the Tiber River. Landslides are 

concentrated on the marine sedimentary lithologies outcropping on the eastern slope of the main structural relief 

(western section of the city center area, Fig. 5b). 

Anthropogenic landforms in the area correspond to constructional human activities such as infilling, dumping, 

channelizing, embanking, and erosional activities such as mining, quarrying, or excavations. Filling surfaces on ancient 

valleys and quarries are the most common constructional landforms, especially in the City center area. The infilled 

valleys are no longer recognizable in the landscape, as the fluvial process stopped, and the previous morphology (valley 

section) is recognizable only by paleo-morphology and historical landscape reconstruction. Artificial reliefs are also 

present because of dumping; there are examples of artificial hills or tabular reliefs due to walls retaining filling 

materials on hilltop. Many embankments are present, mainly related to the hydrological hazard management (i.e., 

flooding). The Tiber River retaining walls are about 20 m high, built to embank the riverbanks to isolate the river 

beneath the city. Erosional anthropogenic landforms are excavation surfaces, made both for obtaining flat surfaces for 
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urban fabric expansion (i.e., slopes or saddle excavation, Fig. 5c) and for extraction of building rocks; man-made 

scarps, quarries, trenches are widespread.  

Lastly, terraced slopes are mixed landforms of both anthropogenic erosion and accumulation. Slopes were terraced 

for building, reforestation, and agricultural activities. 

4.2 Geomorphodiversity index at local scale 

Figure 3 shows the GmI map at 25 m resolution at national scale. Values range from 1, the lowest value of land 

surface diversity, to 5, the highest. Areas with GmI = 1 represent 15.4% of Italy; value 2, 18.6%; value 3, 25.6%; value 

4, 24.2%; value 5, 16.2%. The highest value of GmI is distributed in areas with larger apparent roughness, whereas the 

lowest values (1 and 2), amounting to about 34% overall, are generally distributed in gentle slope zones. The values 3 

and 4 of GmI are represented throughout Italy, covering about 50% of the whole country. 

In this work, to work at local scale, we adopted a version of the GmI map suited for comparison with the landforms 

observed in the field, alongside the national original GmI. For this reason, we considered the statistics of the natural and 

anthropogenic polygonal landforms. The absolute number of polygons, listed in Table 1, are similar, amounting to 616 

natural and 629 anthropogenic features. 

The average size of natural landform polygons’ area is 0.17 km2, while the anthropogenic is 0.06 km2. In both cases, 

the vast majority of polygons are smaller than the average size. Only 15% of natural features are larger than the average 

size (91 polygons), whereas for 30% of anthropogenic landforms are larger than average (183 polygons). The standard 

deviation is large, 617,924 m2 and 102,066 m2 for natural and anthropogenic polygons, respectively, meaning that 

features are very different in size, particularly for natural features.  

From the average polygon’s radius size, which corresponds to 215 m and 121 m for natural and anthropogenic 

features, respectively, we obtain a moving window size to calculate a GmI at the local scale. They correspond to 

moving windows of 11 and 5 grid cells, respectively. We considered 11 grid cells as a lower limit to calculate the local 

version of GmI, at 25 m resolution. The map obtained using moving windows of 11 grid cells to calculate diversity was 

considered the most appropriate to validate the effectiveness of the index using the geomorphological elements existing 

in the test area, and it is shown in Figure 6. 

4.3 Analysis of landforms spatial distribution  

Figure 7 shows raster maps obtained considering either the number of landforms and the diversity of landforms in 

the geomorphological dataset (Section 4.1), within the three focus areas, separately for natural features (Fig. 7a-b), 

anthropogenic features (Fig. 7c-d), and overall (Fig.7e-f).  
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In the City center area, the natural features prevail in the western part (Fig. 6a), while in the NE area, most natural 

landforms are situated toward East, outside the Grande Raccordo Anulare, the annular road that encloses most of the 

urbanized area in Rome. In the NW zone, the distribution of this kind of features is more homogeneous compared to the 

other two focus areas. Figure 7b shows the diversity of natural elements. Except for a few sparse grid cells in the City 

center and in the NE area, the highest diversity of natural features (values 4 and 5) prevails in the NW focus area. In the 

City center area, value 3 is along the riverbank of Tiber River. 

Figure 7c shows that the number of anthropogenic landforms prevail in the City center and in the western sector of the 

NE areas. In the NW sector, anthropogenic features are few, in the eastern part. 

Figures 7d shows that the diversity of anthropogenic features is prominent in the City center and in the NE areas. In the 

NW area, the diversity of anthropogenic landforms is lower, with a few spots with values 2 and 3 in the eastern part. 

Figures 7e and 7f show the spatial distribution of the total number of features, natural and anthropogenic, and the 

total diversity of the geomorphological elements. The number of features is homogeneously distributed in all of the 

three areas, while the diversity of landforms prevails in the NW area, as long as in the left and right riverbanks of the 

Tiber River (City center) and the Aniene valley (NE area). 

