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Abstract: Rill erosion is a major issue on a global scale, and predicting the presence, position, and
development of erosive forms on hillslopes is a significant challenge for the scientific community.
Several plot-scale investigations confirmed the reliability of the terrestrial photogrammetric (TP)
technique for studying rill erosion and the reliability of a method for extracting the rill network from
Digital Surface Models (DSMs) and measuring the corresponding volume. In this paper, for an intense
erosive event that occurred at the Sparacia experimental area (Sicily, Southern Italy), TP surveys
of three plots, with different length and steepness, incised by rills, were performed to reconstruct
the DSMs. For each plot, the rill network was extracted from the DSMs, and the non-contributing
network was distinguished from the contributing one, from which the soil loss and the consequent
eroded volumes V were determined. The specific aims were to (i) establish the effect of plot steepness
on rill depths and some morphometric characteristics of the drainage rill network; (ii) test and
calibrate the relationship between V and the total rill length L, using all rill measurements available
in the literature and those obtained in this study; and (iii) modify the V–L relationship by including
climate forcing and assessing the related performance. The rill depths, h, the drainage frequency,
and drainage density of the rill networks detected in the three plots were compared. The analysis
demonstrated that h and the morphometric parameters of the contributing rill network increase with
plot steepness s. In particular, the mean depth increases from 2.79 to 4.85 cm for slope increasing
from 14.9 to 26%. Moreover, the drainage frequency of the contributing rill network varies from
0.16 m−2 for s = 14.9% to 0.47 m−2 for s = 26%, while the drainage density of the contributing rill
network varies from 0.92 m−1 for s = 14.9% to 2.1 m−1 for s = 26%. Finally, using the data available in
the literature and those obtained in this investigation, an empirical relationship between V and the
total rill length L was firstly tested and then rearranged considering the event rainfall erosivity Re.
Including Re in the rearranged equation guaranteed the best performance in V estimation.

Keywords: soil loss; rainfall; rill erosion; close-range photogrammetry

1. Introduction

Predicting the presence, position, as well as development of erosive formations on
hillslopes and agricultural landscapes continues to be an important difficulty in land
management, as soil erosion by water is a major issue on a global scale [1]. Shi et al. [2] found
that the hillslope erosion goes through five evolutionary stages (i.e., inter-rill erosion, rill
development, stabilized rill, ephemeral gully development, and stabilized ephemeral gully),
which are characterized by changes in sediment load, channel morphology, hydraulic
parameters, and particle size distribution. Rill erosion is an important form of hillslope soil
erosion that occurs by overland flow at the steep slopes [3]. In these conditions, runoff tends
to concentrate in narrow channels (water depths varying from the order of millimeters to
several centimeters), named rills [4], whose geometry is dependent on surface roughness,
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topographic irregularities, and tillage operations. For intense rainfall events, rills often
develop, and the contribution of rill erosion to total soil loss is generally dominant [1]. In
particular, according to the literature [5–7], approximately 80% of erosion at the hillslope
scale is due to the rill component. When additional shear stresses of channelized flows
cause soil particle detachment from the rill boundaries, rills gradually enlarge until they
become ephemeral gullies (EGs) [8]. The rill networks develop in complex ways, and the
rill morphology can contribute to the uncertainty and complexity of the main processes of
rill development. Measurements of rill morphology include cross-section size, rill network
length, and number of rills [9]. The rill network can be detected using direct and indirect
methods. The former is time-consuming and can produce alteration of the rilled area
because of the passage of the operator. The latter, including three-dimensional (3D) photo-
reconstruction techniques and the terrestrial laser scanner [10,11], overcomes these troubles
and generates accurate 3D models. Recently, several plot-scale investigations [12–15]
demonstrated the reliability of the terrestrial photogrammetric technique for rill survey.
Gessesse et al. [12] surveyed, using a calibrated non-metric digital camera (Canon EOS 1Ds),
a rilled plot subjected to extreme rainfall events, demonstrating that the DEM measurements
led to a relative error of ±2.8 to ±5.3 mm, detecting erosion and deposition. Di Stefano
et al. [13] positively tested the applicability of the Structure from Motion (SfM) for rill
channels shaped in a plot, comparing the measurements (surface width, maximum depth,
cross-section area, perimeter, and hydraulic radius), in 11 cross-sections, obtained by a 6 m
long gypsum cast of the rill and those obtained with the 3D model generated by photos
acquired with a GoPro Hero 4 Silver (© 2024 GoPro Inc., San Mateo, CA, USA) camera.
Moreover, the reliability of this model for measuring rill erosion was confirmed by the
satisfying results obtained by comparing, for three rills, the sediment weight transported
by the rill flow and collected in a storage tank at the outlet of the plot with that obtained
by converting the eroded volume obtained by the DEM of difference (i.e., the difference
between the 3D model of the initial condition and that of the final one). Jiang et al. [14]
tested a digital close-range photogrammetric observation system combined with a GIS
methodology to monitor the morphological development of rill erosion, extracting rill
networks and obtaining the main parameters of the rill erosion (rill density, average rill
depth, etc.). These authors, comparing the soil loss values obtained by the traditional
method and those obtained by close-range photogrammetry, also found a high estimation
precision, which increases with the rainfall duration. The same methodology was also used
by Jiang et al. [15], who applied close-range photogrammetry and a GIS methodology to
compare the responses of two different soils to rill erosion processes.

