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ABSTRACT

Soil water erosion is one of the most important environmental problems for the sustainability of Mediterranean
olive groves on hillsides. Governments and public agencies recognize the need to control this process in order to
improve soil conservation, especially in vulnerable areas. In the present study, a simple, inexpensive method
using Structure-from-motion (SfM) and Unmanned Aerial Vehicle (UAV) technology was applied to quantify the
soil loss rates provoked by water erosion and tillage in mountain olive groves, according to a reconstruction of
their historical surface features. Specifically, the main study aims were: i) to quantify the historical soil loss in
olive groves, by analysing residual tree mounds; ii) to consider how soil relief and management can influence the
erosion process; iii) to determine the degree to which the proposed method achieves the above aims.

Analysis revealed a mean erosion rate in the study area of 127.69 t ha™! years™!, with a linear relationship
between soil truncation and slope (R2 = 0.64, p < 0.001). The highest soil loss rates (-1.67 + 0.48 m) occurred in
areas where the slopes were steepest (22.36 + 4.46 %) and the longitudinal profile rectilinear. Erosion rates are
determined not only by the slope, but also by its position and distance from the tree mound. This study highlights
the need for differential management based on slope-feature considerations, in order to limit soil losses. Overall,

the tool presented to support decision making provides an effective method for calculating erosion rates.

1. Introduction

Olive trees (Olea europaea) cover more than 11 million hectares
worldwide in over 60 countries, but predominantly in the Mediterra-
nean basin, which accounts for 93.44 % of this global extension. In this
region, 55 % of the olive groves are located in Europe, especially in
Spain, which is the main producing country, with 24.40 % of the world’s
surface area dedicated to the crop (FAOSTAT, 2016, INE, 2009).

The agricultural industrialization and market globalization that have
taken place in recent decades (Kraushaar et al., 2014), coupled with the
significant support provided by the EU Common Agricultural Policy (De
Graaff and Eppink, 1999) and the opening up of new consumer markets
(Scheidel and Krausmann, 2011) have led to: i) a significant increase in
the cultivated area, which has mainly affected less suitable mountain
lands, and ii) an intensification of the production process, through the
introduction of machinery, the elimination of vegetation cover and the
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excessive use of tillage, among other factors (Infante-Amate, 2011).
Taguas and Gomez (2015) identified the expansion of olive groves and
the increased application of mechanization as the main reasons for the
increased water erosion experienced by many soils in southern European
countries. This form of land degradation is a major threat to agricultural
sustainability worldwide, producing average global losses of 0.3 % of
annual crop yields (FAO, 2015). The European Union, too, has identified
erosion as a major threat to agricultural soils, highlighting its negative
impact on crop yields (Papiernik et al., 2009), increased river sedi-
mentation, reduced surface water quality (Berger et al., 2006) and
greater frequency and intensity of muddy floods (Evrard et al., 2007). In
Mediterranean regions, this erosive process has become more severe and
extensive (Lizaga Villuendas et al., 2022), causing significant economic
losses. For traditional mountain olive groves, Colombo et al. (2003)
losses due to soil erosion are estimated at 42-72 euros ha~! yr~!, while
Taguas and Gémez (2015) calculated losses of up to 100 euros ha~! yr?
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Fig. 1. Location map of the study site (Coordinate system: UTM Zone 30 N, datum ETRS 1989).

for the same cause. These costs and impacts of erosion are not limited to
the boundaries of individual groves, but can also affect neighbouring
lands and their infrastructure (Fernandez et al., 2016).