4.4. Comparing geomorphodiversity and observed landforms 

Figure 8 shows the results of the comparison (raster difference in GIS) between the GmI (Section 3.2), and the 

raster maps derived from the landforms spatial distribution (Section 4.3) obtained separately for natural and 

anthropogenic landforms. 

Table 2 displays the statistics of the above-mentioned comparison, within the three focus areas. The difference 

ranges from values +4 to -4. We reported the percentage of grid cells falling in each class, and within each area. 

With respect to the number of natural landforms, the correspondence (raster difference = 0) between GmI and 

feature distribution is 14% and 13%, respectively in the NW and NE areas. In the City center, the correspondence is in 

8% of the area. The remaining grid cells range from +1 to +4 values, meaning an overestimation by GmI of the number 

of landforms in the real-world landscape. 

Concerning the diversity of natural landforms, the NW area shows the best correspondence, 29%, whereas in the 

City center and NE areas the percentage is 20% and 21%, respectively. The bigger discrepancy between GmI values 

and the raster map is in the City center area, where the percentage of grid cells with values ranging from +1 to +4 is 

72%. The positive mismatch in the other two focus areas is lower, 43% of the NW area and 66% of the NE area.  
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The results of the comparison between GmI values and the distribution of the anthropogenic landforms show that in 

the NE correspondence is 18% of grid cells, 15% in the City center and 8% in the NW area. In all of the three focus 

areas, the mismatch ranges between values +1 and +4, (91% in the NW area and 77% in the City center and NE areas), 

which means that GmI overestimates the diversity of anthropogenic landforms in the real-world landscape.  

With reference to the number of different anthropogenic features, the NW area shows the lowest correspondence 

with the GmI values, 8%, and the highest discrepancy, 91%. The City center and the NE areas show a better 

correspondence with GmI values, 15% and 17%, respectively. In all of the areas, the rest of the grid cells fall into 

mismatch values ranging from +1 to +4, with 91% of the NW area, 80% of the City center area and 77% of the NE area. 

Figure 9 and Table 3 report the results from the comparison between the GmI and the total number of landforms 

and the diversity of the landforms in the three focus areas. 

Comparing the GmI with the total number of features, correspondence is 16% in the NW area, 19% in City center, and 

22% in NE area. In general, the values ranging from -1 to -4 (GmI underestimating the real number of landforms) reach 

low percentages: 5% in the NW, 10% in the City center and NE areas. Conversely, the values from +1 to +4 are 79% of 

the NW area, 72% of the City center area and 67% of the NE area. 

The results of the difference between the GmI and the total diversity of landforms shows correspondence in 23% of 

the NW area and 26% of the City center and of the NE areas. The negative mismatch (values from -1 to -4) is 10% of 

the NW area, 20% of the City center area, and 21% of the NE area. The positive mismatch (values from +1 to +4), 

reflecting an overestimation of landscape variability by GmI, is 67% of the NW area, 55% of the City center area, and 

52% of the NE area. 

The statistical significance of the comparison between GmI and number/diversity of observed landforms is listed in 

Table 4. Results confirm that cell-by-cell match between the “prediction” and the “observation” are slightly larger than 

a random distribution but considering a mismatch by one unity substantially increases the value of the indicator of Eq. 

(2). Considering that the pair-wise comparisons involve maps obtained from completely different data sources, we 

maintain that the result is meaningful. 

 

5. Discussion 
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We presented results of the comparison of a model for land surface diversity, the GmI in Fig. 3, with the real-world 

landscape of Rome, across the urban-rural gradient, represented by an accurate geomorphological map. The effort aims 

at answering the research questions “how much does anthropogenic morphogenesis contribute to geomorphodiversity? 

Does it alter geomorphodiversity in urban environment?”.  

In the following, we discuss results in three separate sections, devoted to discussing (i) a characterization individual 

landform types with GmI values, to understand whether natural or anthropogenic landforms relate to land surface 

diversity (Section 5.1), (ii) calculation of the mismatch between GmI and a corresponding index, calculated from the 

spatial distribution of the landforms for the geomorphological map (Section 5.2); (iii) discussion of the result in relation 

to the existing literature on urban geodiversity assessment (Section 5.3). 

5.1 GmI values characterizing individual landform types 

The landforms having largest impact on the real-world surface diversity are the polygonal features of the 

geomorphological dataset (consisting of point, linear, and polygonal geometries). In fact, polygonal features are 

spatially the most consistent in the geomorphological database of Rome, thus the most representative: they describe 

well the spatial distribution of geomorphological processes, especially with respect to anthropogenic transformations to 

the landscape and are therefore significant for the investigation of geomorphodiversity in urban environments. For this 

reason, we analyzed the spatial distribution of GmI values, and their spatial relationship with natural and anthropogenic 

polygonal landforms.   

Table 5 shows statistics of the joint distribution of GmI values and natural landform types: focusing on the area 

covered by individual landform types, we analyzed the GmI mean values within the landform polygons. 

The GmI is higher in gravitational accumulation (landslide bodies, 4) and fluvial (alluvial fan, 3.89) landforms, 

where the deposits generated geomorphic features with relief that stands out against the adjacent, more monotonous 

morphology. 