Different methods exist for the extraction of a channel network from a Digital Surface
Model (DSM), such as the Canny operator [16], slope analysis [11], Broscoe’s method [17],
landform curvature [18,19], and that combining the convergence index and a drainage
algorithm [20]. Several experimental investigations distinguished between contributing
rills, belonging to the network connected to the plot outlet and contributing to the soil loss
measured there, and non-contributing rills, whose interruption within the plot prevents
them from contributing to soil loss. This distinction allows for improving the accuracy
of the eroded volume measurement. Gessesse et al. [12] used an approach based on the
application of close-range digital photogrammetry to survey microtopographic soil surface
changes caused by erosion and investigate sediment transport in inter-rill and rill areas
and rill erosion for a rainfall event. The authors found that an abrupt change in surface
microtopography controls the rill network. In particular, rough surfaces are characterized
by many smaller rills, but fewer contributing rills as compared to relatively smooth surfaces.
Di Stefano et al. [20] performed both terrestrial and low-altitude aerial surveys after an
erosive event occurred at the Sparacia experimental area (Southern Italy) to measure rill
erosion on two plots. These authors, for the first time, extracted the rill network, applying
the convergence index to high-resolution rill data, and then distinguished contributing
and non-contributing rills, developing an automatic approach detailed below. The results
denoted a better capability of the terrestrial survey in detecting rills and highlighted that,
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on average, contributing rills are longer than non-contributing ones and their measurement
is independent of the data acquisition platform. For a natural erosive event monitored on
a plot of the Sparacia (Sicily) experimental area, Carollo et al. [21] measured geometric
variables of rills and calculated network morphometric indexes. In addition, they positively
tested the reliability of an automatic method [20], which applies the convergence index
and a threshold value LT that identifies the rill interruption length, to distinguish between
non-contributing and contributing rills.

Despite past efforts, much work is still to be conducted concerning the measurement
and modeling of rill erosion and upscaling from plot to natural hillslope. Accurate and
repeatable rill erosion measurements need both for correct modeling [13].

Physically based and process-oriented erosion models suffer from uncertainty due to
many input parameters to be measured or estimated. This circumstance induced researchers
to propose simple empirical relationships to estimate the channelized erosion [22]. Rejman
and Brodowski [23] surveyed rills on plots with different lengths and found a linear
relationship of the total rill volume versus plot length. Nachtergaele et al. [24], using EG
measurements at the event scale, and Capra et al. [25], using rill measurements at the event
scale and EG data collected annually (i.e., all rainfall events during the wet period) or for
each rainfall erosive event, suggested that the channel volume V can be estimated simply
using its length, L, with the following equation:

V = aLb (1)

where a and b are numerical coefficients.
Bruno et al. [22], using rill measurements performed for five events at Sparacia,

established a = 0.0038 and b = 1.16. Di Stefano and Ferro [26], using 269 rill measurements
carried out on the Sparacia plots and ephemeral gully (EG) and gully measurements
available in the literature, demonstrated that Equation (1) applies to rills, EGs, and gullies
with b = 1.1 and a equal to 0.0036 for rills, 0.0984 for EGs, and 35.8 for gullies. Di Stefano
et al. [27] confirmed the applicability of Equation (1) with b = 1.1 and the above scale
factors using 475 (L–V) pairs detected on rills at Sparacia, EG measurements [26], and gully
measurements conducted by Ichim et al. [28], Daba et al. [29], and Moges and Holden [30].

