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Abstract: Agricultural terraces are an important element of the Italian landscape. However, aban-
donment of agricultural areas and increase in the frequency of destructive rainfall events has made it
mandatory to increase conservation efforts of terraces to reduce hydrological risks. This requires the
development of new approaches capable of identifying and mapping failed or prone-to-fail terraces
over large areas. The present work focuses on the development of a more cost-effective alternative,
to help public administrators and private land owners to identify fragile areas that may be subject
to failure due to the abandonment of terracing systems. We developed a simple field protocol to
acquire quantitative measurements of the degree of damage—dry stone wall deformation—and
establish a damage classification system. This new methodology is tested at two different sites in
Tuscany, central Italy. The processing is based on existing DTMs derived from Airborne Laser Scanner
(ALS) data and open source software. The main GIS modules adopted are flow accumulation and
water discharge, processed with GRASS GIS. Results show that the damage degree and terrace wall
deformation are correlated with flow accumulation even if other factors other than those analyzed
can contribute to influence the instability of dry stone walls. These tools are useful for local land
management and conservation efforts.

Keywords: agricultural terraces; maintenance; failure risk; LIDAR; GRASS GIS; land abandonment;
flow accumulation; water discharge

1. Introduction

The difficult morphology of mountainous and hilly areas often hindered land cultiva-
tion and forced local communities to re-shape the land in a way that would facilitate its
agricultural use [1,2]. Historically, the creation of terraces has been considered the most
efficient way to allow agriculture and forestry in mountainous and hilly regions all over the
world [3,4]. Terraces have allowed for the cultivation of a wider variety of crops, thereby
increasing not only the productive areas, but also the quality of landscapes [2,3,5]. As a
result, terraces are now a ubiquitous feature in many mountainous regions all over the
world [3,5-10] and have been recognized as a distinct element of a region’s cultural identity
and heritage because they form important landscape elements and characterize a territory
due to their particular design [3,5,11,12]. Even within the same country and if the intent
was to cultivate the same crop, it is often possible to find terraces that are designed in very
different manners, e.g., different height, using different types and sizes of stones, and with
different arrangements for water regulation [1,3,13-15]. In Tuscany, the terraced vineyards
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and olive groves are a cultural landmark that is recognized by locals and foreign visitors
alike [1,3,16]. These terraces in Tuscany were built using local stones to an average height
of 1.43m +/— 0.54 (one standard deviation) with a total range from 0.5 and 3.31 m [17].

In the past, terracing systems not only increased the amount of arable land, but
also contributed to help stabilize the slopes by preventing erosion due to surface flow.
Furthermore, they help to control the drainage of rainwater, maintain soil moisture, and
increase overall water retention [2,11]. The state of conservation of a dry-stone wall
depends on its ability to maintain its hydrological functionality over time and preserve the
morphology of the terraced slope by protecting the almost vertical earth walls [18]. In Italy,
these mountainous agricultural areas were increasingly abandoned, starting in the 1940s,
which caused a deterioration in the state of conservation of many terracing systems [1,3,19],
in turn resulting in hydrological problems due to uncontrolled runoff [1,2,14,19-24], and
increasing soil erosion and nutrient loss [23-26]. Abandoned terraces will cease to perform
their hydrological function once the drainage capacity of stone wall becomes lower than
the influx of water, e.g., during severe rainfall events [1,2,14,19-22].

In Italy, the magnitude and frequency of severe rainfall events has increased over
the past years, mostly caused by climate changes [27-29]. As a result, the conservation
of terracing systems toreduce hydrological risk should be mandatory [4,8,10,14,30]. With
severe weather events increasing, similar projects of terraces restoration (and their efficiency
in hydraulic control) are being conducted in many parts of the world [3,31]. The justification
for these projects is usually twofold: (i) to preserve historical agriculture systems, and
(ii) to control water runoff and reduce erosion [32,33]. One major challenge for these
restoration activities is the accurate large scale mapping and identification of terraces and
their level of stability /damage. New approaches and instruments need to be developed in
order to efficiently investigate the status of terraces and reliably identify areas where these
systems are compromised, or where intense meteorological events could lead to severe
damages [1,8,14,30].

