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A B S T R A C T   

High-resolution topographic (HRT) techniques allow the mapping and characterization of geomorphological 
features with wide-ranging perspectives at multiple scales. We can exploit geomorphometric information in the 
study of the most extensive and common landforms that humans have ever produced: agricultural terraces. We 
can only develop an understanding of these historical landform through in-depth knowledge of their origin, 
evolution and current state in the landscape. These factors can ultimately assist in the future preservation of such 
landforms in a world increasingly affected by anthropogenic activities. From HRT surveys, it is possible to 
produce high-resolution Digital Terrain Models (DTMs) from which important geomorphometric parameters 
such as topographic curvature, to identify terrace edges can be extracted, even if abandoned or covered by 
uncontrolled vegetation. By using riser bases as well as terrace edges (riser tops) and through the computation of 
minimum curvature, it is possible to obtain environmentally useful information on these agricultural systems 
such as terrace soil thickness and volumes. The quantification of terrace volumes can provide new benchmarks 
for soil erosion models, new perspectives to stakeholders for terrace management in terms of natural hazard and 
offer a measure of the effect of these agricultural systems on soil organic carbon sequestration. This paper 
presents the realization and testing of an innovative and rapid methodological workflow to estimate the 
anthropogenic reworked and moved soil of terrace systems in different landscapes. We start with remote terrace 
mapping at large scale and then utilize more detailed HRT surveys to extract geomorphological features, from 
which the original theoretical slope-surface of terrace systems were derived. These last elements were compared 
with sub-surface information obtained from the excavations across the study sites that confirm the reliability of 
the methodology used. The results of this work have produced accurate DTMs of Difference (DoD) for three 
terrace sites in central Europe in Italy and Belgium. Differences between actual and theoretical terraces from 
DTM and excavation evidence have been used to estimate the soil volumes and masses used to remould slopes. 
The utilization of terrace and lynchet volumetric data, enriched by geomorphometric analysis through indices 
such as sediment conductivity provides a unique and efficient methodology for the greater understanding of 
these globally important landforms, in a period of increasing land pressure.   
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1. Introduction 

Terraced landscapes can be viewed as both historical heritage and 
providers of ecosystem service, and as such they should be preserved 
across the globe if possible. They reduce slope gradient and increase the 
water infiltration in areas with moderate to low soil permeability, 
mitigate soil erosion, collect rainwater run-off, enhance nutrients and 
facilitate agriculture on steep slopes (Tarolli et al., 2014; Arnáez et al., 
2015; Wei et al., 2016). 

Terraced landforms fall generically under the term ‘agricultural 
terraces’ which include lynchets formed by the repeated action of 
ploughing/tillage and the gradual lateral transfer of cultivation sedi-
ments across low gradient slopes. The rationale for creating or using pre- 
existing natural terraces is a consequence of the need to cultivate steep 
slopes that are difficult to plough. These can take the form of deliber-
ately constructed features with extensive sub-horizontal benches cut 
into hillsides and bounded by dry-stone walls (Brown et al., 2021). 
Terraces are commonly recognized as a crucial component of the agri-
cultural landscape for their cultural value and their importance in food 
production in high-slope environments (Paliaga et al., 2016). Addi-
tionally, terraces represent the most obvious, widespread and profound 
anthropogenic alteration of the soil-slope system (effectively anthro-
pogenic catenae) to the earth’s surface (Tarolli et al., 2019). Some recent 
research has focused on terraces as anthropogenic features where the 
original ground surface has been extensively remodelled (Rosenbaum 
et al., 2003), but in practice, it can be difficult to delineate areas of 
excavated ground and made ground. An open, but important question is 
how much they affect weathering and soil production rates since 
weathering is known to be related to factors including soil depth, soil 
density, structure, organic matter and age (Lin, 2011). Therefore, it 
follows that the estimation of soil volumes is important both practically 
and theoretically. The volume computation of these anthropogenically 
redistributed soils has a key role for several reasons: i) it is a measure of 
human landscape modifications, ii) construction of terraces involves 
alteration of the topography and redistribution of soil particles, creating 
colluvial soils enriched in nutrients and soil organic carbon (SOC; De 
Blécourt et al., 2014; Shi et al., 2019). Several studies have emphasized 
the potential of agricultural terraces to store C (Walter et al., 2003; Xu 
et al., 2015; Chen et al., 2020). For example, estimation from field 
sampling reported that terracing on average increased SOC stock by 
25–55% (Walter et al., 2003; Welemariam et al., 2018; Zhao et al., 
2021). Volume computation of soils stored in terraces is the starting 
point for the estimation of SOC stock. iii) terraces represent an available 
sediment source that must be estimated and considered in the planning 
of watershed management and risk mitigation. Indeed, slope changes 
have important implications for water infiltration, surface run-off and 
slope instabilities (e.g., soil erosion, shallow landslides, debris flow and 
flash floods) at local and catchment scales. Therefore, terrace con-
struction and maintenance represent a potential reduction in the geo- 
hydrological hazards for agricultural landscapes on slopes and human 
infrastructure (e.g., population, buildings and roads etc.; Paliaga et al., 
2020) and the methodology may be used together with others focusing 
on the state of conservation of stone walls (Cambi et al., 2021). How-
ever, a progressive decrease in maintenance (e.g., stone wall collapse; 
Preti et al., 2018a), construction in inappropriate areas, and increasing 
frequency of extreme weather events have made terrace systems one of 
the most erosion-prone agricultural landscapes with ‘dormant in-
stabilities’ (Tarolli et al., 2014) that cause significant geo-hydrological 
risk. Understanding the volumes of material that extreme events could 
potentially mobilise can be used as benchmarks for numerical and 
physical modelling of erosion and soil formation process simulations in 
land degradation analysis of agricultural environments. Moreover, vol-
ume computations could also provide critical information in the design 
and construction of hard-line engineering works to reduce the risks 
posed by elemental exposure towards terraces. 