In accordance with Vandaele [31], Equation (1) establishes that the channelized erosion
is a non-linear process in which the eroded volume rises more than proportionally with
channel length. Therefore, the length of the channel can be regarded as an index of the
severity of the erosion process.

This paper presents the results of an experimental investigation carried out at the
Sparacia station. At first, for a rainfall erosive event (24 September 2017), terrestrial pho-
togrammetric (TP) surveys of plots with different steepness incised by rills were carried
out to reconstruct the Digital Surface Models (DSMs). The non-contributing network was
distinguished from the contributing one using the method proposed by Carollo et al. [21],
even if additional threshold values of LT were investigated. The specific aims of this paper
are to (i) establish the effect of plot steepness on rill depths and some morphometric charac-
teristics of the drainage rill network (length and number of rills) and the corresponding
index (i.e., drainage density and drainage frequency); (ii) test and calibrate Equation (1)
using all rill measurements available in the literature [32] and those obtained in this study
to establish whether only rill length is sufficient to estimate its volume; and (iii) modify
Equation (1) by including climate forcing (event rainfall erosivity Re) and assessing the
related performance in the V estimation.

2. Materials and Methods
2.1. Study Area

The Sparacia experimental station of the Department of Agriculture, Food, and Forest
Sciences of the University of Palermo is located in western Sicily, Southern Italy (37◦38′09′′N
13◦45′58′′E) (Figure 1). The area has a typical Mediterranean semiarid climate with an
average annual rainfall of approximately 700 mm. The soil is a Vertic Haploxerept [33], and



Remote Sens. 2024, 16, 4232 4 of 17

the soil texture is constituted, on average, by 62% clay, 33% silt, and 5% sand, resulting in a
clay soil [32].

Remote Sens. 2024, 16, 4232 4 of 18 
 

 

2. Materials and Methods 
2.1. Study Area 

The Sparacia experimental station of the Department of Agriculture, Food, and Forest 
Sciences of the University of Palermo is located in western Sicily, Southern Italy 
(37°38′09″N 13°45′58″E) (Figure 1). The area has a typical Mediterranean semiarid climate 
with an average annual rainfall of approximately 700 mm. The soil is a Vertic Haploxerept 
[33], and the soil texture is constituted, on average, by 62% clay, 33% silt, and 5% sand, 
resulting in a clay soil [32]. 

Figure 1. Location of Sparacia experimental area. 

In this area, there are 20 USLE-type plots, having lengths from 11 to 44 m, widths 
from 2 to 8 m, and steepness s from 9% to 26%. In the 14.9% slope (Figure 2a), there are 
two plots (C–D) of 8 m × 18 m, two plots (E–F) of 8 m × 22 m, two plots (G–H) of 8 m × 33 
m, two plots (I–L) of 8 m × 44 m, two plots (M–N) of 4 m × 11 m, two plots (O–P) of 2 m × 
11 m, and two plots (Q–R) of 2 m × 22 m. In a near slope, there are two plots (P1–P2) of 6 
m × 22 m (Figure 2b) characterized by s = 22% and two (P3–P4) plots of 6 m× 22 m (Figure 
2b), which feature s = 26%. Finally, in the experimental area, there are two reference plots 
(W1–W2), which are 22 m long and 9% sloped (Figure 2c). All plots are in fallow condition, 
and the vegetation is removed by a powered cultivator operated in the maximum slope 
direction, as prescribed for the reference condition [34]. 

Figure 1. Location of Sparacia experimental area.