As expected, the lowest GmI values correspond to flat morphology, within the vast sub-horizontal structural 

surfaces and floodplains (mean GmI 2.75), and in regions with slightly inclined but regular surfaces subject to diffuse 

runoff and solifluction (3-3.30). Where the summit structural surfaces are degraded, morphology becomes irregular and 

GmI values increase (sub-structural surface, 3.39). 

Medium-high GmI values are in the vast alluvial plains of the Tiber River and its tributaries (mean GmI 3.37). 

Intuitively, vast flat morphologies should be less "geomorphodiverse", in line with rather homogeneous terrain. This 
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can be understood considering the drainage density input in the calculation of GmI, which likely contributes with 

unrealistic values in these regions and leads to a slight overestimation of the index values. 

Table 6 shows the overlap degree between GmI values and the anthropogenic landforms. The findings are 

interesting, in fact they highlight that GmI well describes the morphological characteristics resulting from 

anthropogenic modifications of the relief. 

The classification of anthropogenic landforms into erosion, accumulation, and mixed features does not seem to 

determine a specific trend in the geomorphodiversity values. Anthropogenic modifications to the relief can simplify or 

enrich the morphology, regardless of the accumulation or erosion nature of the processes, and these variations are well 

described by the GmI values. 

The highest GmI values correspond to morphological features enriched by anthropogenic activities like building 

artificial hills (mean GmI 3.85), landfilling or dumping areas (3.76), or terracing hillslopes for building or agricultural 

activity (3.48 and 3.84, respectively). Medium-high GmI values correspond to excavation surfaces (mean GmI 3.40), 

and lower values are in locations where human activity has reduced the surface ruggedness, for example filling valleys 

(mean GmI 2.84) or other depressions (filling in an ancient quarry, 2.77), or leveling previous reliefs for extraction 

activities (quarry/mine, 2.63) or construction purposes. 

The histograms in Figure 10 summarize the percentage of each focus area covered by each GmI class. The highest 

geomorphodiversity is in the NW area, where about 80% is in medium-high GmI classes. This is likely related to the 

large number of fluvial landforms, thanks to a well-developed drainage network, unaffected by valleys filling and 

morphology flattening. These landforms, together with run-off and gravitational processes, describe active natural 

morphodynamics in this mostly rural area, and that is borne out by the calculated GmI values. 

In the City center, 72% of the area is in medium-high GmI classes. The area is rich in gravitational accumulation 

and fluvial landforms, among natural landforms, and landfill, dumps and terraced slopes are widespread in this 

markedly urban area. According to Table 5, the mentioned landform types increase geomorphodiversity and that is 

borne out in GmI values.  In the City center area, filling surfaces in ancient quarries and valleys, embankments and 

infills flattened the morphology, that is also manifest from lower GmI values, with respect to the NW area.  

The NE area is covered for 63% by medium-high GmI classes. The remaining, lower-GmI region, is due to the 

balanced presence of roughening and flattening geomorphic features, both natural and anthropogenic (see the spatial 

distribution of the natural and anthropogenic landforms in Fig.7), either increasing or reducing the complexity of the 

morphology. The transitional condition of this urban-rural territory is well described by the GmI values. 
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5.2 Matching the diversity of landforms with GmI values 

Table 7 summarizes the results described in Section 4.4 about differences between GmI and natural and 

anthropogenic landforms (considered separately), and between GmI and total landforms, in each focus area.  

Considering as not significant a difference between -3 and 3, the results highlight a good correspondence with 

respect to the number and diversity of real landforms; overestimation of geomorphodiversity is less common, and 

underestimation is very low (1%) or zero, in each focus area. We discuss the spatial distribution of values and types of 

landscape features involved. 

In the NW area, correspondence (raster difference = 0) of GmI and the number of observed natural landform number 

covers 73% of the area, while correspondence between GmI and the diversity of natural landforms covers 94% of the 

area. For anthropogenic landforms, the difference is positive in about 50% of the area. Considering natural landforms 

separately to anthropogenic ones, in the NW area the GmI is overestimated with respect to the number of natural 

landforms (27%), especially with respect to the number and diversity of anthropogenic landforms. Considering the total 

number and diversity of landforms, correspondence covers 79% and 87% of the area, respectively.  

We stress that the spatial distribution of GmI values describe correctly both natural and anthropogenic landforms. In 

the NW area, the overestimation of anthropic landforms by GmI is not due to the landforms distribution itself, but to the 

fact that there is practically none, there. In fact, considering the aggregated number and variability of natural and 

anthropogenic landforms, the discrepancy is minimal, as no regions exist with no landforms at all. Therefore, the 

discrepancy is not due to anthropogenic landforms nor to a poor accuracy of the elevation model, or the GmI model, in 

the built areas. 

In the City center area, correspondence with the number of natural landforms number covers 67% of the area, and 

84% in the case of diversity of natural landforms. For anthropogenic landforms, correspondence is in 70% and 71% of 

the area for the number and diversity, respectively. Overestimation of landforms by GmI covers about 30% of the area, 

it mainly concerns the number of landforms, both natural and anthropogenic, while overestimation is more common for 

anthropogenic landforms diversity than natural ones. Overestimation occurs in regions with low landform density. Our 

interpretation is that the high values of GmI are due to substantial relief in such locations, contained in the slope 

contribution to GmI, which increase geomorphodiversity regardless of actual presence of specific, mapped landforms. 