Recent advances in remote sensing can contribute to the 

development of more accurate methodologies that can assess terrace soil 
volumes by exploiting high-resolution topographic (HRT) technologies. 
These techniques have facilitated our ability to characterise and monitor 
terrace systems by identifying subtle sub ocular geomorphological fea-
tures. For example, Airborne Laser Scanning (ALS), which uses Light 
Detection and Ranging (LiDAR) technology, can map terrace systems 
over abandoned and vegetated areas and across large spatial scales 
(Sofia et al., 2014b; Godone et al., 2018), whilst Terrestrial Laser 
Scanning (TLS) permits a ground-based and detailed perspective of 
vertical terrace surfaces (e.g., dry-stone walls, steps etc.) along hillslopes 
(Camera et al., 2018; Cucchiaro et al., 2020a). In the last few years, the 
exploration of the Structure from Motion (SfM) photogrammetry tech-
nique paired with Multiview Stereo (MVS) algorithms (hereafter 
together referred to as SfM; Carrivick et al., 2016) in parallel with 
Uncrewed Aerial Vehicles (UAVs) have increased the possibilities for 
rapid, low-cost and very detailed surveys for terrace-complex moni-
toring at the landscape scale (Wei et al., 2017; Pijl et al., 2021; Tucci 
et al., 2019; Cucchiaro et al., 2020b). Moreover, the data fusion of HRT 
technologies (e.g., SfM and TLS data) allows us to overcome specific 
disadvantages of a single method under challenging contexts (e.g., steep 
slope and vegetated terrace systems; Cucchiaro et al., 2020a). From HRT 
surveys, it is possible to produce high-resolution Digital Terrain Models 
(DTMs) that supply quantitative land-surface metrics to analyse of 
terrace geomorphological features (Sofia, 2020) at different scales and 
detail. DTMs can be used to automatically detect terrace features using 
extraction algorithms (Diaz-Varela et al., 2014; Tarolli et al., 2014; 
Godone et al., 2018) based on specific geomorphometric parameters of 
terrace landscapes (e.g., surface derivatives such as maximum curvature 
that identified terrace edges). Furthermore, DTMs also help us to analyse 
instability phenomena in such steep-slope agricultural landscapes 
through effective geomorphometric index analysis of terrace systems in 
Geographic Information System (GIS) software. In this paper the authors 
and exploit all of these geomorphometric information approaches in the 
development of a fast-methodological workflow for the estimation of 
terrace volumes. The challenge and novelty of this work is the provision 
of a rapid and robust computation of terrace or lynchet soil volumes in 
different agricultural systems at the landscape scale. Moreover, this 
work analyses some possible applications of terrace soil volume com-
putations, e.g., quantify the volume of sediments and associated SOC 
that could potentially be mobilized and exported downstream after a 
terrace failure. Such information is essential for policy makers and 
stakeholders responsible for maintaining agricultural terraces. The 
methodology starts from remote terrace system mapping at a large scale 
(using ALS) and then SfM-TLS data fusion was used to carry out more 
detailed surveys. The derived DTMs allow the extraction of useful 
geomorphological features from terrace slopes. In particular, moving the 
attention from edges to terrace riser bases through the computation of 
minimum curvature was hoped to identify an original theoretical surface 
of terrace systems, which is fundamental to the estimation of terrace soil 
volumes and understanding terrace histories. 

2. Study areas: Terrace systems 

In this study, the terrace computation approach has been tested on 
three agricultural terrace sites (Fig. 1): Martelberg in the Sint-Martens 
Voeren area of eastern Belgium (Fig. 1a, b and c), Soave-Fornace 
Michelon traditional vineyards (a Globally Important Agricultural Her-
itage Systems -GIAHS site) in the Veneto region of north-eastern Italy 
(Fig. 1d, and e) and San Fruttuoso Abbey terraces, along the slopes of 
Portofino promontory in the Portofino Regional Natural Park (Liguria 
region; Fig. 1f, g and h). 

These sites are case studies for the TerrACE geoarchaeological 
research project (ERC-2017-ADG: 787790, 2019–2023; https://www.te 
rrace.no/) that aims to create a methodological step-change in the un-
derstanding of agricultural terraces. This research project applies an 
integrated new scientific methodology to agricultural terraces across 
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Europe, bringing together landscape archaeology, geomorphology, and 
paleoecology. These terrace sites have been selected for analysis because 
they comprise different morphologies, landforms, features, slopes and 
present different problems in terms of potential instability and geo- 
hydrological risk. 

2.1. Belgian lynchets/terraces 

The Sint-Martens Voeren site covers 18 ha of hilly agropastoral land 
(an elevation range between 195 and 230 m) in eastern Belgium close to 
the Netherlands’ border (see Fig. 1a, b and c). The agricultural landscape 

across the valley is associated with three distinct surface gradient zones 
encompassing the hill-top (5–8%), dry valley bottom (8%), and a very 
steep mid-valley section (26%), and these areas exhibit very different 
sub-surface topographies and gradients resulting in distinctive agricul-
tural landforms. On the shallower gradient hill-top and dry valley bot-
tom areas, lynchets extend over large areas and are associated with 
lateral sediment transfer caused by ploughing, resulting in enhanced soil 
depth at field edges alongside hedged boundaries and occasional trees. 
In contrast, in the considerably steeper mid-valley area on the western 
side of the valley, two clear terrace structures occur, resulting in much 
smaller field sizes bounded by very large terrace risers covered with 

Fig. 1. Location of terrace study areas in Europe: (a) the vegetated braided lynchets of Martelberg in Sint-Martens Voeren, with (b-c) detail of the trees and shrubs 
that cover the terrace risers; (d) Soave-Fornace Michelon study area, characterised by dry-stone contour terraces with some collapses and shrubby vegetation (e); (f) 
San Fruttuoso Abbey terrace where stone walls are directly placed on bedrock (g-h) along the slopes of Portofino promontory in Liguria region. 
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trees, shrubs and dense herbaceous vegetation. Periodically ploughed 
sloping pastoral land surrounds these features. Across the wider land-
scape, the extent of low-gradient land suitable for cultivation across the 
hill-tops and valley bottoms could have been utilized without the ne-
cessity to include the significantly more awkward, steeper mid-valley 
areas. A rationale for their inclusion, other than the need to occupy 
the maximum available land, was probably due to their pre-existence in 
the landscape. The terrace sub-surface is characterized by weathered 
chalk, occasionally capped by flinty colluvium redeposited from the 
surrounding hill-tops. The Mesozoic (Cretaceous) chalk crops out in a 
series of sub-horizontal benches that have been modified into terraces 
and lynchets (Nyssen et al., 2014). The nature of the basal chalk geology, 
much like other limestone landscapes, includes a relatively optimum 
horizontal to sub-horizontal bedding resulting in ladder-like steps with 
superimposed superficial sedimentation. At this site, this probably 
occurred during the Pleistocene and early Holocene and helped to create 
the features used in agriculture in later years. Indeed, a distinct benefit 
of these terraced areas over the surrounding landscape would likely 
have been the soil’s relative stability. Detailed sub-sampling in the field 
enabled a specific characterisation of sub-surface topography and agri-
cultural landforms across the site (further details in the following 
sessions). 

2.2. Soave- Fornace Michelon dry-stone terraces 

Research at Fornace Michelon in the Soave municipality in north- 
eastern Italy was conducted across a 3.5 ha area with an elevation 
range between 80 and 115 m and an average slope of 35% (see Fig. 1d 
and e). Historically, the numerous frequently abandoned and collapsing 
dry-stone contour terraces with shrub vegetation (Fig. 1d) across the 
steep slopes have been used to develop vineyards. The general geology 
of the Soave region consists of Cretaceous Limestones capped by 
Paleogene Basalts. The faulting and subsequent erosion of these layers 
produce the mosaic of calcareous and volcanic soils upon which the 
Soave vineyards are founded. The Fornace Michelon locality, sampled 
for this study, is located on a low outcrop of tabular chert-rich limestone. 
The soil has eroded entirely across several areas, exposing the bedrock. 
The terraces at Fornace Michelon appear to be relatively recent, being 
absent from the Napoleonic cadastral survey. The terraces are arranged 
around a central path or ramp leading to a square-built tower of rela-
tively recent construction. The main gate through the perimeter wall of 
the terraces communicates with the gate of an early 19th-Century villa 
across the modern road, suggesting the construction of the terrace dates 
to this period. 