In this area, there are 20 USLE-type plots, having lengths from 11 to 44 m, widths
from 2 to 8 m, and steepness s from 9% to 26%. In the 14.9% slope (Figure 2a), there
are two plots (C–D) of 8 m × 18 m, two plots (E–F) of 8 m × 22 m, two plots (G–H) of
8 m × 33 m, two plots (I–L) of 8 m × 44 m, two plots (M–N) of 4 m × 11 m, two plots
(O–P) of 2 m × 11 m, and two plots (Q–R) of 2 m × 22 m. In a near slope, there are two
plots (P1–P2) of 6 m × 22 m (Figure 2b) characterized by s = 22% and two (P3–P4) plots of
6 m× 22 m (Figure 2b), which feature s = 26%. Finally, in the experimental area, there are
two reference plots (W1–W2), which are 22 m long and 9% sloped (Figure 2c). All plots are
in fallow condition, and the vegetation is removed by a powered cultivator operated in the
maximum slope direction, as prescribed for the reference condition [34].
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Runoff and transported soil particles are conveyed through a gutter located at the
plot’s lower edge towards a series of tanks, each one approximately 1 m3 (Figure 3). Total
soil loss and runoff are measured at event temporal scale. Rainfall intensity is measured
with an acquisition interval of 1 min by a recording rain gauge placed near the plots.

Remote Sens. 2024, 16, 4232 5 of 18 
 

 

 
Figure 2. A view of the plots with slope gradient s equal to 0.149 (a), 0.22 and 0.26 (b), and 0.09 (c) 
at the Sparacia experimental area. 

Runoff and transported soil particles are conveyed through a gutter located at the 
plot’s lower edge towards a series of tanks, each one approximately 1 m3 (Figure 3). Total 
soil loss and runoff are measured at event temporal scale. Rainfall intensity is measured 
with an acquisition interval of 1 min by a recording rain gauge placed near the plots. 

 
Figure 3. View of storage tanks. 

2.2. Measurements of Total Soil Loss and Rill Erosion  
For the severe erosive event of 24 September 2017, which was characterized by a total 

rainfall amount of 35.2 mm, total and rill erosion were measured for the P2, P4, and I plots 

Figure 3. View of storage tanks.

2.2. Measurements of Total Soil Loss and Rill Erosion

For the severe erosive event of 24 September 2017, which was characterized by a
total rainfall amount of 35.2 mm, total and rill erosion were measured for the P2, P4, and
I plots (Figure 4). The total soil loss was measured by the direct method (DM) described
below. For each tank, the level of the suspension of water plus sediments was measured
and then thoroughly mixed before the extraction of five columns of suspension, extending
across the entire suspension depth, with a sampler. It was a brass cylinder equipped
with a closing valve “guillotine” fitted with a sealing gasket. Further details are reported
in the paper by Carollo et al. [35]. The sample was oven-dried at 105 ◦C for 48 h, and
the dry sediment was weighed. The suspension concentration was determined as dry
sediment weight to suspension volume ratio, the latter being determined gravimetrically.
Following Carollo et al. [35], the measured and the actual concentration could be considered
coincident, and the margin of measurement error declined for increasing values of the actual
concentration. Total soil loss was determined by multiplying the sediment concentration
by suspension volume.

The rill measurements were performed by a terrestrial photographic survey (TP). The
12 MP GoPro Hero4 Silver camera [36] was fixed to the tip of a telescopic pole (Figure 5a)
for image acquisition by following a walking itinerary around the plots. The average object
distance H was equal to 2.4 m, and 325, 140, and 140 images were taken for plots I, P2,
and P4, respectively. Six Ground Control points (GCPs) per plot, made of 15 cm × 15 cm
wooden targets (Figure 5b), were deployed on the perimeter, and the coordinates were
determined using a total topographic station.
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Figure 5. A view of the GoPro camera (a) and the target of a GCP (b).