The correspondence between GmI and the total number and diversity of landforms is good; it covers 80% and 90% of 

the area, respectively. The City center area is characterized by intense urbanization and abundant anthropogenic 
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landforms, thus the overall good correspondence suggests that both natural and anthropogenic landforms contribute to 

geomorphodiversity in this urban area. 

The NE area shows the best correspondence between GmI and anthropogenic landforms, as well as total number and 

total diversity of landforms. Moreover, the NE area shows the lowest overestimation of landforms by GmI. Thus, we 

can conclude that the good balance in natural and anthropogenic landforms distribution confirms the same contribution 

to geomorphodiversity of the two types of landforms. 

5.3 Approaches and results about urban geodiversity in scientific literature 

The comparison of the GmI separately with natural and anthropogenic landforms in Section 5.2 showed that the 

land surface diversity index GmI is not influenced by the distribution in the real landscape of anthropogenic or natural 

landforms. Thus, both natural and anthropogenic processes contribute to geomorphodiversity in the three areas with 

different urbanization level considered here. Instead, individual types of natural or anthropogenic landforms contribute 

differently to the GmI, as described in Section 5.1. 

In this study, geomorphodiversity is considered as a subset of geodiversity and a proxy for the quantification of the 

Earth surface heterogeneity, to which anthropogenic activities deeply impact in urban environments. 

The approach based on the comparison of geomorphodiversity with real-world urban geomorphological maps in 

urban areas resulted an effective tool to analyze the impact of human activities on geomorphological processes. That 

was seldom considered in quantifying the Earth surface heterogeneity in the literature. The results leave room for 

interpretation. In fact, human activities are usually considered to have a negative impact from environmental and 

ecological point of view. We have shown that anthropogenic modifications to the relief can increase or decrease the 

complexity of the landscape, and, consequently, decrease or increase local surface diversity. 

Scientific literature on geodiversity studies investigating urban environment propose approaches very different to 

the one in this study. Geomorphology is predominant in geodiversity perception (Hubert et al., 2019) and it is also the 

main geodiversity component having ecological significance, at local scale especially (Tukiainen et al., 2019).  

A first attempt in urban geodiversity assessment is in Ilić et al. (2016). They apply a quantitative geodiversity index 

to the Belgrade city area, based on the number of different abiotic elements in specific spatial unit. They consider 

roughness to quantify geomorphology assessment and discuss the anthropogenic impact comparing high geodiversity 

classes with the location of protected areas. Santos et al. (2017) used a grid-based geodiversity index to identify the 

most geodiverse areas of the municipality of Armação dos Búzios (Brazil), comparing the geodiversity classes with the 

urban expansion map over a 30-year time. The study considered geology, geomorphology, soil and hydrography, and a 
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geomorphological map of the city, mainly describing morphological types. Combining the geodiversity and urban 

expansion map, they quantified the percentage of area impacted by urban growth in each geodiversity index class.  

The two studies described above are the only examples of quantitative geomorphodiversity assessment in urban 

environments. However, they lack comparison with real landforms, particularly anthropogenic ones. Thus, they omit the 

assessment of the anthropogenic impact on Earth's surface diversity. 

Our study enriches the scientific literature on the quantitative assessment of urban geodiversity. The strength of our 

approach lies in its comparison with actual geomorphology, especially anthropogenic landforms, which is fundamental 

for assessing the heterogeneity of the Earth's surface in urbanized environments. 

Other examples in literature are not urban geodiversity quantitative assessment, but EGVs (Essential Geodiversity 

Variables) and ES (Ecosystem Services) assessment. All these studies (da Silva and do Nascimento, 2020; Reverte et 

al., 2020; Balaguer et al., 2022, 2023) consider landforms as essential geodiversity variables, but they used 

morphologies, geomorphological processes, and morphodynamical domains, instead of explicitly considering 

landforms. Furthermore, they considered anthropogenic morphogenesis only marginally, just contemplating 

technogenic deposits, while anthropogenic impacts assessment analyzes land use changes impact on ES provided by 

geodiversity.  

Rito et al. (2022) modified and applied a previous version of the GmI (Melelli et al., 2017) to the city of Puerto 

Madryn (Argentina). To evaluate anthropogenic impact, they qualitatively compared urban expansion analysis with 

landforms distribution, discussing each landform type, but neglecting anthropogenic landforms.  

Thus, our work is the first attempt to quantitatively relate the geomorphodiversity of an area with the real-world 

distribution of surveyed anthropogenic landforms, to objectively test the capability of the GmI of measuring also the 

land surface diversity due to human-induced modifications. 

6. Conclusions 

Research studies on urban geodiversity are very few and, to the best of our knowledge, this work analyzed urban 

geomorphodiversity in relation with the surveyed geomorphology, interpreting the distribution of diversity classes 

based on the characteristics of the real-world landscape. 