2.3. San Fruttuoso Abbey site terraces 

The San Fruttuoso Abbey terraces in north-western Italy are located 
along the southern slopes of the Portofino promontory. The research 
took place across a 0.25 ha area ranging in elevation between 92 and 
148 m with an average slope of 88% (see Fig. 1f, g and h). The site 
provides excellent examples of ancient human modification of high 
gradient slopes along the coast. In this zone, due to the high steepness of 
the slopes, the dry-stone terraces were directly placed on the bedrock 
forming pocket type or small braided terraces (Paliaga et al., 2020). The 
bedrock is Portofino Conglomerates (Faccini et al., 2018) which con-
tains pebbles that are primarily calcareous/limestone and secondarily 
sandstone, ophiolites, gneiss and cherts, while the matrix is calcareous 
sandstone with quartz and clay elements. Two NW-SE and NE-SW ori-
ented faults systems affect the bedrock, causing fractures that can 
dislocate rocky blocks exceeding 10 m (Paliaga et al., 2016). Further-
more, the geology creates conditions for a remarkable subterranean 
water circulation with small springs occurring across the terraces. The 
presence of terraces in this area has been linked to the medieval historic 
buildings and religious structures, in particular, the San Fruttuoso Abbey 
which was constructed at the beginning of the 10th Century by the Greek 

monks. Later documents describe the land use and agricultural practices 
from the mid-13th Century that were developed by the Order of Saint 
Benedict. To make cultivation possible, the original steep slope profile 
was modified with dry-stone terraces that required constant mainte-
nance activity, which was performed until the middle of the 20th Cen-
tury (Paliaga et al., 2016). The progressive abandonment of agricultural 
practices has caused a high threat of erosion and gravity-induced pro-
cesses (rockslides) which accompany terrace collapse. 

3. Methods 

3.1. High-resolution topographic data for terrace location 

The availability of large-scale topographic ALS datasets allowed the 
construction of high-resolution DTMs and a shaded relief map that were 
used for an initial and rapid assessment of the location of terraces. For 
the Belgian site and Soave-Fornace Michelon study area, DTMs at 1 m 
resolution were provided by Flanders Information Agency (ALS survey 
year: 2014) and Environmental Italian Minister (ALS survey year: 2009) 
respectively, while for San Fruttuoso Abbey a DTM at 0.5 m resolution 
was used, extracted by the survey performed under the H2020 project 
RECONECT (ALS survey in February 2020). 

Once terraced positions were identified, a higher resolution surveys 
using SfM and TLS techniques were carried out to better identify and 
locate terrace components (e.g., surface, riser edge, and base) at a more 
detailed scale, exploiting geomorphometric information and orthomo-
saics (see next Section 3.2). At the Belgian and Soave-Fornace Michelon 
sites, integrated TLS and SfM were conducted to overcome particular 
detection problems associated with the complex topography and land-
cover conditions (see Cucchiaro et al., 2020a). TLS allowed terrace wall 
and lynchet riser detection, while the flat terrace zones (treads) and the 
broader landscape was surveyed from UAV-SfM. In contrast, the extreme 
nature of the topography at San Fruttuoso Abbey, including the steep 
slope and inaccessibility of some areas, meant that only the UAV-SfM 
survey data could be reliably used. 

3.1.1. Data acquisition 
Before data acquisition, SfM and TLS targets or Ground Control 

Points (GCPs) were distributed throughout the study areas (Fig. 2a, b 
and c) in flat zones but also on vertical surfaces so that GCPs were visible 
from different points of view (i.e., nadir and oblique images and TLS 
positions). The GCPs position, which is fundamental for georeferencing 
and co-registration process, and error assessment, were surveyed using a 
Reach RS (Emlid Ltd.; real-time kinematic-RTK solution) with the 
EUREF-IP network in NRTK mode (network of permanent Global Nav-
igation Satellite System-GNSS stations) for the Belgium study area. For 
the Italian areas, a GeoMax Zenith 40 GNSS allowed us to survey all 
targets. 

The TLS surveys were carried out at sites in Belgium and Soave- 
Fornace Michelon with a Leica P50 TLS (Fig. 2d). We completed the 
Belgian SfM survey using a custom-built Quadcopter equipped with a 
DJI A3 flight controller and a Sony ILCE-6000 camera (24 Mpixels, focal 
length 16 mm, sensor size APS-C 23.5 mm × 15.6 mm). GCPs could only 
be distributed along the western side of the study area due to the inac-
cessibility of the eastern side; therefore, the direct georeferencing 
technique was used to reconstruct the morphology of specific parts of 
the study area (more details in Cucchiaro et al., 2020a). For the Italian 
SfM surveys, nadir and oblique UAV images were collected with a DJI 
Zenmuse X4S camera (20 Mpixels, focal length 8.8 mm, 1-inch CMOS 
Sensor) mounted on a professional quadcopter (DJI Matrice210v2; 
Fig. 2e). GNSS, SfM and TLS arrangements are summarised in Table 1. 

3.1.2. DTM generation and error analysis 
TLS data were processed using Leica Cyclone 9.4 software, where the 

multiple scans were manually filtered, georeferenced and co-registered 
using targets and the iterative closest point (ICP) automatic algorithm. 
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Fig. 2. Detailed terrace scale mapping of study areas using SfM and TLS technique. Orthomosaics, GCPs and trench positions of the Belgian (a), Soave-Fornace 
Michelon (b), and San Fruttuoso Abbey (c) study areas; (d) The Leica P50 used for TLS surveys, during a scan of the Belgian vegetated braided lynchets; (e) The 
quadcopter DJI Matrice210v2 used in Italian SfM surveys; (f-g) Examples of the trenches dug in Belgian and Soave-Fornace Michelon study areas, during detail 
SfM surveys. 
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The SfM datasets were processed to extract the 3D point clouds and 
orthomosaics from the images through Agisoft Metashape Pro v 1.6.2 
(Fig. 2a, b and c). The georeferenced point-clouds were imported into 
the CloudCompare software (Omnia Version 2.10.2; http://www.dan 
ielgm.net) to be filtered for outliers, vegetation, and unwanted ob-
jects. For the Belgian and Soave-Fornace Michelon sites, the TLS and SfM 
point clouds were co-registered to minimise residual inaccuracies of the 
georeferencing process and finally merged, generating data-fusion point 
clouds (more details in Cucchiaro et al., 2020a). The point clouds were 
decimated through the geostatistical Topography Point Cloud Analysis 
Toolkit (ToPCAT), successfully used in several studies (e.g., Javernick 
et al., 2014; Vericat et al., 2014), to reduce the point cloud into a set of 
non-overlapping grid-cells, calculating the statistics for the observations 
in each grid. The minimum elevation within each grid cell was taken to 
be the ground elevation, and a grid cell of 0.10 m was selected to reg-
ularise the data set as in Brasington et al., (2012). The decimated point 
clouds were used to calculate a Triangular Irregular Network (TIN) 
converted to raster through a natural neighbour interpolator, resulting 
in one DTM for each study area. 

Determining error in assessment data was fundamental for high-
lighting possible bias, and calculating the accuracy and precision of 
outputs. A bootstrapping resampling (1000 times) approach (Marteau 
et al., 2017) was chosen to analyse output accuracy and precision. One- 
third of the GCPs were randomly selected as CPs (Control Points) to 
estimate the quality of the SfM point clouds and provide an independent 
measure of uncertainty for each point (i.e., the residuals or the differ-
ence between the real coordinates of this point and the modelled values; 
Cucchiaro et al., 2018). To assess uncertainties usually caused by 
filtering from the classification of into-ground and off-terrain points as 
well as in the gridding process, especially in the vertical component, a 
statistical comparison was calculated between Z values of CPs 
(randomly selected) and the equivalent Z value measurements extracted 
from DTMs. This approach permits a robust assessment of the accuracy 
of measures that are not influenced by outliers, including the Normal-
ized Median Absolute Deviation (NMAD). 