Although soil water erosion is provoked by a complex combination of
factors, agricultural management is the key to its control (Lima et al.,
2018). For example, it has been shown that an inappropriate (i.e., non-
contour) use of tillage accelerates erosion (Beniston et al., 2015), dis-
turbing the soil and making it more susceptible to erosion and reduced
fertility (Zhang et al., 2017). Moreover, tillage removes the protective
plant cover and leaves the soil surface uncovered, which, together with
commonly torrential Mediterranean rainfall and the steep slopes of some
farmlands, produces high rates of soil erosion in mountain olive groves,
sometimes exceeding 100 t ha™! yr~! (Vanwalleghem et al., 2010,
2011). In short, although the nature and danger of soil erosion are well
known, the accurate, timely quantification of soil erosion rates is
hampered by the large number of factors influencing this process (Lu
et al., 2005). Various approaches have been taken to the study of soil
erosion in agricultural lands, including those based on analyzing the
spatial variability of soil topography, using a total station method
(Ramos et al., 2008; Vanwalleghem et al., 2011), LIDAR data (Fernandez
et al., 2020), terrestrial laser scanning (Eitel et al., 2011; Bremer and
Sass, 2012; Gao et al., 2021) or by measuring mounds (Vanwalleghem
et al., 2010; Kraushaar et al., 2014). For each of these methods, un-
manned aerial vehicles (UAVs) offer promising capabilities. Thus,
structure-from-motion (SfM) and multi-view stereo (MVS) algorithms
coupled with the use of UAVs are now commonly used for modelling
complex landscapes on-demand, enabling high-resolution topographic
change-detection studies to be conducted at minimal cost (Meinen and
Robinson, 2020). A UAV equipped with an RGB camera is a non-
destructive alternative that is less time consuming, and provides
continuous, high-density sampling and continuous space coverage
(Pineux et al., 2017). Its usefulness has been demonstrated at different
scales and in various applications, from the detection of major land-
slides, badlands or gully erosion (Lucieer et al., 2014; Peter et al., 2014;
Liu et al., 2016; Koci et al., 2017; Yang et al., 2019), to high-precision

surface reconstruction, allowing the user to observe real runoff pat-
terns and to model the relief changes that occur after major rainfall
events (Pineux et al., 2017; Liu et al., 2019). However, the development
of a fast, reliable methodology has yet to be perfected and if a method
could be devised for measuring truncation and calculating soil erosion
rates on cultivated slopes from the measurement of mounds by remote
sensing, this would make the process speedier and more efficient and
enable a greater area of land to be studied.

The method we propose for this purpose offers considerable tem-
poral flexibility in data collection and facilitates periodic monitoring at
the farm scale (covering the entire section of the slope from the upper
drainage divide to the lower drainage line) without being too time-
consuming, costly or destructive, in contrast to some alternatives that
may require constant transit with heavy material over the study area, a
factor that could even increase the erosion rate. In addition, another
important methodological aspect is that it is a retrospective (historical)
analysis methodology that improves the previous ones. DTM and UAV
image comparison can only be used for the last few years, historical
aerial images for the last 40-60 years, but this method can be applied to
analyze a large interval of years. In this paper, we address the following
aims related to the development of a truncation quantification method
using UAVs: (i) to quantify the historical erosion rate in mountain olive
groves, studying tree mounds using a method based on SfM-UAV tech-
nology; (ii) to analyze the influence of relief (hillside profile/slope
gradient) and tillage on erosion rates through truncation; (iii) to eval-
uate the viability of this method for achieving the above aims.

2. Materials and methods
2.1. Study site and agricultural land management

The investigation was carried out in a commercial olive orchard
known as Fontarrdn, sited near the town of Casarabonela, in the prov-

ince of Malaga (southern Spain). The study area consists of 5,500 m? on
a hillside (central coordinates 4068114 W, 337918 N coordinate system
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Fig. 2. Mechanised tillage tools: crawler tractor (a) equipped with a 2-row, 9-arm cultichisel type tool with duckfoot grids (b).

Fig. 3. General view of a field close to the study area, where the soil is bare.