Based on our results, we can answer the question posed in the title and introduction in the following way: 

anthropogenic morphogenesis alters geomorphodiversity in urban environments, as much as natural morphogenesis 

does. 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

In fact, anthropogenic landforms do not decrease surface diversity, as one might expect taking for granted that 

human activities have a huge impact on the landscape. Instead, the impact on the land surface diversity depends on the 

types of anthropogenic processes that model an area and produce new landforms, at least as much as natural processes. 

Landforms resulting from flattened morphology correspond to decreased landscape complexity, and consequently on a 

reduced geomorphodiversity. Landforms generating new relief correspond to increased geomorphodiversity. 

Our results showed that the considered GmI approach can detect the land surface diversity due to both natural and 

anthropogenic morphogenesis. Though in this work we considered a scaled-down version of a national-scale GmI map, 

one interesting point to understand is whether the process can be extended further to consider multitemporal and 

different resolution DEMs, accounting for additional landform types, using more landscape metrics (i.e. Sofia et al., 

2014) and, potentially, additional high-resolution information. 

The current trend of population growth at global level and increasing urban sprawl supports efforts should include 

urban geomorphodiversity and geomorphological studies at a local scale, studying real-world natural and anthropogenic 

landforms, and considering the impact of human activities in a critical and constructive way. This conclusion is 

challenging and supports the planning of human activities in urban areas that favor anthropogenic processes which 

increase geodiversity and Earth's surface heterogeneity rather than diminishing it. 
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Figure 1. Location of the study area. The polygons describe the overall boundary of the core area of Rome Functional Urban Area 

(FUA; Dijkstra et al., 2019) (purple), and three focus areas considered in this work (black, blue, red). Lithological information 

from Bucci et al. (2022): Al – Alluvial and marine deposits; Ucr – Unconsolidated clastic rocks; Cr – Carbonate rocks; 

Ssr – Siliciclastic sedimentary rocks; Ccr – Consolidated clastic rocks; Pr – Pyroclastic rocks; Lb – Lavas and 

basalts; M – Marlstone; Li - Lakes; B - Beach deposits. All maps used in this work are in ETRS89-extended / LAEA Europe 

projected reference system (EPSG 3035); the figures show WGS84 (EPSG 4326) coordinates for ease of interpretation. 
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Figure 2. Flowchart describing the steps of the analysis. The location of three focus areas, chosen with an urban-rural gradient, is 

in Fig. 1; a national map of GmI is in Fig. 3; the geomorphological dataset of the three focus areas is in Fig. 4.  
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Figure 3. Land surface diversity index (GmI, throughout this work) developed following Burnelli et al. (2023). Values  of GmI 

range from 1 (the lowest) to 5 (the highest), with a spatial resolution of 25 m. 
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Figure 4. Geomorphological dataset of the Rome area, updated from Del Monte et al. (2016) and resulting from the ongoing 

geomorphological survey. The map distinguishes anthropogenic and natural features, according to morphogenetic processes 

corresponding to erosion, accumulation, or mixed processes. The three focus areas represent i) a natural landscape (NW area, red), 

ii) a modified natural landscape (NE area, blue), and iii) an anthropogenic landscape (City center area, black). They describe the 

distribution of natural and anthropogenic processes across the city’s urban-rural gradient (see Section 3.2). Lithological 

information from Bucci et al. (2022), see Figure 1 for labels. 

 

 

Figure 5.  Example of landforms from the focus areas: a) modified valley in City centre area. The ancient Circus Maximum stadium 

was built after Murcia valley culvertion in VIth century BCE; b) landslide on marine deposits in  Insugherata Natural Reserve i(NW 

area), the main scarp is just beneath the structural saddle, between sub-horizontal structural surfaces on both side of the hilltop; c) 

Man-made scarp edge (red line) highlighting the Traianum Forum depression, obtained by excavating the saddle between Capitolino 

and Quirinale hills in IInd century AEC. The excavation surface is the base level under the scarp. Legend of schematic section: 

yellow- low cohesive rocks; pink-cohesive rocks; grey- anthropogenic deposits. 
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Table 1. Size characteristics of natural and anthropogenic polygons of the geomorphological dataset. The analysis allowed to 

select the radius of the moving windows to obtain partial diversities in the calculation of GmI at the local scale. 

 No. 
Min area 

[m2] 

Max area 

[km2] 

Mean 

area 

[km2] 

No. poly.  

area > 

mean 

No. poly.  

area < 

mean 

σ 

[m2] 

M.W. 

Radius 

[m] 

Natural polygons 616 22.77 6.81 0.17 91 525 617,924.94 215 

Anthropogenic 

polygons 629 39.89 1.07 0.06 183 446 102,066.82 121 
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Figure 6. Land surface diversity, GmI, obtained at local scale, within the three focus area of Rome with a natural-urbanized 

gradient (see Section 3.2). The map is classified into five classes, and has spatial resolution of 25 m. Section 4.2 describes the 

procedure adopted here to calculate the local GmI, modified from Burnelli et al. (2023). 
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Figure 7. Maps showing the spatial distribution of the natural and anthropogenic landforms: (a) number and (b) diversity of 

natural features; (c) number and (d) diversity of anthropogenic features; (e) number and (f) the diversity of all of the landforms. 