3.2. Mapping of terraces and identification of their sub-surface origins 

DTMs provide useful geomorphometric parameters that reveal the 
topographic characteristic of terrace landscapes, being characterised by 
a much sharper and linear shape than natural terrain features (Sofia 
et al., 2014b). Terrace systems represent outliers within the derived 
geomorphometric parameters (e.g., surface derivatives such as curva-
ture); therefore, this information can be used to automatically extract 
particular features from DTMs through a statistical threshold of the 

surface derivatives probability density functions. The method of terrace 
extraction from raw data (Tarolli et al., 2014; Sofia et al., 2014a) in-
volves the use of the boxplot approach (Tukey, 1977), and the identi-
fication of outliers as points that verify Equation (1): 
Cmax > Q3Cmax

+ 1.5∙IQRCmax (1)  

where Cmax (Wood, 1996) is maximum curvature calculated by solving 
and differentiating a quadratic approximation of the surface as proposed 
by Evans (1980), Q3Cmax and IQRCmax are the third quartile and the 
interquartile range of Cmax, respectively. The maximum curvature was 
chosen because terraces can be considered as ridges on hillslopes, and 
this geomorphometric parameter can easily identify the terrace riser 
edge from ALS-DTM at large scale. A moving window size (k) was 
considered for the calculation of curvature to reduce the effect of noise 
and small-scale variation in the DTMs. The window sizes (19 m for 
Belgium; 5 m for Soave-Fornace Michelon, and 9.5 m for San Fruttuoso 
Abbey) were chosen in relation to the maximum size of the terrace or 
lynchet features present at each site (6 m for Belgium; 1.5 m for Soave- 
Fornace Michelon and 3 m San Fruttuoso Abbey). Such an approach 
follows the indication of Tarolli et al., 2012, who demonstrated that an 
optimal window size for curvature should be about twice three times the 
maximum size of the investigated features. 

The higher resolution DTMs and orthomosaics, realized form SfM- 
TLS surveys, provided key information for the detailed study of 
terrace morphology, particularly across riser edges and riser base loca-
tions. SfM-TLS DTMs were used to automatically extract stone wall or 
lynchet riser bases as high negative curvature zones following Equation 
(2): 
Cmin < Q3Cmin

− 1.5∙IQRCmin
(2)  

where Cmin is the minimum curvature that underlines concave elements. 
Window sizes across the three sites (18.1 m for Belgium, 4.5 m for Soave- 
Fornace Michelon and 9.1 m for San Fruttuoso Abbey) were between 2 
and 3 times the size of the investigated features, as suggested and 
optimally tested in previous work (e.g., Tarolli et al. 2012). After the 
identification of the terrace riser bases, using minimum curvature of 
DTMs, the extracted features were verified through the detailed ortho-
mosaics at 0.02 m resolution obtained from SfM surveys. Then, the 
extracted terrace riser bases were converted into 3D contour lines and 
used to reconstruct a possible original surface (e.g., bedrock; Fig. 3) 
through their interpolation along a slope. This allowed the construction 
of theoretical surfaces (TS; Fig. 3) that could be used to calculate terrace 
volumes. 

To verify the accuracy of the extracted features, the values of the 

Table 1 
Main characteristics of SfM and TLS surveys.   

Study Area Belgium Soave-Fornace Michelon San Fruttuoso Abbey  
Date October 2019 December 2019 February 2020  
Area (ha) 18 3.5 0.25  
Number of targets 60 67 32 

GNSS survey Positional Accuracy (X, Y – Z) 
(m) 

<0.05 0.03–0.04 0.03–0.04 

Reference system WGS84/UTM zone 31N  
(EPSG: 32631) 

RDN2008/UTM zone 32N  
(EPSG: 7791) 

RDN2008/UTM zone 32N  
(EPSG: 7791) 

SfM survey Number of images 1219 632 546 
Flight Height 
(m) 

20–45 25–35 35 

Ground Simple Distance (GSD) 
(m) 

0.005–0.015 0.006–0.008 0.008 

TLS survey Accuracy 
(m) 

1.6 mm@10 1.6 mm@10 – 

Maximum Range Mode 
(m) 

120 270–570 – 

Scan Rate  
(Points/s) 

1,000,000 250,000–500,000 – 

Number of Scans 7 6 –  
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terrace riser edge and bases estimated through curvature were statisti-
cally analysed, testing the correlation between features classification 
and what was observed in the field. Two different analyses were per-
formed: the quality index (Heipke et al., 1997) and Cohen’s kappa 
standard accuracy (k(X); Cohen, 1960). Both tests aimed to verify if a 
pixel classified as terrace riser edge or bases by the curvature method 
falls in areas obtained by digitizing shapefile manually drawn polygons 
based on the orthomosaics where terrace riser edge or bases were 
present. 

3.3. Data validation using excavation and core information 

To validate in broad terms the modelled TS and volume computa-
tions at each site, we excavated test pits and coring along cross-sections 
(Fig. 2f and g) which allowed a rough determination of absolute depths 
to bedrock geology or a superficial substratum in a quickly and raw way 
respect to geophysical measurements. As well as elucidating the chro-
nology, construction, form, and function of the terraces (Brown et al., 
2021), these sample points also enabled a comparison of sub-surface 
information measured by the GNSS survey and variations in the depth 
of TS to calculate errors in terrace volume calculations. 

3.4. DTM of differences and volume computations 

The difference between the actual terrace surface, using SfM-TLS, 
and the theoretical survey of sub-surface topography enabled the 
calculation of terrace volume. Furthermore, the modelled DTM of dif-
ference (DoD) could also be used to estimate the presence and extent of 
remodelled terrace soil overlying the basal geology. This calculation 
assumes that the riser bases sit on or near the bedrock head and that the 
bedrock head has a planar surface between these points. If in a small 
number of cases there is a gap of lower B-C horizon soil under the terrace 
bases, this makes the volume estimates a bit on the low side, therefore 
the soil estimations can be considered as minimums. DTM uncertainty 
and error propagation were considered in the analysis to obtain reliable 
DoDs and to discriminate between the actual difference in surface 
elevation and background noise. The significance of DoD difference was 
thresholded by applying a minimum level of detection (minLoD). 
Changes above minLoD were considered real, but when the changes were 
below the minLoD these were considered uncertain and not used in the 
final computation (Brasington et al., 2003; Lane et al., 2003). These 
DoDs were called the thresholded DoDs and were generated using the 
GCD software for ArcGIS (Wheaton et al., 2010). The uncertainty level of 
each DTM and the related theoretical interpolated surface was identified 
incorporating the corresponding SfM-TLS DTM errors, in particular, the 

highest error value in the calculated metrics (i.e., Root-Mean-Square 
Error; RMSE) to ensure a more precautionary approach. The following 
Equation (3) computed the associated error on the DoD estimates 
(Vericat et al., 2017): 

minLoD = t

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(εDTM)
2+(εTS)

2

√

(3)  

where εDTM and εTS are the errors estimated for the SfM-TLS DTMs and 
the related theoretical interpolated surfaces, respectively, and t is the t- 
score (for a conservative approach a value of t = 1.96 was used, corre-
sponding to a confidential interval of 0.95). Thresholded DoDs provide a 
difference in elevation for each grid cell; thus, knowing the size of each 
cell, the elevation changes were converted to volumes. Volume data was 
converted into terrace soil mass using bulk density information of the 
original material collated from the sample trenches excavated at 
Belgium and Soave-Fornace Michelon (Fig. 2f and g). In contrast, for San 
Fruttuoso Abbey, the value was derived from an existing source (Rellini 
et al., 2017). 