UTM, Zone 30 N, datum ETRS89) (Fig. 1). The region has a temperate
Mediterranean climate, with an average annual temperature of 18.4 °C
and precipitation of 649 mm. According to the available historical series
1980-2022, the absolute annual maximum is 1606.1 mm and took place
in the year 1989 This precipitation falls mainly from October to April,

2) Reconstruc the
historical relief from
field measurements

I

1) Measure the recent :|
relief using UAV !
technology i

N 7 N 7 N

with the highest levels in November and December reaching absolute
maximum values of 531 mm and 398 mm respectively. On average,
rainfall occurs 46 days per year, and is often torrential. The absolute
maximum in 24 h occurred in the year 2018 with 172 mm. Additional
data on historical precipitation can be found in the appendix.

The predominant soils are Calcic Cambisols and Calcaric Regosols
(FAO and IUSS, 2015), with an average depth of 66.4 4+ 30.9 cm and an
average organic carbon content of 20.3 + 13.5 g kg~!. The landscape is
mainly characterized by sloping olive groves, with complex topo-
graphical conditions that vary from convex profiles at the top of the
slope to concave ones at the bottom and rectilinear ones in the central
area. The terrain is generally steep, but varies greatly, with slopes
ranging from 2 to 24 %, with an average of 15.90 %. The olive trees are
not irrigated and are set in a traditional square planting pattern 8-10 m
apart. There are no terraces or indications of their past presence.

A conventional cultivation system is used, by which mechanised
tillage is applied two or three times a year, breaking up the topsoil to
improve water infiltration (Amami et al., 2021) and to remove sponta-
neous plant cover (Infante-Amate, 2011) without the use of herbicides.
Tilling usually begins in January, after the fruit harvest, and is sporad-
ically repeated until June. It is carried out with a crawler tractor
(Fig. 2a) carrying a 2-row, 9-arm cultichisel-type tool equipped with
duckfoot grids (Fig. 2b), commonly used in mountain olive groves.

As aresult, the soil is bare for most of the year (Fig. 3). This gives rise
to a predominance of erosion forms among which splash erosion (35.83
+ 15.65) and laminar erosion (46.39 + 11.60) in soil disturbed by tools
(Lima et al., 2018).

¥=-0071x-0
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Fig. 4. Flowchart of the procedure for estimating historical soil loss rates in olive groves from tree mounds using UAV technology.
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Fig. 5. Mound formed by erosion around a tree. The historical relief of the soil is indicated by the yellow line, while the red line indicates the position of the recent
relief. The difference between the two surfaces corresponds to truncation (h); the eroded soil profile is represented by a dashed black line (a) and the point of
germination is shown in detail (b). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

In the study area, this soil management system originated in the
1960 s with the spread of mechanization (Lima et al., 2017, 2021). Until
then, the normal practice was to perform one or two annual tillages with
animal-drawn Roman ploughs. In most cases, the soil was cultivated
with forage plants that protected it in the months of higher rainfall.

2.2. Study method

The full procedure for estimating historical soil loss rates in olive
groves from tree mounds using SfM-UAV technology consists of four
main phases (Fig. 4): 1) measure the recent relief using UAV technology;
2) reconstruct the historical relief from field measurements; 3) calculate
soil truncation (h) and obtain a soil erosion rate map; 4) validate the
results obtained and analyse the influence of relief on erosion.

2.2.1. Measure the recent relief using UAV technology

Various UAV flights were carried out during the winter, after the
December tillage season that removed the vegetation cover from the
soil. Thus, possible disturbances to the digital models were avoided,
especially in the areas closest to the mounds.

The images were acquired using a commercial DJI Mavic 2 Pro
quadcopter (DJI Ltd., Shenzhen, China) carrying a 1" CMOS camera (DJI
Ltd., Shenzhen, China). The flight altitude was 30 m and the image
overlaps were high enough (72 % side-lap and 80 % forward-lap) to
accurately construct the digital models.