The raster maps are classified with values ranging from 1 (the lowest) to 5 (the highest). The procedure to obtain and classify the 

maps is in Section 3.3. 
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Figure 8. Raster maps showing the difference between GmI and the distribution of landforms within the three focus areas with an 

urban-rural gradient (see Section 3.2). Three rows describe the rural (NW, top), urban (City center, middle), and urban-rural (NE, 

bottom) focus areas. The columns describe the difference between the GmI and the number of natural landforms (a, e, i), the diversity 

of natural landforms (b, f, j), the number of anthropogenic landforms, (c, g, k), the diversity of anthropogenic landforms (d, h, l). 
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Table 2. Comparison between GmI values and distributions of landforms within the three focus areas. Difference 

represents the raster difference calculated in GIS. 

 Difference 
NW area 

(rural) 

City center 

(urban) 

NE area (urban-

rural) 

No. Natural 

+4 5% 11% 6% 

+3 23% 22% 18% 

+2 32% 31% 29% 

+1 25% 26% 30% 

0 13% 8% 14% 

-1 3% 1% 2% 

-2 0% 0% 0% 

-3 0% 0% 0% 

-4 0% 0% 0% 

 

 

 

Variability natural 

 

 

 

+4 1% 3% 3% 

+3 5% 13% 12% 

+2 13% 25% 23% 

+1 24% 31% 28% 

0 29% 20% 21% 

-1 21% 6% 10% 

-2 7% 1% 2% 

-3 1% 0% 0% 

-4 0% 0% 0% 

No. anthropogenic 

+4 15% 8% 5% 

+3 34% 20% 15% 

+2 26% 25% 27% 

+1 16% 24% 30% 

0 8% 15% 18% 

-1 1% 5% 6% 

-2 0% 1% 1% 

-3 0% 0% 0% 

-4 0% 0% 0% 

 

 

Variability anthropogenic 

 

 

+4 15% 8% 5% 

+3 34% 21% 15% 

+2 26% 26% 27% 

+1 16% 25% 30% 

0 8% 15% 17% 

-1 0% 4% 5% 

-2 0% 1% 1% 

-3 0% 0% 0% 

-4 0% 0% 0% 
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Figure 9. Maps showing the difference between GmI and the total number of the landforms (a, c, e) and the diversity of the 

landforms (b, d, f). The three rows of figures show focus areas with an urban-rural gradient, as in Fig. 8 (see Section 3.2) 
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Table 3. Comparison between the GmI and (a) the total number of the landforms and (b) the total diversity of the landforms, 

within the three focus areas with an urban-rural gradient (see Section 3.2). The method is described in Section 3.3 and the result is 

shown in Fig. 9. 

 Absolute difference 
NW area  

(rural) 

City center  

(urban) 

NE area  

(urban-rural) 

(a) Total  

number of landforms 

+4 3% 6% 2% 

+3 18% 15% 11% 

+2 31% 25% 24% 

+1 27% 26% 30% 

0 16% 19% 22% 

-1 4% 8% 8% 

-2 1% 2% 2% 

-3 0% 0% 0% 

-4 0% 0% 0% 

 

(b) Total diversity of landforms 

+4 2% 2% 1% 

+3 11% 8% 7% 

+2 24% 19% 18% 

+1 30% 26% 26% 

0 23% 26% 26% 

-1 9% 15% 15% 

-2 1% 4% 5% 

-3 0% 1% 1% 

-4 0% 0% 0% 
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Table 4. Values of the indicator defined in Eq. (1), summarizing the agreement between the values of GmI with respect 

to the map obtained as diversity of the features from geomorphological survey, and with respect to the number of 

features. We distinguished the three focus areas of Fig. (1). Values larger than 1/5 correspond to a prediction better than 

a random guess. 

  GmI vs. diversity GmI vs. number 

North 

West 

Match 0.25 0.22 

 +/- 1 0.67 0.63 

 +/- 2 0.88 0.87 

City 

Center 

Match 0.24 0.26 

 +/- 1 0.64 0.63 

 +/- 2 0.86 0.86 

North 

East 

Match 0.23 0.24 

 +/- 1 0.62 0.63 

 +/- 2 0.88 0.87 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5. GmI values characterizing individual natural landform types. Process type E correspond to erosion landforms, and A to 
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constructional landforms. 

Process 

type 
Landform type 

Area 

[km2] 

GmI 

Min 

GmI 

Max 

GmI 

mean 

GmI 

st. dev. 