3.5. Sediment connectivity analysis 

The volume estimations derived from DoDs can be very useful for 
terrace management and assessments of geo-hydrological hazards, for 
example exploiting geomorphometric index as the Index of Connectivity 
(IC) proposed in Borselli et al., (2008) and Cavalli et al., (2013). IC is 
intended to represent the potential sediment connectivity between 
hillslopes and features, which act as targets or sources for transported 
sediment, and different parts of the catchment. IC is defined as (Eq. (4)): 

IC = log10

(

Dup

Ddn

)

(4)  

where Dup and Ddn are the upslope and downslope components of con-
nectivity, respectively. Dup is the potential for downward routing of the 
sediment that is produced upstream. This is dependent on the upslope 
contributing area, mean slope and terrain roughness. Ddn considers the 
flow path length that a particle has to travel to arrive at the nearest 
target (e.g., terrace) and it depends on path length, terrain roughness 
and gradient along the downslope path. This index can be used to 
identify the upstream area potentially connected in terms of sediment 
source within particular zones of terrace systems, for example, areas of 
dry-stone wall collapse. Indeed, knowing the connected area and 
computing specific DoDs for this part, it is also possible to quantify the 
volume of sediments and associated SOC that could potentially be 
mobilised and exported downstream after a terrace failure in time. This 

Fig. 3. Schematic drawing of a terrace or lynchet slope profile used as framework to terrace volume computations.  
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represents a possible and suitable application of terrace soil volume 
estimates. 

4. Result and discussion 

4.1. Terrace mapping 

The level of detail generated by the combination of high-quality SfM 
and TLS surveys enabled the modelling of accurate DTMs (Fig. 5), 
adequate for identifying topographic features without a loss of data from 
these complex topographic systems. Indeed, TLS data also provided a 
more accurate representation of sub-vertical surfaces covered by vege-
tation, especially across the sharp riser areas of terraces. At the same 
time, the UAV-SfM survey demonstrated subtle topographic variation 
over a wider area and particularly across flatter areas (Cucchiaro et al., 
2020a). Table 2 summarises the point quality analysis of the GCPs and 
CPs in terms of precision, accuracy, and georeferencing error for each of 
the SfM and TLS processes carried out. The ICP errors obtained in 
CloudCompare software for the SfM-TLS co-registration processes show 
RMS values of 0.045 and 0.068 m for the Italian and Belgian sites, 
respectively. Moreover, Table 2, shows the DTM errors for each study 
area, underlining the high quality of the final outputs obtained from SfM 
and TLS surveys through the comparison with CPs measured in the field. 

The availability of large-scale topographic ALS datasets allowed the 
rapid identification of terrace edges at each site (Fig. 4). These are 
perfectly visible along the slopes, and the statistical analysis through the 
quality index and Cohen’s kappa standard accuracy (Table 3) confirmed 
the validity of the methodology. Indeed, the statistical results indicate 
an overall consistency between the extracted values of maximum cur-
vature and the referenced features for all three study areas. Table 3 
shows high values of k(X) and a quality index that highlighted sub-
stantial agreement. Slightly lower statistical values were recorded for 
the study area in Belgium, where heavily vegetated lynchets/terraces 
were present, and the identification of their riser edge parts using 
orthomosaic was not easy. The methodology also worked in the San 
Fruttuoso Abbey study area, where terraces do not possess regular, 
uniform features. On the other hand, the best statistical results (Table 3) 
are found for the study area in Soave where the terraces have very 
regular shapes and were easily identifiable even from orthomosaic. Vital 
elements for automatic detection of terrace features are: data accuracy 
and resolution, which must be suitable for distinguishing terraces from 
noise. For example, vegetation cover in abandoned terrace systems 
creates background noise for the curvature extraction process (as in 
some parts of Soave-Fornace Michelon system; Fig. 4b), noise which 
does not belong to the linear shapes of terraces, but may have been 
generated by sub-optimal filtering of ALS data. 

The use of more detailed and slope scale surveys (i.e., SfM-TLS) 
significantly improved the analysis of terrace morphology signals 
because they provided higher quality DTMs with more accurate control 
of errors and noise filtering and higher resolution orthomosaics that 
allowed a finer check of the feature extraction process. The negative 
curvature values extracted from higher resolution SfM-TLS DTMs 
effectively identified the terrace riser base as it is possible to see in Fig. 5. 
Moreover, the extraction process’s statistical assessment shows the high 
values of k(X) and quality index in Table 3 for all study areas, under-
lining a further degree of agreement between the terrace riser base in the 
field and the features extracted by curvature method using more 
detailed surveys. The 3D contour lines extracted from curvature data 
closely follow the terrace riser base profile in each different study area 
(Fig. 5a, b and c), and the SfM orthomosaics confirmed their correct 
position (Fig. 5d, e and f). 

4.2. Original terrace surfaces and field validation 

Determining the accuracy of the results of terrace base detection 
using extant surface geomorphological features (as was done in Table 3) 
was fundamental for the reconstruction of a legitimate sub-surface 
topography. At each of the study sites, profile comparisons between 
real DTMs and TS modelling of the terrace bases demonstrate distinctive 
results relating to original terrain profiles (Fig. 6). The interpolation 
surfaces faithfully followed the terrain profiles (extracted in Fig. 5) from 
the terrace riser bases, allowing the identification of the possible sub-
strate and the initial slope along which the terraces and lynchets were 
built. The profile of the TS is almost always under the terrace layer, 
except for isolated incidences where the two surfaces are close together 
in low-slope areas (e.g., C1, C2 and C8 in Belgium; Fig. 6a) and across 
areas of denser vegetation, masking terrace identification (e.g., T2 at 
Soave-Fornace Michelon; Fig. 5b). 

Across each sample site area, the excavation of test pits and extrac-
tion of sediment cores (Fig. 5; Table 4) added sub-surface information 
that supported in broad terms the hypothetical depth values calculated 
by the TS. This compatibility was undeniable at the Belgian site where 
seven 1 m2 test pits and eight hand-augered sediment cores revealed the 
nature of the sub-surface topography in detail (Fig. 7; Table 4) and 
demonstrated an excellent correlation with the TS surface model. Across 
the hilltop, two test pits (T1 and T2) revealed moderately thick agri-
cultural deposits (c. 0.45–0.55 m) in low lying lynchet landforms, which 
lay directly on stony clay and coarse gravel geology. The TS depth values 
for T1 trench corresponded well to this (since T1 data was used as the 
bedrock starting point of the TS upslope; see Table 4), while in T2 there 
was an overestimation of the existing terraced volumes. Beneath the 
Cenozoic clay and gravel geology, the Mesozoic chalk bedrock (Pirson 

Table 2 
Errors assessed for SfM and TLS point clouds, and their derived DTMs. For SfM surveys, the bootstrapping technique applied in Agisoft Metashape after all of the 
iterations provides the mean of the residuals (mean absolute error; MAE) as an indication of the accuracy of the georeferencing process and the point cloud when the 
GCP and CP residuals are used, respectively, while the standard deviation of the residuals (SDE) yields an indication of the precision. For the TLS surveys, geore-
ferencing process’s final error in the Cyclone software is reported in terms of RMS.   