The software Agisoft PhotoScan Professional Edition 1.1.6 build2038 (Agisoft LLC,
Petersburg, Russia) allowed the creation of 3D models and, later, 2.5D models (Digital
Surface Models, DSMs) and orthophotos of the investigated plots by using photographs as
raw data. The 3D models were created using an automated procedure combining Multi-
view stereo [37] and Structure from Motion (SfM) techniques [13]. For each plot, a DSM
(Figure 6a) and an orthophoto (Figure 6b) were generated by Agisoft Photoscan to perform
hydrological and morphological analyses aimed to extract the rill network. The mean
ground sample distance, GSD, which is the size of a pixel projected to the ground surface
expressed as linear units [20], is 0.0015 m, while the DEM resolution (0.005 m) corresponds
to the better achievable resolution suggested by PhotoScan considering the GSD values.
As mentioned above, to extract rill thalweg from the DSMs, a method that combines
morphological (convergence index CI) and hydrological (flow accumulation ArcGIS’s 10.5
tool, (ESRI, Redlands, CA, USA)) analyses was applied [20,21,38]. The convergence index
is expressed as follows:

CI =
(

1
n − 1 ∑n−1

i=1 θi

)
− 90 (2)

where n is the number of kernel cells, and for each external cell i, θi is the angle, in degrees,
between the aspect of cell i and the direction of the vector joining the center of cell i and
the center of the kernel. A CI threshold, equal to the mean minus two times the standard
deviation of CI, was determined to identify the cells constituting the channel [18–20]. The
disconnected convergent areas were identified and considered as rill features. To connect
these rill features and delineate the GRID of the thalweg, the flow accumulation algorithm
was weighted with the GRID of the convergence index.
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Due to sediment delivery processes in rilled areas [23,27,32], only a part of the eroded
particles reaches the plot outlet, and some rills are interrupted within the plot. For consid-
ering these processes, here, rills were separated into contributing and non-contributing rills.
To select the former, the automatic procedure proposed by Di Stefano et al. [20] was applied.
First, the focal statistics tool (Focal_max) of ArcGIS was applied to the DSM for performing
a neighborhood operation that computed an output raster where the cell value was the
maximum of all the input cells’ values falling in a neighborhood around that location. The
neighborhood was a rectangle 30 cm wide and 1 cell high. Then, the Focal_max and DSM
were subtracted to create a raster of deepening, hd, referring to the maximum elevation in
the pixel neighborhood. Rill interruptions were identified where the condition of hd under
a threshold, hT, persisted for at least more than a rill length threshold LT. In this case, the
upstream rill reach was classified as non-contributing. In this investigation, a single hT
of 1 cm and different LT values were used. In particular, to determine the LT value that
minimizes the error in soil loss measurement, for plot I, two LT values of 18 and 20 cm were
used, in addition to 10, 12, and 15 cm used in a previous investigation [21]. For plots P2
and P4, only LT = 10 cm was tested as explained below. To measure the rill volume V, each
channel was divided into segments, each of them bounded by two 0.3 m wide transects
perpendicular to the thalweg and with distance d equal to 0.3 m. The cross-section profiles
were extracted at the transects from the point cloud of the 3D model by Cloud Compare
v2.10.2 software (www.cloudcompare.org). The depth, h, and the cross-section area, σ, were
measured by AutoCad 2015 (Autodesk, San Francisco, CA, USA), and the volume Vr,s of
the rill segment was calculated via Equation (3):

Vr,s = 0.5(σi + σi+1)d (3)

where σi and σi+1 are the cross-section areas bounding the rill segment. The sum of Vr,s
gives the total volume V, which was converted into weight by the mean value of bulk
density, equal to 1200 kg m−3. The soil loss measured by DM, A, was the reference to
evaluate the error E (%) for the TP measurement, ALT, deriving from the use of different
LT values:

E =

(
ALT − A

A

)
100 (4)

www.cloudcompare.org
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To compare the rill networks of the three investigated plots, some morphometric
indexes were determined. Specifically, the drainage density Dk and the drainage frequency
Fk were calculated as follows:

Dk =
LR
AR

(5)

Fk =
N

AR
(6)

where LR is the total length of the rill network, N is the number of detected rills, and AR
is the plot area. The drainage frequency is an indicator of network complexity, while the
drainage density indicates the network extent and how effectively it delivers sediment.

2.3. Modeling Rill Erosion

In the period November 2004–September 2017, the rill survey in the Sparacia experi-
mental area was conducted for eleven events. For each event, Table 1 lists the monitored
plots, the total rainfall Pe (mm), the event rainfall erosivity index Re (MJ mm ha−1 h−1),
and N. Re [34] is the product of the maximum rainfall intensity with a duration of 30 min
and rainfall kinetic energy per unit area.