Several studies have demonstrated that remote sensing (RS) data can be useful to
map terrace stability [34-38]. More specifically, active remote sensing data acquired with
a Terrestrial Laser Scanner (TLS) can yield high resolution topography models such as
digital terrain models (DTMs) that are effective for monitoring the capabilities of terrac-
ing systems in hydraulic regulation [34,36,39]. These high resolution DTMs have been
shown to provide useful topographic layers for mapping the main surface processes such
as water regulation in terraced systems [35,39—43]. For example, Preti et al. [44] demon-
strated that a high resolution DTM derived by TLS was useful to monitor and estimate
erosive processes and surface runoff. However, all these studies analyzed differences
in micromorphology [41,45-48], which is very useful for understanding the degradation
mechanisms and remediation techniques in specific contexts, but unsuitable for monitoring
large areas. Moreover, the costs of TLS instrumentation and data acquisition are often
beyond the financial means of many local terracing restoration programs. For that reason,
it should be mandatory, to developed new monitoring systems of terracing using less
expensive DTM to derive information on the potentially damaged sites over large areas.
In this study, we exclusively use open access data and software to develop a low cost
approach for use by public administrations and private land owners to identify potential
high risk areas. A BlackBox approach was used to provide simple tools for rough damaged
sites identification.

The aims of the present work can be summarized as follows:

e proposition of a methodology for assessing the state of conservation of dry-wall
terraces across large agricultural areas in Tuscany;

e identify the morphological factors most correlated (and easily implemented by a
public administrators) to the instability of dry stone walls.

e The novelty of this work concerns the application of the methodology based on
openacces data, useful to improve territorial planning by public bodies. By acquiring
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indicators related to the conservation state of terraced systems, there can be developed
a rough classification for territories in the thousands of km?.

2. Materials and Methods
2.1. Study Areas

This research is focused on dry-stone walls used for terraced hills and mountains
agriculture lands in Tuscany. The terraces included in our study were chosen using pre-
existing 1 X 1 m Regional LIDAR DTMs.

Using regional maps of existing dry-stone walls and LiDAR maps of the Tuscany
region, we decided to focus on two areas that were chosen based on their accessibility
and distance from our research center: Mugello (Ponzalla, Scaperia e San Piero, Florence—
Centroid: 44.021689, 11.367784) and Montalbano (Tigliano, Vinci, Florence—Centroid: 43.804681,
10.930273) (Figure 1).

Figure 1. Location of the study area.

The Montalbano area has 40 hectares and 223 dry-stone wall linear elements with
an equivalent density of 220 m/ha. Out of the total of 223 linear elements, 23 were
randomly chosen for inclusion in our survey. The Mugello area covers about 70 hectares
with 192 linear elements (45 m/ha). However, only 110 out of 192 elements were accessible
as the remaining number were on private land enclosed by fences. Both study areas have a
comparable mean slopes: 18.11° in Montalbano and 18.76° in Mugello. Linear elements
length were measured on regional technical charts containing dry-stone wall locations.
Wall density and slope were than calculated using DTMs.

2.2. Field Surveys and Damage Classification Scale System

The surveys were carried out using two approaches: (i) subjective field classification of
conservation status using a specifically designed classification scheme (see below), and (ii)
objective measurements of dry-stone wall deformation. The classification and deformation
measurements were acquired using a smartphone equipped with the “Geopaparazzi”
app [49], which allows the user to take georeferenced photographs with accompanying
text notes that can be easily imported into GIS software. In the Mugello area both methods
were used in parallel, while in Montalbano we only used the subjective classification.

Specifically for this study, we developed a damage classification scale (Table 1,
Appendix A) that allows us to quantify the damage class based on subjective observations.
To remove possible observation bias in the field, four experts independently validated the
field assessment by means of the acquired geo-referenced photos.
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Table 1. Damage type classification developed for this study (cf., Figures 2B and 3).

Damage Type Damage Scale

Regular (Undamaged) 1
Bulging in central and upper portion
Bulging in lower portion
Whole wall bulging, translation
Failure
Dry-stone wall missing

N Ul = W IN

Figure 2. (A) Purpose-built instrument to measure deformation consisting of two graduated wooden
strips and a plumb line to carry out horizontal measurements and allow the correct positioning of
the instrument. (B) Example of dry-stone wall failure (Mugello area), damage scale 5.

Figure 3. Measuring the amount of deformation for two examples of damage types.

To accompany our subjective damage scale assessment with a more quantitative
measure of the damage, we also determined the amount of deformation using purpose-
built instruments that are easy to replicate (Figure 2A). The surveys were carried out in a
subsample of wall locations for each damage class only in the Mugello area.
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The purpose-built instrument (Figure 2A) measures the orthogonal distance between
the deformed portion and the original wall (Figure 3).