- Sub-horizontal structural surface 32.69 1 5 2.75 1.11 

A Floodplain and recent terraces 13.02 1 5 2.75 1.10 

E Area affected by solifluction 0.02 2 4 3.00 1.00 

E 
Surface affected by rill-interill 

erosion 
0.42 1 5 3.17 1.04 

E 
Surface affected by concentrated 

washing away 
0.10 2 4 3.30 0.64 

A Alluvial plain 33.38 1 5 3.37 1.10 

- Sub-structural surface 23.29 1 5 3.39 1.06 

A Colluvial cone 0.03 3 4 3.67 0.47 

A Terrace surface (fluvial) 1.47 1 5 3.74 0.94 

A Earth/mud flow body 0.07 3 5 3.86 0.64 

A Alluvial fan 0.09 3 4 3.89 0.31 

A Rotational slide body 0.11 3 5 3.91 0.67 

A Undifferentiated landslide body 0.01 4 4 4.00 0.00 

A Translational slide body 0.01 4 4 4.00 0.00 
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Table 6. GmI values characterizing individual anthropogenic landform types. Process type E correspond to erosion landforms, A 

to constructional landforms, and M to mixed erosion/constructional landforms. 

Process type Landform type 
Area 

[km2] 

GmI 

Min 

GmI 

Max 

GmI 

Mean 

GMI 

st. dev 

E Quarry/mine 0.16 1 4 2.63 0.86 

A Filling surface in: ancient quarry 0.52 1 5 2.77 0.95 

M 
Surface remodeled by agricultural activity or 

building industry 
4.41 1 5 2.77 1.26 

A Filling surface in: ancient valley 9 1 5 2.84 1.04 

A Reservoir 0.15 1 5 2.87 0.96 

A Ridge created for: motorway / railway / dumping 2.07 1 5 2.90 1.00 

A Embankment/infill 7.79 1 5 2.90 1.09 

E Abandoned quarry/mine 1.90 1 5 3.33 1.06 

E Trench 0.06 3 4 3.33 0.47 

A Filling surface in: generic anthropic depression 0.14 1 5 3.36 0.97 

E Excavation surface 2.29 1 5 3.40 1.22 

M Terraced slope by: building industry 8.94 1 5 3.48 1.05 

A Landfill area/dump 0.87 2 5 3.76 1.03 

M Terraced slope by: agricultural activity 0.19 2 5 3.84 1.04 

A Artificial hill 0.13 2 5 3.85 0.86 
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Figure 10.  Percentage of GmI classes in the three focus areas. Values represent aggregated natural and anthropogenic landforms. 
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Table 7. Correspondence between the GMI and the number and diversity of natural, anthropogenic and total landforms in 

each focus area. Abbreviation NAT denotes natural landforms, ANT anthropogenic landforms. 

  
NW area  

(rural) % 

City center  

(urban)% 

NE area 

(urban-rural)% 

Good correspondence 

(values -2 to +2) 

Number NAT 73 67 76 

Diversity NAT 94 84 85 

Number ANT 51 70 80 

Diversity ANT 50 71 80 

Total number of landforms 79 80 87 

Total diversity of landforms 87 90 91 

Overestimation 

(values ≥ 3) 

Number NAT 27 33 24 

Diversity NAT 5 16 15 

Number .ANT 49 30 20 

Diversity ANT 50 29 20 

Total number of  landforms 21 20 13 

Total diversity of landforms 13 9 8 

Underestimation 

(value ≤ -3) 

Number NAT 0 0 0 

Diversity NAT 1 0 0 

Number ANT 0 0 0 

Diversity ANT 0 0 0 

Total number of landforms 0 0 0 

Total diversity of landforms 0 1 1 
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Table 1. Size characteristics of natural and anthropogenic polygons of the geomorphological dataset. 

The analysis allowed to select the radius of the moving windows to obtain partial diversities in the 

calculation of GmI at the local scale. 

 No. 

Min 
area 

[m2] 

Max 
area 

[km2] 

Mean 
area 

[km2] 

No. poly.  

area > 
mean 

No. 
poly.  

area < 
mean 

σ 

[m2] 

M.W. 

Radius 

[m] 

Natural polygons 616 22.77 6.81 0.17 91 525 617,924.94 215 

Anthropogenic 
polygons 629 39.89 1.07 0.06 183 446 102,066.82 121 

 
 

Table 2. Comparison between GmI values and distributions of landforms within the three 

focus areas. Difference represents the raster difference calculated in GIS. 

 Difference 
NW area 

(rural) 

City center 

(urban) 

NE area 

(urban-rural) 

No. Natural 

+4 5% 11% 6% 

+3 23% 22% 18% 

+2 32% 31% 29% 

+1 25% 26% 30% 

0 13% 8% 14% 

-1 3% 1% 2% 

-2 0% 0% 0% 

-3 0% 0% 0% 

-4 0% 0% 0% 

 

 

 

Variability natural 

 

 

 

+4 1% 3% 3% 

+3 5% 13% 12% 

+2 13% 25% 23% 

+1 24% 31% 28% 

0 29% 20% 21% 

-1 21% 6% 10% 

-2 7% 1% 2% 

-3 1% 0% 0% 

-4 0% 0% 0% 

No. anthropogenic 

+4 15% 8% 5% 

+3 34% 20% 15% 

+2 26% 25% 27% 

+1 16% 24% 30% 

0 8% 15% 18% 
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-1 1% 5% 6% 

-2 0% 1% 1% 

-3 0% 0% 0% 

-4 0% 0% 0% 

 

 

Variability 

anthropogenic 

 

 

+4 15% 8% 5% 

+3 34% 21% 15% 

+2 26% 26% 27% 

+1 16% 25% 30% 

0 8% 15% 17% 

-1 0% 4% 5% 

-2 0% 1% 1% 

-3 0% 0% 0% 

-4 0% 0% 0% 

 
 
 
 

Table 3. Comparison between the GmI and (a) the total number of the landforms and (b) the total 

diversity of the landforms, within the three focus areas with an urban-rural gradient (see Section 3.2). 