Table 1. Characteristic data of the erosive events: monitored plots, rainfall amount, Pe (mm), event
rainfall erosivity index, Re (MJ mm ha−1 h−1), number of detected rills N, and total number of rills NT.

Event Plot Pe Re N

5 November 2004 P1 49.4 122.2 10
16 November 2004 P1 53.8 341.6 13
13 December 2005 P1 97.8 334.0 8
1 September 2005 C-P1-G 64.6 975.9 50

28 June 2008 P2/A-C-D-E-G-H-I-L 52.2 680.1 144
1 October 2008 P2-P1/A-C-D-G-H-I-L-M-N-P 30.6 154.4 157

1 November 2008 P3-P4 15.8 96.5 20
18 October 2008 E 116.2 393.8 19
3 October 2011 C 28.0 402.0 23

24 October 2016 P2/P3 18.8 102.3 79
24 September 2017 P2/P3-P4/I 35.2 571.1 208

NT 731

Using all the available rill measurements (731 L–V pairs), Equation (1) with a = 0.0036
and b = 1.1 determined by Di Stefano and Ferro [26], Equation (1) with recalibrated values
of the a and b coefficients, and a rearranged version of this model, which includes the
event rainfall erosivity index, were tested. The model performances were evaluated by the
comparison between the measured, Vmeasured, and estimated, Vcalculated, rill volumes and the
root-mean-square error, RMSE:

RMSE =

√
∑NT

i=1(Vmeasured − Vcalculated)
2
i

NT
(7)

where NT is the total number of investigated rills (Table 1).

3. Results
3.1. Automatic Extraction of Contributing Rill Network to Plot Soil Loss

For the I plot, Figure 7a shows that, as expected, the weight of soil loss A (kg) increases
as LT increases. These measurements were affected by errors shown in Figure 7b, which
points out that LT = 18 cm is the threshold value that minimizes the error (E = −13%).

For plots P2 and P4, the single LT minimum value, equal to 10 cm, was applied because
it led to identifying a limited number of rill interruptions and almost the entire rill network
as contributing. Therefore, LT values higher than 10 cm would not have produced changes
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in terms of the contributing network. Figure 8a shows that, for both plots, the soil loss
measurements carried out by the TP method are comparable with those obtained by DM.
In particular, they are affected by errors equal to −4% and +10% for P2 and P4 plots,
respectively. Figure 8b shows that both for TP and DM, soil loss per unit area (kg m−2)
increases with plot steepness and confirms the validity of the assumptions made to detect
the contributing rill network and the reliability of the SfM technique to measure rill erosion
for all three plots (−13% ≤ E ≤ +10%).
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The rill depths and some morphometric indexes of the rill networks surveyed in the
three plots were also compared. The cumulative frequency distributions of rill depth F(h)
plotted in Figure 9 show that h increases as plot steepness increases.

Remote Sens. 2024, 16, 4232 10 of 18 
 

 

 
(a) 

 
(b) 

Figure 8. Comparison between soil loss A measured in plots P2 and P4 by using a threshold value 
LT = 10 cm and DM (a), and relation between plot steepness and soil loss per unit area measured with 
the indirect method and DM (b). 

 
Figure 9. Cumulative frequency distributions of rill depth h. Figure 9. Cumulative frequency distributions of rill depth h.

Figure 10 shows the values of drainage density (Figure 10a) and frequency (Figure 10b)
for non-contributing, contributing, and total rill network surveyed in the three plots. For
the I and P2 plots, the Dk and Fk values of the total rill network are comparable, whereas
they are higher for P4. The length of contributing rills on the I plot is about 50% of the
total length, while for the P2 and P4 plots the length of non-contributing rills is negligible,
representing only 4 and 7% of the total length, respectively. Finally, for the I plot, 63%
of the rills did not contribute to soil loss, while in the two steeper plots the number of
non-contributing rills was limited (<10%).
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3.2. Relationship Between Rill Length and Eroded Volume

At first, the data collected for the rainfall erosive events of this investigation and those
available in the literature [20,27] were used to test the equation for estimating the total
eroded volume V (Equation (1)) proposed by Nachtergaele et al. [24], using the coefficients
a = 0.0036 and b = 1.1 determined by Di Stefano and Ferro [26]. Figure 11 shows the
comparison between the measured V values and those calculated by Equation (1) with
a = 0.0036 and b = 1.1.
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coefficients obtained for the investigated rainfall events, characterized by the statistics re-
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Figure 11. Comparison between the measured total eroded volume V values and those calculated by
Equation (1) with a = 0.0036 and b = 1.1.