TLS 
point cloud 

SfM point clouds DTMs 

Georeferencing 
GCPs 

Accuracy 
CPs 

Precision 
CPs 

Georeferencing 
GCPs 

RMS MAE 
(m) 

RMSE3D1(m) SDE 
(m) 

RMSE3D1 

(m) 
MAE 
(m) 

SDE 
(m) 

RMSE2 

(m) 
NMAD3 

(m) 
X Y Z X Y Z 

Belgium  0.068  0.014  0.015  0.052  0.070  0.013  0.011  0.025  0.068  0.063  0.073  0.075  0.069 
Soave-Fornace 

Michelon  
0.045  0.013  0.014  0.019  0.034  0.010  0.011  0.014  0.031  0.024  0.026  0.040  0.035 

San Fruttuoso Abbey  –  0.017  0.017  0.025  0.043  0.014  0.011  0.018  0.038  0.045  0.039  0.049  0.035  
1 RMSE3D (3D Root-Mean-Square Error; Remondino et al., 2017) of GCPs and CPs computed along the x, y, and z directions. 
2 The outliers were removed by applying a threshold (2 times the RMSE) selected from an initial calculation of the RMSE measures (Höhle and Höhle, 2009). 
3 NMAD: proportional to the median of the absolute differences between errors and the median error (Höhle and Höhle, 2009). 
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et al., 2008) outcropped sharply at the start of the steepest section of the 
valley side and was identified in six consecutive sample points between 
T3 to C7. In the upper section of the mid-slope (T3 and T4), the chalk 
created a relatively level sub-surface terrace which was comparable with 
the TS in zone T3 (closer to the terrace base), while at T4, the TS is 
deeper than the bedrock surface identified (Table 4). In the lower section 
of the mid-slope (T5), chalk was identified at approximately the same 
level of the TS, and unlike the upper section, did not remain semi- 
horizontal but dropped away in cores C5-7, meeting perfectly only in 
the intermediate part (i.e., zone C7 between the two terraces) of the TS. 
A sharply inclining sub-surface topography is indicated by a soil/sedi-
ment depth of more than 2.5 m in T6 and the evidence from C5-6, and is 

well reflected in the TS reconstruction (i.e., shallow terrace deposits). In 
the lower valley and valley-bottom, coring and test-pitting demon-
strated a reduced gradient but evidence of substantial downslope sedi-
ment transfer and a highly variable sub-surface topography, not easily 
shaped by TS. Indeed, between the foot of the lower terrace and 
extending outwards, approximately 40 m (C3 and C1) chalk was 
encountered at 0.30 m below ground level, demonstrating a moderately 
gentle sub-surface topography, which nicely coincides with the TS. 
However, in C8, chalk was found at 0.85 m, and in C2 at 1.20 m, sug-
gesting an increase in sub-surface gradient, which dropped further to-
wards the valley bottom as chalk was not identified in either C4 or T7 
despite sediment recording to 2.60 m (Table 4). The extensive depth of 
colluvial and alluvial deposits in the lower valley and valley bottom area 
meant that we did not reach the underlying lithology. Therefore, it was 
difficult to reconstruct the TS, which should be much deeper. Without 
this data, we assigned the same starting depth as that identified in the T7 
trench. Despite this difficulty across much of the Belgian site, the TS 
allowed the reconstruction of the original slope topography with suffi-
cient accuracy and depicted areas of terrace remodelling through 
anthropogenic soil deposition (e.g., T6). It also identified reworking 
close to terrace bases (e.g., T3, C1, and C3), where bedrock outcrops 
closer to the surface and lateral sediment transfer across terraces and 
downslope through prolonged cultivation may have occurred modifying 
the existing ground surface. 

At Soave-Fornace Michelon, the bedrock elevations within each of 
the sample trenches (Fig. 5b; Table 4) demonstrate basal values which, 
mirror those determined from the TS, confirming the reliability of the 
methodology. The presence of more regularly shaped dry-stone terraces 
improved the identification of bases and, therefore, a more accurate 
reconstruction of the original sub-surface slope. 

In the San Fruttuoso Abbey case study, no trenches or cores were 

Fig. 4. Terraces features extracted from LiDAR-derived DTMs using landform curvature outlier’s identification at large scale (see Section 3.1) for the Belgian (a) 
Soave-Fornace Michelon (b) and San Fruttuoso Abbey (c) study areas. 

Table 3 
Summary of the statistical assessment described in Section 3.2. to verify the 
accuracy of the extracted features through the curvature method. * According to 
Heipke et al. (1997), the quality index is dimensionless and ranges between 
0 (for no overlap between extracted and observed features) and 1 (for optimal 
overlap between extracted and observed feature; Tarolli et al., 2012). ** Ac-
cording to Cohen (1960), k(x) (dimensionless) is the kappa standard and mea-
sures the accuracy with which the proposed approach can predict the extension 
of the area occupied by terrace riser edges or bases. The Cohen’s kappa standard 
accuracy has values < 0 as indicating no agreement, to 1 as almost perfect 
agreement.   

Maximum curvature Minimum curvature  
Quality 
Index* 

k(X) 
** 

Quality 
Index* 

k(X) 
** 

Belgium  0.48  0.61  0.56  0.71 
Soave-Fornace 

Michelon  
0.66  0.77  0.70  0.80 

San Fruttuoso Abbey  0.52  0.65  0.71  0.82  
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dug, as it is clear that the terraces were built directly on bedrock. 
Looking at the different case studies, it clear that the depths 

measured in the field support in broad terms the pattern of the hypo-
thetical original slope reconstructed from terrace riser bases, and cases 
of deviation can be considered insignificant for estimating rapidly and 
raw volumes of the entire terraced system. The methodology used has 

yielded satisfactory results that facilitate a rough estimate of the vol-
umes of terraces at the landscape scale. It should be reiterated that this 
method was designed as an expeditious process exploiting geo-
morphometric data from simple DTMs. Uncertainties will increase 
where bedrock or terraces morphology are irregular and spatially het-
erogeneous (see the case of Belgium and San Fruttuoso). However, this 