Image mosaicking and digital model generation were performed
with Pix4Dmapper Pro software, version 4.2.25 (Pix4D SA, Prilly,
Switzerland), following a sequential process of image alignment, field
geometry construction and orthophoto generation. The entire process
was automatic, with the exception of the geolocation of four ground
control points, which were taken in each survey field using a Trimble R2
global positioning system (RTK-GNSS) (Trimble GeoSpatial, Munich,
Germany) with 10 mm horizontal and 20 mm vertical accuracy. The
estimated accuracy of the ground control points can be found in the
appendix section of this document.

Recent digital models have been generated by random triangulation
following the Delaunay method. This method is the default method used
by the Pix4d software and is recommended for agricultural fields and
accumulations because it ensures that any point on the surface is as close
as possible to a node. It is a method that has shown good results to
quantify and map soil losses at field scale produced by extreme rainfall

events from digital elevation models (Martinez-Casasnovas et al., 2002).
The quality of the point cloud classification method has been high and
the depth filtering aggressive.

As a result, an orthomosaic with ground sample distance (GSD) of
0.075 m was obtained, together with two digital models: i) Recent
Digital Terrain Model (RDTM) and ii) Recent Digital Surface Model
(RDSM), each with a GSD of 0.035 m. The difference between RDTM and
RDSM was calculated in order to eliminate aerial structures (olive grove
canopies) that might interfere with the results. Finally, the gradient for
the entire slope was calculated from the RDTM.

2.2.2. Reconstruct the historical relief from field measurements

The typical microtopography of old olive groves is very suitable for
the reconstruction of the historical ground surface level because indi-
vidual trees are commonly located on a small mount or circular mound
formed by erosion (Fig. 5a).

The historical relief was determined in the field using the procedure
described by Vanwalleghem et al., (2010, 2011) and Kraushaar et al.
(2014). This technique involves measuring the tree germination point
(Fig. 5b), as an indicator of the historical relief existing when the grove
was planted. As indicated by Bochet et al. (2000), soil mounds under
trees can be formed by various processes, either cumulative or erosive.
Water erosion leaves the mounds as remnants of the former soil surface.
In addition to the above, tillage is the prevailing anthropogenic erosive
factor (Vanwalleghem et al., 2010).

In order to cover the entire slope section from the upper drainage
divide to the lower drainage line (which could be considered equivalent
to a USLE type plot), the mound heights (germination point) of 24 trees
were determined, using a Trimble R2 global positioning system (RTK-
GNSS) (Trimble GeoSpatial, Munich, Germany).

The exact identification of the germination point was obtained
following the observations of Kraushaar et al. (2014), who reported that
olive grove roots in the soil have no bark, but once exposed to air, they
develop a bark approximately 1 cm thick as protection from transpira-
tion. Thus, measurements were taken 1 cm below the germination point
to account for subsequent thickening of the bark, which produces a
slightly higher germination point. The selection criteria included: i)
visible signs of the uncovering of roots due to erosion; ii) the location of
the germination point, where the trunk ends and the root begins.

Once the heights of 24 mounds were determined, the Historical
Digital Terrain Model (HDTM) was reconstructed using ArcGIS 10.8
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(Environmental Systems Research Institute, California, USA). For this
purpose, the 80 % (19) of the mound heights were used for interpolation
using the deterministic inverse distance weighting (IDW) method. The
remaining 20 % (5) of the points were used to validate the interpolation
result in the same software.

The difference between HDTM and RDTM was then calculated. Thus,
a digital model was created with the same characteristics as the RDTM
but at the level of the historical surface provided by the heights of the
mounds. This procedure assumes that the historical microtopography of
the terrain (HDTM) was similar to the current one (RDTM) but without
the truncation effect.