The deformations due to bulging (Db) and failure (Df) can be calculated using the
following equations (see Figure 3):

(A—S(H—HB)—B

Dy = T @
where A—C
=g 2
and )
py=4-€) ©)

In the Mugello area, a total of 110 sampling points were acquired for subjective damage
classification. In addition, we acquired 37 objective deformation measures. In Montalbano,
a total of 23 sampling points were acquired for damage classification.

No other measurements (granulometry, hydraulic conductivity, ecc.) were performed
to avoid spatial variability in large area analysis that would involve large time consuming
and high costs.

2.3. LiDAR DTM Data: Flow Accumulation and Water Discharge Map

For the two study areas, the available raster grid DTMs can be directly downloaded
form the Tuscany Regional Cartographic Portal at: https://www.regione.toscana.it/-/
geoscopio. The DTMs were derived from LiDAR survey (airborne laser scanner-ALS) in
2008 with a resolution of 1 m x 1 m. The high sampling density provides reliable estimates
in relation to the DTM processing techniques and any estimation errors [50]. The raster
DTMs were processed to obtain two raster grids, useful to model water movement on the
slopes; namely, flow accumulation and water discharge.

DTM processing was carried out in a GIS environment, using the QGIS and GRASS
GIS software and GDAL libraries. The DTM was pre-processed “filling” morphological
depressions by using the r.fill.dir algorithm, and was then used to generate two maps: (i) a
depression-less elevation map and (ii) a flow direction map [51]. By using the r.watershed
algorithm, the (i) and (ii) maps were used to calculate the flow accumulation map [52].
For a better data analysis, we transform the flow accumulation using a logarithm scale
(Figure 4), considering its exponential progression.

Figure 4. 3D representation of the flow accumulation map of the two study areas (Scale: Mugello 1:10,000; Montalbano

1:25,000). The survey points are shown in red. The color coding shows the amount of overland flow that traverses each cell

(1 x 1m).

The water discharge map (Figure 5)—obtained from a model designed for spatially
variable terrain, soil, cover, and rainfall excess to simulate overland flow [53]—was obtained
with r.sim.water using a runoff coefficient map (at catchment scale) based on soil type, soil
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cover and use, and the average hillside slope (Table 2) and a Manning’s n value set to 0.05.
With regard to the precipitation (used as input to calculate the water discharge map), three
simulations were made with three different precipitation scenarios: 5, 50, and 180 mm/h
(with respective return periods of <2y, 50 y, and >500 y).

Figure 5. Water discharge maps for simulations with precipitation values of (A) 5 mm/h, (B) 50 mm/h, and (C) 180 mm/h.

(D) Legend of the water discharge for each simulation. Values in scientific notation for high variability. Map Scale 1:10,000.

Table 2. Runoff coefficients adopted for the water discharge analyses [54].

Land Use Slope Soil Type

Light Medium Heavy

Forest <10% 0.13 0.18 0.25

>10% 0.16 0.21 0.36

Pasture <10% 0.16 0.16 0.22

>10% 0.22 0.42 0.62

Agriculture <10% 0.40 0.60 0.70

>10% 0.52 0.72 0.82

2.4. Comparing Field Data and Simulation Data

To validate the classification schemes introduced above, we first compared the mea-
sured deformations using our purpose-built instrument (Figure 2A) to the subjective
damage scales (Table 1) assigned to the different dry walls for the Mugello area.

In a second comparison, damage classes and measured deformations were related
with the calculated values for flow accumulation and water discharge derived from the
maps to point out whether the damage classes were correlated with these parameters.

The correlation and significance analyses were performed using R software. For each
sampling point acquired in the field we estimated the flow accumulation and water dis-
charge values from our model and the GPS coordinates of the field site as acquired with the
Geopaparazzi app. The accuracy of the geolocation depends on the smartphone’s GNSS
antenna and was estimated as approximately 5 m. We further improved this accuracy
by using the photographs obtained in the field and comparing them to 20-cm resolution
ortophotos (Tuscany Regional Cartographic Portal). More specifically, we drew circles
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of 0.5 m radii around each survey point and extracted the average logarithmic flow ac-
cumulation and water discharge from within these circles (using the “zonal statistics”
QGIS tool).