In this case, the errors EV = (Vcalculated − Vmeasured)/Vmeasured in the V estimate are
within the error bands of ±75% for 66% of cases and ±50% for 56% of cases, with an RMSE
of 0.0276. This result suggests the need to recalibrate the V–L relationship developed in
the literature for rills (Equation (1) with a = 0.0036 and b = 1.1). Considering all the new
available measurements, Equation (1) was recalibrated (Figure 12a), obtaining a = 0.0024
and b = 1.167. The comparison between the measured volumes and those obtained by the
recalibrated relationship (Figure 12b) yields errors EV that are within the error bands of
±75% for 81% of cases and ±50% for 63% of cases and an RMSE of 0.0287.
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This not-satisfying result suggested considering another variable characterizing the
erosive event. For this reason, Equation (1) was recalibrated, distinguishing the data of each
erosive event. Figure 13 shows the values of the a (Figure 13a) and b (Figure 13b) coefficients
obtained for the investigated rainfall events, characterized by the statistics reported in
Table 2. This figure and the data reported in Table 2 highlight that the a coefficient varies
in a large range, while the b coefficient, except for two data points, is characterized by a
limited variability. Therefore, Equation (1) was calibrated, fixing the weighted arithmetic
mean of the b coefficient (1.3), in which the weights are the ratios of the number of rills per
event to NT, and attributing all the variability to the a coefficient.
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Figure 13. The relationship between the rainfall event erosivity index Re and the a (a) and b (b) coeffi-
cients of Equation (1).

Table 2. Statistics of a and b coefficients obtained by calibrating Equation (1) for each erosive event.

a b a with b = 1.3

Mean 0.00173 1.24 0.0016
Standard deviation 0.00123 0.23 0.0009

Coefficient of variation (CV) 0.71037 0.18 0.57
Min 0.00054 0.79 0.0006
Max 0.00461 1.61 0.0033

Weighted arithmetic mean 1.3

To assess if the a coefficient is related to the rainfall characteristics, the relationship
between the a values obtained with b = 1.3 and Re was investigated (Figure 14a). This figure
underlines that a linear relationship exists between these two variables, confirming that
the rainfall characteristics of the erosive event play a significant role in the rill scouring
processes. Equation (1) can be rewritten as follows:

V = 4 × 10−6ReL1.3 (8)

Equation (8) is characterized by EV lower than or equal to 75% for 87% of cases and
lower than or equal to 50% for 65% of cases (Figure 14b) and an RMSE of 0.0182, which
highlights that considering the rainfall event erosivity allows for improving the estimate of
the rill eroded volume.
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Figure 14. The relationship between the a values obtained with b = 1.3 and the rainfall event erosivity
Re (a) and the comparison between the measured total eroded volume V values and those calculated
by Equation (8) (b).

Moreover, considering that Re is a significant variable influencing the investigated
relationship, the multiple regression analysis was performed to evaluate if a further im-
provement in the performances of the V estimate can be pursued. This analysis led to the
following equation:

V = 1.61 × 10−4R0.465
e L1.144 (9)

which yields the results plotted in Figure 15. In detail, Equation (9) gives EV within the
error bands of ±75% for 89% of cases and ±50% for 78% of cases, with an RMSE of 0.0187.
Figure 16 shows the frequency distribution of the errors obtained by the tested approaches.
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4. Discussion
4.1. Automatic Extraction of Contributing Rill Network to Plot Soil Loss