Fig. 5. 3D contour lines (a, b, and c) of the terrace and lynchet riser bases extracted from SfM-TLS surveys using minimum curvature values (d, e, and f) of very high- 
resolution DTMs (see Section 3.3) to reconstruct the theoretical surfaces for the Belgian (a and d) Soave-Fornace Michelon (b and e) and San Fruttuoso Abbey (c and f) 
terrace systems. For each study area a cross-section of terrace system was extracted to compare the real and the interpolated surface in Fig. 6. 
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work and general observations (Brown et al., 2021) suggest that most 
terraces are built onto bedrock or stable weathered C horizon material 
where possible to prevent slipping. Indeed, in the case studies analysed 
(e.g., in Soave; see next Section 4.4), there were not the development of 
failure planes under the walls, but the wall collapses which indicated 
that the wall is stable, however the horizontal load is too great. There-
fore, this could be a general situation and assumption for the terrace 
volume estimations which could be demonstrated in such cases by more 
detailed subsurface information through drilling, excavation or 
geophysical surveys. Certainly, there are different types of geophysical 
measurements, such as those used by Preti et al. (2018b), which can 
provide more complete data about the subsoil structure of terrace sys-
tems in order to better validate the volumetric results obtained, avoiding 
under- or over-estimates of soil. However, the use of more detailed 
geophysical analysis (e.g., seismic refraction measurements, electrical 
resistivity tomography or ground penetrating radar) would certainly 
increase costs and time in terms of the instrumentation required, and 
data processing. The rapid estimate of terrace volumes without sub-
surface data can still be beneficial as a rough reference for evaluating 
original pre-terrace slopes at the landscape scale. 

4.3. DoD and volume computations 

The utilisation of high-resolution surface DTMs and TS sub-surface 
models has enabled the creation of DoDs, allowing volume estimations 
of anthropogenic remodelling in terrace systems to be calculated with a 
decent degree of accuracy (Fig. 8; Table 5). 

Volume statistics were estimated as differences between positive 
elevation values and negative ones. The former corresponding to the 
sediment accretion occurred on top of the hypothetical original slope, 
and the latter to the soil denudation and erosion resulted from the 
removal of material. The net volume difference represents the whole soil 
volume of a terrace or lynchet system. By multiplying it with the bulk 

density, the total mass of mobilizable sediment is obtained (Table 5). 
The erosion volumes are very low compared to deposition values 
because the TSs are almost always lower than the real terraced layers, so 
the total net difference is positive. This means that the slopes were 
extensively remodelled, and there are large quantities of available soil. 
In contrast, when the real extant terrace surface is very similar to the 
modelled TS sub-strata or even has lower elevations, as demonstrated by 
the lower valley area in Belgium (Fig. 8a), there is evidence for extensive 
downslope sediment transfer through cultivation that might cover 
former lynchets or a terraced landscape. In other cases (e.g., Soave- 
Fornace Michelon and San Fruttuoso Abbey study areas; Fig. 8b and 
c), small, localised erosion zones can be observed, which may be due to 
soil removal to build terraces or possibly due to errors in the definition of 
the TS (e.g., errors in curvature extraction due to the presence of noise 
caused by vegetation and errors related to interpolation process or non- 
optimal point clouds filtering). It must be stressed that in the Portofino 
area soil may have been relocated from the valley or from the outside of 
the slope, as soil accumulation is hindered by the high slope gradient. 
Along the slopes close to the terraced area, Rellini et al. (2017) sampled 
soils at no more than 35 cm depth. Anyhow the origin of soil in terraces 
in such a steep slope is debated and the issue has not been solved yet. 
Besides, terraces are very old in this area and historical memory about 
terraces construction has been lost. The differences between volume 
estimation for thresholded and non-thresholded DoDs (i.e., Raw DoDs in 
Table 5) underline how the minLoD technique considers and reduces the 
uncertainties of DoDs. Several researchers stress the importance of 
thresholding (Anderson, 2019) and DTM uncertainty estimation, espe-
cially across steep slopes where the elevation error can be as much as 
twice that of low-angle-slopes, and horizontal error can have a greater 
impact on the observed elevation (Hodgson and Bresnahan, 2004; 
Cavalli et al., 2017). These problems were also highlighted by Heritage 
et al., (2009) and Milan et al., (2011), who showed that interpolation 
errors increase with local topographic variability. In Soave-Fornace 

Fig. 6. Terrace and lynchet cross-section profile models of surface topography (blue) and interpolated sub-surface morphology (orange) alongside the positions of 
ground-truthing trenches and core sample points (Table 4) dug into the study areas (Fig. 2a, b, c, f and g) for the Belgian (a); Soave-Fornace Michelon (b) and San 
Fruttuoso Abbey (c) case study sites. (d) An example of 3D surface reconstruction of Soave-Fornace Michelon terraces and the theoretical surfaces obtained from the 
3D contour lines of the terrace bases (see Section 3.3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Table 4 
Comparison between theoretical surfaces (see Section 3.3) and trenches/cores depths in the study areas. n/a means bedrock not encountered. “Trench/Core depth” 

refers to the overall depth of the excavation, while the “Trench/Core depth to bedrock” represents the depth at which the bedrock was found during the dig (in some 
cases the excavation continued even after the bedrock was found to analyse the subsoil structure). To assess the reliability of the methodology, the bedrock elevations 
within each of the sample trenches are compared to the TS values. The underlined values in table are used for the evaluation.   

Field excavation Theoretical surfaces 
Study area Trench/ 

Core 
No. 

Field notes Trench/Core 
depth (m) 

Trench/Core 
depth to bedrock 
(m) 

Elevation Trench/ 
Core bottom (m) 

Elevation Trench/ 
Core bedrock (m) 

Elevation 
interpolation surface 
(m) 

Belgium T1 Clay & gravel at 0.45 m, 
Lynchet  

0.96 0.45 227.29 227.80  227.80 

T2 Gravel at 0.55 m, Lynchet  0.85 0.55 218.30 218.60  216.53 
T3 Chalk at 1.30 m, Terrace  1.50 1.30 215.48 215.68  215.76 
T4 Chalk at 1.30 m, Terrace  1.40 1.30 214.13 214.23  210.94 
T5 Chalk at 0.42 m, Terrace  0.57 0.42 206.60 206.74  206.44 
T6 2.50 m, no bedrock  2.50 n/a 204 n/a  203.06 
T7 2.60 m, no bedrock, valley 

bottom  
2.60 n/a 190.30 n/a  190.25 

C1 Chalk at 0.30 m, lower valley  0.40 0.30 198.83 198.93  199.26 
C2 Chalk at 1.20 m, lower valley  1.40 1.20 195.01 195.21  196.38 
C3 Chalk at 0.30 m, lower valley  0.40 0.30 200.35 200.45  200.23 
C4 1.30 m, no bedrock valley 

bottom  
1.30 n/a 191.93 n/a  191.90 

C5 Chalk at 0.60 m, Terrace  0.75 0.60 206.07 206.22  205.85 
C6 Chalk at 1.35 m, Terrace  1.50 1.35 205.10 205.25  204.89 
C7 Chalk at 1.10 m, Terrace  1.20 1.10 205.43 205.53  205.34 
C8 Chalk at 0.85 m, lower valley  0.95 0.85 197.76 197.86  198.74 