3. Results

A comparison of the in-situ deformation measurements and subjective damage assess-
ments of the dry-stone walls in the Mugello area (1 = 37) yields a good correlation between
both parameters (Figure 6).

Figure 6. Relationship between the subjective damage scale (Table 1) and the in situ deformation
measurements (D or Dy,) of the dry-stone walls in the Mugello region. The graphs on the right show
the histogram and Q-Q plot of the residuals of the regression model—Boxplot: Box = 1.5 x IQR, Q1,
Q2, Q3; Whiskers = Min and Max.

The damage class was then compared with the average flow accumulation values, as
mentioned, both individually for the Mugello (Figure 7a) and Montalbano areas (Figure 7b)
and for the combined dataset (Figure 8).

Figure 7. Box plot of the relationship between the subjective damage class and the flow accumulation
values (logarithmic scale)}—Boxplot: Box = 1.5 x IQR, Q1, Q2, Q3; Whiskers = Min and Max. (a):
Mugello case, (b): Montalbano case.
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Figure 8. Scatter plot of the damage classes and flow accumulations from both areas.

In both study areas we found a statistically significant correlation between the dam-
age classes and the flow accumulation values (Mugello R? = 0.57, p < 0.001; Montalbano
R? =0.14, p < 0.01). In Mugello, the statistical significance of the correlation was higher
than in Montalbano because of the higher variability in the Montalbano flow accumula-
tion data (Montalbano = 19% Mugello, in sample points terms). If we plot the median
flow accumulation against the damage class, the correlation is even higher (R? = 0.88,
p < 0.005, Figure 9).

Figure 9. Box plot of the combined dataset and the addition of two values obtained from the Lamole and Carmignano
regions (Tuscany, central Italy) [17]. The ordinate now shows the median of the flow accumulation. The graphs on the
right show the histogram and Q-Q-plot of the residuals of the regression model—Boxplot: Box = 1.5 x IQR, Q1, Q2, Q3;
Whiskers = Min and Max.

We also found a statistically significant, albeit lower correlation between the measured
deformation and the average flow accumulation (R? = 0.38, p < 0.001, Figure 10).
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Figure 10. Scatter plot of the wall deformation (D or Dy,) vs. logarithmic flow accumulation values.

We also tested for a possible correlation between the water discharge (the water
volume that flows through the slopes per unit time) and the average flow accumulation
for three different precipitation intensities (Figure 11). The correlation between flow
accumulation and water discharge increases as the precipitation intensity is increased
from 5 mm/h to 50 mm/h, then decreases again as the intensity is further increased to

180 mm/h.
Table 3. Results of the statistical regression analysis of water discharge versus flow accumulation
(Figure 11).
Rainfall Intensity 5 mm/h 50 mm/h 180 mm/h
Residual standard error 0.019 0.008 0.185
R? 0.13 0.16 0.07
P 0.059 0.007 0.003

Figure 11. Scatter plots and linear regression for water discharge versus flow accumulation for three precipitation intensities.
See Table 3 for the correlation coefficients. While in 5-50 mm /h simulation water discharge has similar increase of intensity
(10 times), in 50-180 mm /h comparison, water discharge shows a reduction of dispersion.
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To further investigate the effect of different rainfall intensities on water discharge, we
extracted the water discharge from 200 randomly selected locations in our model domain
for the three rainfall intensities. The random points were obtained using a QGIS tool,
contained in the GDAL library. The water discharge value increases with rainfall intensity,
increasing from 5 mm/h to 50 mm/h, and showing a good (perfect) correlation (Figure 12).
As the rainfall intensity increases further to 180 mm /h is always increasing, but not well
correlated (Figure 12).

Figure 12. Relation between water discharge values for different precipitation intensities.

We also compared the water discharge volume to the dry wall damage class and
deformation at all sites. Walls that exhibit more severe damage (both on the subjective
damage classification system and the quantitative deformation measurements) also have
increased water discharge rates (Figures 13 and 14, Table 4). This result has a lower
statistical significance, however, compared to the results relating to flow accumulation.

Figure 13. Box plots comparing water discharge and wall damage (using the subjective damage classification scale) for the
three precipitation scenarios—Boxplot: Box = 1.5 x IQR, Q1, Q2, Q3; Whiskers = Min and Max.
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Figure 14. Comparing water discharge rates and dry wall deformations (Ds or Dy,) for the three precipitation scenarios.

Table 4. Statistical analysis of the relationships between the damage scale, the deformation with the
water discharge.