2.2.3. Calculate soil truncation (h) and obtain a soil erosion rate map

The total truncation of the soil profile attributed to erosion since the
establishment of the orchard was determined using the mounds as in-
dicators of the decrease in surface area and expressed in linear meters/
year. By subtracting the RDTM from the HDTM, we obtained a new
digital model showing the loss of the surface horizon (truncation) in
cubic metres. This was termed the Truncation Digital Terrain Model
(TDTM). To obtain soil mass loss rates from volumetric data, 24 dry soil
samples were taken around the mounds, and soil bulk density was
determined using the core method (Blake and Hartge, 1986). These
points were georeferenced with a global position system (RTK-GNSS)
and transferred to ArcGIS 10.8 (Environmental Systems Research Insti-
tute, California, USA). Similarly to the creation of the HDTM, 80 % of the
24 dry soil samples were used to create a new bulk density (BD) raster
layer for the whole study area. The IDW method was used for interpo-
lation. The remaining 20 % of the points were used for validation. A 5 m
square grid was created for the entire study area, with a point located at
the centre of each grid, giving a total of 65 points. The bulk density data
were extracted from the BD raster layer. Once the data was obtained, the
mean and standard deviation were calculated for the sample segmented
by hillslope profile (convex, rectilinear and concave).

According to interviews with local farmers, the age of the plantation
was estimated at 115 years. The soil erosion rate was then calculated
from the volume of soil erosion, the tree age and the bulk density,
following Vanwalleghem et al. (2011), and the soil erosion rate map

.0 y=-0.071x-0.10
12=0.64, p <0.001,n= 59

-1.0

-1.5

Truncation (m)

-2.0

-2.57

-3.0

T T T T T
0 10 20 30 40

Slope gradient (%)
Fig. 7. Relationship between slope and soil truncation.

! was obtained.

expressed in t/ha~! years™
2.2.4. Validate the results and analyse the influence of relief on erosion
Soil truncation with slope was validated by locating 65 control points
(truncation/slope) on the study slope (Fig. 6a). These points were
created from the superposition of a 5 m side grid, at the central point of
which truncation (TDTM), slope and hillside profile data were taken.
The truncation behaviour in the proximity of the mounds, along the
slope profile, was determined by assuming buffers at 0.5, 1, 1.5, 2 and
2.5 m around each of the 24 mounds within the study area. Subse-
quently, following the line of maximum slope, transects were drawn
perpendicular to these buffers, resulting in 240 control points
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Table 1
Truncation in relation to slope gradient and hillside profiles (convex, rectilinear
and concave). Values: mean =+ standard deviation (n = 65).

Hillside Abbreviation ~ Convex Rectilinear Concave

profiles

Slope gradient  Slp 8.77 + 1.28 22.40 + 4.46 18.02 +
(m) a‘!:z': b:'::‘: a";.' Cz": 4.68b:'::‘: Cz‘:

Truncation T —0.68 + —-1.76 + 0.52 -1.27 +
(%) 0.16 d** e* [ 0.38 e* f*

Note: For each hillside profiles, values followed by the same letters are signifi-
cantly different (* p < 0.01, ** p < 0.001) according to Tukey’s HSD test.

-5 ANOVA (F =35.96, p <0.001)
—0.68 £0.16
» (Slp=8.77 +1.28%)
1,0
=
~
—_ Qa _
£ 2, 9 -1.27£038 .
p N (Slp = 18.01 % 4.68%)
2 PADE
% -15 -
o
c
3 4 &
= ®-1.76+0.52
(Slp=22.40 + 1.47%)
-2.0
-2.5
High Medium Low

Hillside position

Fig. 8. Truncation in the convex, rectilinear and concave hillside profiles.
Values: mean =+ standard deviation (n = 65). ANOVA and significance level of
Tukey’s HSD test between the three types of hillside profile.

Geoderma 440 (2023) 116708

(truncation/mound) where TDTM and slope data were extracted, 120 at
the top of the mound and another 120 at the bottom (Fig. 6b).

The relationship between TDTM and slope was determined by
regression analysis. The difference in TDTM in the hillside profile
(convex, rectilinear and concave) and its position/proximity to the
mound (high and low/0.5, 1, 1.5, 2, 2.5) was determined by analysis of
the variance (ANOVA) and by Tukey’s honestly significant difference
(HSD) test. All statistical analyses were performed with IBM SPSS Sta-
tistics 25.0.