Soave-Fornace 
Michelon 

T1 Rubbly terra rossa 0.80 m to 
bedrock  

0.80 0.80 95.44 95.44  95.35 

T2 Rubbly terra rosa with 
collapse material: 1.40 m to 
bedrock  

1.40 1.40 91.03 91.03  91.34 

T3 Rubbly terra rossa 0.70 m to 
bedrock/rubble  

0.70 0.70 80.91 80.91  80.87 

San Fruttuoso 
Abbey 

– Terrace walls directly 
constructed on underlying 
lithology   

–   –  

Fig. 7. Ground surface and sub-surface topography of the Sint-Marten Voerens lynchet/terrace system, Belgium along modelled transect with location of test pits 
(T1-7) and cores (C1-8). 
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Fig. 8. Thresholded DoD (t = 1.96) for the Belgian (a) Soave-Fornace Michelon (b) and San Fruttuoso Abbey (c) terrace systems.  
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Michelon and San Fruttuoso Abbey case studies, the uncertainties values 
of volume estimation are lower than in Belgium, where DTM errors were 
higher (see Table 2). Combined with the results obtained from the case 
study sites, this underlines the importance of the error analysis to derive 
better volume estimates of agricultural terrace and lynchet systems. 
Moreover, DoD investigations provide important information on the 
location of areas where soil storage is greater (e.g., within the hill-top 
lynchets in Belgium; Fig. 8a). This information is crucial for deter-
mining a range of parameters, such as sediment available for downslope 
movement to the calculation of loads and necessary strength of retaining 
walls or developing potential slip planes at the soil base. Additionally, it 
is the basis for the volumetric estimation of SOC storage in the terrace 
system. Here, SOC stocks were calculated by multiplying the total soil 
mass (thresholded) with averaged SOC concentration (g/kg) of the 
terrace trenches (Table 5). This estimation can only be viewed as a rough 
approximation as soil depth variability is not well represented. Still, 
even a rough calculation can provide useful preliminary information 
regarding quantification and mapping of the SOC stock in agricultural 
terrace systems especially for the effective estimation of SOC stock in 
terrace systems on a regional scale. 

4.4. Connected sediment volumes 

Regarding the mitigation of anthropogenic mismanagement (e.g., 
lack of terrace maintenance), terrace volumetric estimates, with infor-
mation derived from geomorphometric indices, such as sediment con-
nectivity, can make a significant contribution in the assessment of 
potential slope hazards. An example of this application is presented in 
Fig. 9, where IC was applied to the entire Soave-Fornace Michelon 
terrace system (Fig. 9b) as well as one specific area (Fig. 9c) of a dry- 
stone wall collapse (Fig. 9a). The wall failure was used as a target for 
IC computations to identify the upstream connected area as the source 
area for sediment eroded and transported through the collapsed terrace. 
Knowing the connected area, it is also possible to quantify the volume of 
sediments and associated SOC that could be mobilized and exported 
downstream after a terrace failure. DoD computation (Fig. 9d) for the 
area connected to the dry-stone wall collapse enables estimating vol-
umes of sediment that can be mobilised in the short term (i.e., zones with 
very high values of IC; Table 6) and over more extended periods (i.e., 
zones with low IC values; Table 6). Fortunately, in this case, most of the 
sediments that can be mobilized after the wall failure have a medium-
–low connectivity due mainly to a not very high slope in this zone. Here, 
the dry-stone wall collapse (Fig. 9) can result in the mobilization of a 
total of 332 ± 24 m3 soil, corresponding to 5.91 ± 0.43 Mg C (Table 6). 
This information can help us understand the consequences of neglect or 
abandonment of terraces. As at the San Fruttuoso Abbey site, where 
gravity-induced processes and erosion dominate the geomorphic system, 
terrace collapse may cause localised small debris and soil accumulations 
but leave large bedrock surfaces exposed. The detail connected volumes 
would allow to plan preventive interventions or size works aimed at 
protecting the surrounding infrastructures both in the short and long 
term along San Fruttuoso steep slopes. Meanwhile, the mobilisation of 
these soil volumes and the SOC may increase soil nutrients and C losses, 
thereby threatening key ecosystem services provided by terraces such as 
erosion reduction and C storage (Wei et al., 2016; Stavi et al., 2019). The 
knowledge of the potential mobilised volumes after a terrace collapse 
could give realistic local information for system maintenance to stake-
holders, and these computations can be used as reference and compar-
ison values in soil erosion/C budget models for steep agricultural slopes. 
The data integration related to available terrace volumes, connectivity 
and C storage, could be the starting point for further studies. The liter-
ature lacks studies that integrate geomorphological and subsurface in-
formation that aim to understand and protect complex systems such as 
agricultural terraces. 
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Fig. 9. Example of IC applied on the Soave-Fornace Michelon DTM (Fig. 5b), to identify and quantify the soil connected to a dry-stone wall collapse. The IC values 
have been classified into seven classes (very low, low, medium, medium, high and very high) based on the Natural Breaks classification methods. (a) Example of dry- 
stone wall collapse in Soave-Fornace Michelon; (b) IC map of Soave-Fornace Michelon terrace system where was identified the upstream area potentially connected in 
terms of sediment source with a dry-stone wall collapse; (c) Detail of IC map for which the volume of sediment (d) that can potentially be mobilised, has been 
calculated through DoD. 
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5. Conclusions 

This research has combined extensive and detailed high-resolution 
topographic surveys with in-field sedimentological recordings to study 
the nature of sub-surface topographies of terraced agricultural land-
scapes. This work has enabled the mapping and characterisation of 
geomorphological features in a new wide-ranging perspective, as 
obtaining volume estimations are essential for the study of terrace ori-
gins and landscape evolution. The use of ALS data to derive geo-
morphometric parameters, such as curvature, enabled the identification 
of terraced systems even if they are abandoned or covered by uncon-
trolled vegetation at a large scale. The TLS and UAV-SfM surveys 
enabled the extraction of detailed, accurate high-resolution geo-
morphometric information from DTMs. By moving from terrace riser 
edges to terrace riser bases for the computation of minimum curvature, 
an innovative and rapid methodological workflow was developed to 
estimate the anthropogenic remoulded soil of terrace systems with 
appropriate accuracy, starting only from a simple DTM. Notably, the use 
of a coarse ground-truthing through field excavation and sampling has 
confirmed in broad terms the reliability of the methodology used across 
a range of sites with very specific terrace morphologies. In each case, it 
has confirmed the nature of the reconstructed, theoretical original slope. 
The developed workflow produced accurate DoDs, between the actual 
terrace DTMs and the theoretical DTMs generated from terrace riser 
bases, fundamental to estimate the soil volumes and mass used to 
remould the slopes at the landscape scale. Moreover, geomorphometric 
analysis through indices such as sediment connectivity also permitted 
the quantification of the volume of sediment transported downstream, 
with the associated and mobilized C, after a collapsed terrace. The 
volumetric data of agricultural terrace and lynchet systems, enriched by 
sediment connectivity analysis, represent the useful application and can 
now provide new benchmarks for soil erosion models and new per-
spectives for landowners and stakeholders for the management of these 
agricultural environments in terms of natural hazards (i.e., terraces as 
potential sediment source areas for hydro-erosive phenomena in the 
absence of terrace maintenance). Moreover, the quantification of terrace 
soil volumes provides valuable information to assess terrace ecosystem 
services such as the SOC sequestration and heritage services such as the 
history of human landscape impacts. Finally, the quantification of 
terrace soil volumes provides extremely useful standards for further 
multi-disciplinary analysis on the terrace sediments themselves, aiding 
physical geographers, geoarchaeologists, palaeo-environmentalists and 
landscape historians in the understanding of terrace systems and the 
impact of agricultural processes on the landscape. 
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