5mm/h 50 mm/h 180 mm/h
Damage scale vs. Water discharge
R? 0.018 0.022 0.087
P 0.1547 0.1226 0.001
Deformation vs. Water discharge
R? 0.13 0.13 0.18
p 0.029 0.029 0.01

4. Discussion

The lack of maintenance of terraces leads to a progressive loss of their functionality,
which over time leads to damage to the dry-stone wall, mainly caused by uncontrolled
water runoff. The concentration of runoff water at the dry-stone wall, both superficial and
hypodermic, can cause its collapse as the water accumulates between the backfill and the
stones, thus increasing hydrostatic pressure and causing deformation of the wall [55,56].
It has been shown that wall instabilities are more common in areas of convergence with
probable water accumulation (no hydrological-hydraulic measure or simulation have
been provided), especially where drains are not maintained due to abandonment of the
land [3,56].

In the present study, we developed a descriptive, efficient damage scale classification
scheme that can be used easily in the field. We could show that this subjective classification
scheme was consistent with more objective deformation measurements to assess wall
damage. Moreover, we designed a very simple and thus easy-to-replicate instrument
consisting of graduated wooden rods and a plumb line to acquire objective measurements
of deformation.

We could also show that a simple hydrological spatial analysis to predict areas of
flow accumulation from available LIDAR DTMs can serve to identify runoff concentration
pathways, one of the main causes of damage in terraced systems [56]. In fact, we observed
a high correlation between both damage classes and deformation measures with flow
accumulation in two different study areas in Northern Tuscany. The amount of flow
accumulation in a particular area was well correlated with the severity of wall damage.
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As there are no comparable studies available for our two study areas, we applied
the method to previous observations from the Carmignano and Lamole regions (also
in Tuscany, Northern Italy) where past studies have produced images and geographic
locations of terracing systems and supporting wall structures [17,36,55]. By applying our
methodology to these areas we could show that the observations from these two areas
come to lie perfectly on the regression line between the median flow accumulation and the
damage scale classes (Figure 9).

In the literature there are only few studies on the relationships between the state of
dry-stone wall maintenance and surface runoff and most of these existing studies typically
employed very high resolution DTMs obtained by TLS [36,44,57]. One of these studies
used a <1 m resolution DTM to show that the presence of concentrated surface runoff, at
the scale of a terraced system, has a significant impact on dry-stone wall deformation [44].
Subsequently, Tarolli et al. [36] demonstrated that high resolution DTMs are a useful tool
for the evaluation of surface erosion processes. The authors provide a detailed comparative
statistical analysis between the DTMs obtained from ALS and TLS. However, TLS is
optimized for the analysis of single slopes or areas of a limited size (e.g., 34 hectares),
while our methodology can be applied to cover large areas as it uses Regional ALS DTMs.