3. Results

3.1. Evaluating the slope and truncation along the hillside profile (convex,
rectilinear and concave)

Regression analysis showed a statistically significant relationship
R? = 0.64, p < 0.001) between soil truncation and slope (Fig. 7).

In addition, ANOVA revealed statistically significant differences (at
99 % confidence) between the three hillside profiles and truncation (F =
35.96, p < 0.001) (Table 1 and Fig. 8). The most significant truncation
was observed in the rectilinear hillside profile (-1.76 + 0.52 m), corre-
sponding to the zone with the steepest slope (22.36 + 4.46 %). In the
slope zones with convex and concave profiles, the slopes are softened,
with lower truncation values (-0.68 + 0.16 and —1.27 + 0.38 m
respectively). Therefore, the data reflect a clear direct relationship be-
tween truncation, slope gradient and hillside profile.

Tukey’s HSD test also revealed statistically significant differences
between each of the hillside profiles: convex-rectilinear (p < 0.001),
rectilinear-concave (p < 0.01) and convex-concave (p < 0.01) (Fig. 8).

3.2. Evaluation of truncation in the proximity of the mound (above and
below the tree)

ANOVA revealed statistically significant differences (at 99 % confi-
dence) between truncation and position/proximity to the mound in the

0- ANOVA (F=0.44, p=0.778)

E ~0.89+0.37 9-0.85+0.38 @-0.87+0.42
.5 1 0.99 +0.42

©

o

c

2

|—

2 —

ABOVE THE TREE (m)

-3

—0.86 £ 0.46

T ANOVA (F = 10.77, p < 0.001)

@-0.61+0.78
v,

@-1.27+0.88

§-LA3E051 @-1.81+0.70 @-1.77+0.63

BELOW THE TREE (m)

25 2 1.5 1 0.5

I I I I I
0.5 1 1.5 2 25

Location (m)

Fig. 9. Truncation in the areas above and below the tree. Values: mean =+ standard deviation (n = 240). ANOVA and significance level of Tukey’s HSD test between
the types of position/proximity to the mound. Non-significant differences are not marked.
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area below the tree (F = 10.77, p < 0.001). However, the same was not
true for the area above the tree (F = 0.44, p = 0.778) (Fig. 9).

Tukey’s HSD test highlighted statistically significant differences (p
< 0.05) between the locations below the tree closest to the mound (at
0.5 and 1 m) and its truncation (between —0.61 + 0.78 and —1.27 +
0.88 respectively). These differences ceased to be statistically significant
with greater distance from the mound (>1.5 m). In this area, the trun-
cation progressively increased up to 2 m away from the mound, where it
reached —1.81 + 0.70. From this point on, the truncation decreased
slightly (-1.77 + 0.63). However, above the tree, there was no great
increase in truncation —0.86 + 0.46, —0.87 + 0.42, —0.85 + 0.38 in the
areas closest to the mound (at 0.5, 1 and 1.5 m, respectively). On the
other hand, the truncation increased in the areas farther away from the
mound (>1.5 m), with values of —0.99 + 0.42 and —0.89 + 0.37 at 2.5
and 2 m, respectively (Fig. 9).

3.3. Soil erosion rate map and evaluation of the digital models

The above procedure obtained an accurate soil erosion rate map,
with a spatial resolution of 3.5 cm (Fig. 10), reflecting a total average
erosion rate for the study area of 127.69 t ha™! years™!.