The result obtained for plot I (Figure 7a) is due to the fact that as LT increases, the
number of interruptions decreases and therefore the length of the contributing network
increases. The general soil loss underestimation (Figure 7) can be explained by the fact
that DM also includes the contribution of the inter-rill component, even if it is the minor
erosion component, while TP considers only the rill component, which is roughly 80% of
the total erosion [1,6]. For the same reason, the overestimation for LT = 20 cm is unrealistic.
Therefore, even though LT = 20 cm is associated with the minimum absolute error, as
it gives a positive error, the corresponding soil loss measurement was considered less
accurate than that obtained with LT = 18 cm. Instead, the results obtained for the plots P2
and P4 (s = 22 and 26%) (Figure 8) highlighted that the LT values higher than 10 cm cannot
be applied, as the threshold of 10 cm identifies the entire rill network as contributing. These
results, combined with those obtained by Carollo et al. [21], who found an optimal LT value
(i.e., the lowest negative errors in soil loss estimate) equal to 15 cm, underline that the
threshold value is sensitive to the investigated data. Figure 9 underlines that steepness af-
fects the erosion phenomena and deepening processes of the rill network. This result agrees
with the conclusions reported by Carollo et al. [21] and confirms that steep slopes (s > 18%)
are characterized by more intense erosive phenomena than gentle ones [39,40]. Figure 10
suggests that, for the present erosive event, the planimetric development of the total rill
network is weakly affected by plot steepness, while the length and the number of contribut-
ing rills increase with increasing plot steepness. In other words, the rill network becomes
more efficient and contributes more to the flow and sediment transport in steeper slopes.
The found increasing relationship between drainage density and plot steepness detected
for the contributing rills agrees with the findings available in the literature [20,41–43].

4.2. Relationship Between Rill Length and Eroded Volume

The comparison between the results (Figure 11) obtained by applying Equation (1) with
the a (0.0036) and b (1.1) coefficients available in the literature [26] and those (Figure 12b)
obtained with the recalibrated Equation (1) (a = 0.0024 and b = 1.167) highlights that, even
if the RMSE values are comparable, the second one leads to a better performance in terms
of EV. The developed analysis shows that the inclusion of the rainfall event erosivity
Re into the model significantly improves its reliability, as demonstrated by the EV and
RMSE values. In detail, even if the RMSE values obtained for Equations (8) and (9) are
comparable, Figures 14b, 15 and 16 point out that Equation (8) tends to underestimate the
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eroded volumes, while Equation (9) has the best balance between underestimation and
overestimation, leading to the best performance in the V estimate. In conclusion, the results
of this investigation demonstrated that including the event rainfall erosivity in the model
allows for accounting for a significant variable driving the channelized erosive phenomena.
This last information can be very useful for future studies investigating eroded volumes
in erosive forms, such as rills, on hillslopes. In fact, a model considering the impact of
climate forcing allows for estimating the geometrical features of the rill channel occurring
for an erosive event with specific rainfall characteristics. In other words, the rill channel
print can be modeled at the event temporal scale. The main limitation of this paper is that
the measurements were collected only for a single experimental area, having a unique
soil texture, and a restricted range of Re characterizing the rainfall events, and thus these
results have to be tested for other geographical areas, characterized by different soils and
rainfall characteristics.

5. Conclusions

In this investigation, for the severe erosive event that occurred in September 2017
at the Sparacia experimental area, three experimental plots with different length and
steepness values incised by rills were surveyed by terrestrial photogrammetry to reconstruct
the DSMs. For each plot, the rill network was extracted from the DSMs, and the non-
contributing network was distinguished from the contributing one. The eroded volumes
V, from which the soil loss was computed, were determined on the latter. The analysis
demonstrated that h, drainage density, and drainage frequency of the contributing rill
network increase with plot steepness. In particular, the mean depth increases from 2.79
to 4.85 cm for slope increasing from 14.9 to 26%. Moreover, the drainage frequency of the
contributing rill network varies from 0.16 m−2 for s = 14.9% to 0.47 m−2 for s = 26%, while
the drainage density of the contributing rill network varies from 0.92 m−1 for s = 14.9% to
2.1 m−1 for s = 26%. Finally, using the data available in the literature and those obtained
in this investigation, an empirical relationship between V and the total rill length L was
first assessed and then rearranged considering the rainfall erosivity Re. Including Re,
and thus considering the climate forcing, in the rearranged equation guaranteed the best
performance (EV within the error bands of ±75% for 89% of cases and ±50% for 78% of
cases, with an RMSE of 0.0187) in volume estimation.
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