Our findings are in line with observations by Preti et al. [55,56] in that increasing
accumulations of water behind a wall (high values of flow accumulation) lead to increasing
levels of damage severity. However, while flow accumulation only provides information
about where water tends to concentrate, to understand the real water concentration, other
factors need to be considered as well, including (i) precipitation at the event scale, (ii)
infiltration, and (iii) vegetation cover [58]. All these factors play an important role with
regard to the amount of water that reaches a dry-stone wall. For this reason, we examined
the water discharge, i.e., the water volume that flows down a slope per unit time [59].
Our results showed a direct correlation between water discharge and the amount of wall
deformation in an area (Figure 14). More specifically, we found a correlation between the
quantity of water that reaches a dry-stone wall and the severity of wall damage, albeit with
a statistical significance that was lower compared to the correlation with flow accumulation
(Figure 10). In comparison, the correlation between the subjective damage scale and water
discharge was less statistically significant than for deformation. This difference could be
due to the factor of time, a parameter that was not explicitly considered in this study. The
amount of dry-stone wall deformation is closely linked to hydrostatic pressure. Parameters
such as flow accumulation and water discharge only describe how much water reaches a
particular dry-stone wall and where it preferably concentrates, but it does not provide any
information about the exposure time. Figure 11 explains the relationship between the flow
accumulation and the water discharge. While the relation keeps well connected between
rains of 5 mm/h and 50 mm /h, the relation is lost for the simulation of very intense rain
(180 mm /h), regardless of the significance of the regression. This is also evident from
Figure 12, where we compare the water discharge values for different rainfall. In fact, this
leads us to consider the influence of the time factor. It is possible that a single high-intensity
event [53,60] can cause the same amount of damage as several low-intensity events spread
over several years. The state of conservation of a wall is always the result of a series of
events. Another factor to take into account is the amount of maintenance invested by the
land owner the amount of damage is likely to increase once maintenance has been poor
for an extended period of time. The slightly higher correlation between deformation and
water discharge (Figure 14 and Table 4), compared to damage scale and water discharge
(Figure 13 and Table 4), could be attributed to the fact that greater quantities of water
reaching a wall tend to cause greater deformations than smaller quantities reaching a wall
over a longer period of time. We found that neither flow accumulation nor water discharge
were proportional to rainfall intensity, but depended on the morphological characteristics
of the slope (Figure 11, Table 3). For particularly intense precipitation events (180 mm/h),
surface runoff becomes unrelated with flow accumulation because the watershed’s tailwater
increases, and so therefore the runoff overflows.
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While flow accumulation is directly related to the surface morphology, it is also
affected by hypodermic flows (shallow subsurface flows), particularly in cultivated soil.
Tillage often creates a compact impermeable layer [61] and a surface soil layer with very
high infiltration coefficients [56]. The runoff in the subsurface layer (originating from
tillage) has similar characteristics to the surface layer (characterized by flow accumulation).
Low intensity rains cause little damage to dry-stone walls as the water discharge is low and
water can infiltrate into the ground. This explains the low correlation between wall damage
and simulated water discharge for the 5 mm/h rainfall scenario (Table 4). By increasing
rainfall intensity to 50 mm/h, this correlation increased (Table 4) as the water followed
the preferential pathways in the ground and reached the dry-stone wall faster. With very
intense rains (180 mm/h), those flow velocities exceed the infiltration rate by far (even in
preferential pathways), and the water tends to simply overflow the wall, creating a more
generalized instability compared to phenomena that cause bulging or a full collapse.

Damage to dry-stone walls can also be caused by other factors not related to water
regulation or extreme events such as the passage of wild animals, deep landslides, or
human activities. These factors were not included in our analyses.

5. Conclusions

By examining a possible relationship between the damage of dry-stone walls and
water flow accumulation, we could establish a methodology based on remote sensing
techniques that is capable of identifying potentially damaged sites interraced systems
across large areas. This is particularly useful for planning and conservation efforts.

In the present work a counter-test (verification of damages on dry stone walls in areas
with high FW and WD values) was not carried out; this would make the prediction of
unstable areas effective using the available data (DTM). While the first step of the present
research was the definition of an effective survey system (intuitive and fast), the following
will be the implementation of other data bases (however open data) to reduce the dispersion
observed in the correlation tests shown in this work and therefore make the preventive
action of the public decision-maker effective.

In previous works [36], it was observed that everywhere flow accumulation is greater,
dry stone walls presented stability problems, while in this paper we have shown that where
there is damage, flow accumulation is high.

In the presence of a homogeneous compact layer due to tillage that follows the surface
morphology, flow accumulation can be indicative of shallow subsurface flow (hypodermic
flow), too. During precipitation events, this would allow water to accumulate on the
upslope face of a wall. Otherwise, the water discharge model does not take into account the
shallow subsurface flow and preferential flow pathways. When runoff is high overflows
up the wall (180 mm/h simulation), probably keeping only the surface process. While
this is useful to test the functionality of ditches, it does not allow the analysis of flow
concentrations on the upslope face of a wall, the most destabilizing component for these
types of structures.

The developed methodology is useful for a conservation analysis of the terraced
systems in relation to the hydraulic functionality. Decision makers can take advantage of
open access data (DTMs) where available, and obtain a basic classification of the territory
for planning, monitoring, and restoration purposes.

The proposed methodology is a first step towards a more comprehensive spatial
planning tool. Based on our results and the developed methodology, it should be possible
to develop a damage classification system that also includes the geology, lithology, and
morphology of the slope. A further development may support the design of arrangement
interventions to regulate surface outflows.
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Appendix A Damage Classes References Photos

Figure A1. Damage class 1—Regular.

Figure A2. Damage class 2—Bulging in central and upper portion.
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Figure A3. Damage class 3—Bulging in downside.

Figure A4. Damage class 4—Whole wall bulging, translation.
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Figure A5. Damage class 5—Failure.

Figure A6. Damage class 6—Dry-stone wall missing.
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