The method is described in Section 3.3 and the result is shown in Fig. 9. 

 Absolute difference 
NW area  

(rural) 

City center  

(urban) 

NE area  

(urban-rural) 

(a) Total  
number of landforms 

+4 3% 6% 2% 

+3 18% 15% 11% 

+2 31% 25% 24% 

+1 27% 26% 30% 

0 16% 19% 22% 

-1 4% 8% 8% 

-2 1% 2% 2% 

-3 0% 0% 0% 

-4 0% 0% 0% 

 

(b) Total diversity of 
landforms 

+4 2% 2% 1% 

+3 11% 8% 7% 

+2 24% 19% 18% 

+1 30% 26% 26% 

0 23% 26% 26% 

-1 9% 15% 15% 

-2 1% 4% 5% 

-3 0% 1% 1% 

-4 0% 0% 0% 
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Table 4. Values of the indicator defined in Eq. (1), summarizing the agreement between the 

values of GmI with respect to the map obtained as diversity of the features from 

geomorphological survey, and with respect to the number of features. We distinguished the 

three focus areas of Fig. (1). Values larger than 1/5 correspond to a prediction better than a 

random guess. 

  GmI vs. diversity GmI vs. number 

North 

West 

Match 0.25 0.22 

 +/- 1 0.67 0.63 

 +/- 2 0.88 0.87 

City 

Center 

Match 0.24 0.26 

 +/- 1 0.64 0.63 

 +/- 2 0.86 0.86 

North 

East 

Match 0.23 0.24 

 +/- 1 0.62 0.63 

 +/- 2 0.88 0.87 

 
 
 

 

Table 5. GmI values characterizing individual natural landform types. Process type E correspond to 

erosion landforms, and A to constructional landforms. 

Proces
s type 

Landform type 
Area 

[km2] 

GmI 

Min 

GmI 

Max 

GmI 

mean 

GmI 

st. dev. 

- 
Sub-horizontal structural 
surface 

32.69 1 5 2.75 1.11 

A 
Floodplain and recent 
terraces 

13.02 1 5 2.75 1.10 

E Area affected by solifluction 0.02 2 4 3.00 1.00 

E 
Surface affected by rill-
interill erosion 

0.42 1 5 3.17 1.04 

E 
Surface affected by 
concentrated washing away 

0.10 2 4 3.30 0.64 

A Alluvial plain 33.38 1 5 3.37 1.10 

- Sub-structural surface 23.29 1 5 3.39 1.06 

A Colluvial cone 0.03 3 4 3.67 0.47 
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A Terrace surface (fluvial) 1.47 1 5 3.74 0.94 

A Earth/mud flow body 0.07 3 5 3.86 0.64 

A Alluvial fan 0.09 3 4 3.89 0.31 

A Rotational slide body 0.11 3 5 3.91 0.67 

A 
Undifferentiated landslide 
body 

0.01 4 4 4.00 0.00 

A Translational slide body 0.01 4 4 4.00 0.00 

 
 
 
 
Table 6. GmI values characterizing individual anthropogenic landform types. Process type E 

correspond to erosion landforms, A to constructional landforms, and M to mixed erosion/constructional 

landforms. 

Process 
type 

Landform type 

Area 

[km2

] 

GmI 

Min 

GmI 

Max 

GmI 

Mean 

GMI 

st. dev 

E Quarry/mine 0.16 1 4 2.63 0.86 

A Filling surface in: ancient quarry 0.52 1 5 2.77 0.95 

M 

Surface remodeled by agricultural 

activity or 

building industry 

4.41 1 5 2.77 1.26 

A Filling surface in: ancient valley 9 1 5 2.84 1.04 

A Reservoir 0.15 1 5 2.87 0.96 

A 
Ridge created for: motorway / railway / 
dumping 

2.07 1 5 2.90 1.00 

A Embankment/infill 7.79 1 5 2.90 1.09 

E Abandoned quarry/mine 1.90 1 5 3.33 1.06 

E Trench 0.06 3 4 3.33 0.47 

A 
Filling surface in: generic anthropic 

depression 
0.14 1 5 3.36 0.97 

E Excavation surface 2.29 1 5 3.40 1.22 

M Terraced slope by: building industry 8.94 1 5 3.48 1.05 

A Landfill area/dump 0.87 2 5 3.76 1.03 

M Terraced slope by: agricultural activity 0.19 2 5 3.84 1.04 

A Artificial hill 0.13 2 5 3.85 0.86 
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