The distribution of erosion along the slope profile is clearly shown in
the map. Erosion rates were more pronounced on the rectilinear part of
the hillside (>200 tha™! years’l), with an average bulk densities of 1.14
+ 0.056 g cm™~>. Where the slope was steeper (21-24 %) and the con-
sequences of tillage more evident. In addition, a clear dissymmetry was
observed between the area over the trees (less eroded) and the area
below the trees (more eroded). The map also shows zones with lower
erosion rates (<50 and 50-100 t ha™! years™!), corresponding to: i)
areas where the slopes are less steep (0—11 %) (upper part of the slope
with a convex profile) with an average bulk densities of 1.13 + 0.062 g
cm 3, or ii) the area where soil deposition processes predominate are the
lower (concave) part of the slope. The latter are found in the proximities
of the mounds, especially in the upper part of the mounds, and also in
the lower part of the slope (final section, concave profile), where the
average bulk density is 1.10 + 0.051 g cm™> and the slope is slightly
reduced (11-14 %), which facilitates the deposition of material from the
higher areas. These outcomes are clearly shown in the cross-sectional
profile of the slope (Fig. 11).

Applied interpolation methods allowed the consolidation of robust
digital models (Fig. 11). The Delaunay triangulation method used in
high-precision photogrammetry resulted in a reprojection of the RDTM
with RMSE of 0.41. While the IDW method employed for HDTM
reprojection showed an RMSE = 0.31 m, with a validation error of —0.29
+ 0.45 m. For the BD raster the RMSE = 0.11 m with a validation error of
0.005 + 0.07 m.

4. Discussion

The historical soil loss in the study area is 127.69 t ha’'year™!, which
is in line with the rates obtained in studies of other Mediterranean olive
grove mountain regions, using similar methodologies based on the
measurement of mound height. Comparable values include the 95 + 8 t
ha ! year ! reported by Kraushaar et al. (2014) from a study conducted
in Jordan, the 184 t ha™! year™! measured by Vanwalleghem et al.
(2010) in Cordoba (Southern Spain) and the 124 t ha™? year’1 that
Vanwalleghem et al. (2011) concluded was the maximum rate for the
periods of greatest historical erosion of the Andalusian Mediterranean
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olive grove. On the other hand, our study value is somewhat higher than
the 81 t halyear™! obtained for runoff plots by Bruggemann et al.
(2005) in NW Syria.

The erosion value obtained in the present investigation is much
higher than the 80 t ha—! year ! which has frequently been cited as the
average soil loss rate for Andalusian olive groves. However, the latter
rate is based on an estimation of the USLE model of Lopez-Cuervo
(1990), and does not take into account in-field sedimentation. There-
fore, Gomez et al. (2005) and Fleskens and Stroosnijder (2007), among
others, have observed that this value could be erroneous.

In any case, the erosion rates we present are higher than the soil
renewal rates by weathering and dust input of 0.3-1.4 tha~! year ! that
authors such as Verheijen et al. (2009) indicate for Europe. Moreover,
they are also higher than the much higher threshold used by Gémez et al.
(2003) for Spain, of 8.4 to 11.4 t ha™! year’l.

There is evident disagreement in the literature regarding estimates of
soil loss rates, probably due to the diverse orchard characteristics
considered, methods employed and scales of analysis employed (Flesk-
ens and Stroosnijder, 2007). However, our study results are within the
range of findings obtained previously with similar methodologies,
indicating the usefulness of our approach as an agile, effective means of
determining erosion rates in Mediterranean mountain olive groves with
specific characteristics. Furthermore, our study findings contribute to
the development of effective soil erosion control policies, a necessary
component of the EU’s Common Agricultural Policy (Lima, 2022).

Regarding the behaviour of erosion rates along the slope, our results
show there is a linear relationship between soil truncation and slope (R?
= 0.64, p < 0.001). The highest rates of soil truncation (-1.67 + 0.48 m)
were observed in the areas with the steepest slopes (22.36 + 4.46 %).
This result corroborates Kraushaar et al. (2014), who showed that the
depth of truncation increased to —0.41 m in areas of steepest slope (>70
%), while declinations from 0 % to 38 % and from 38 % to 70 % had
lower truncation values, ranging from —0.14 to —0.35 m and from
—0.31 to —0.34 m, respectively.

As concerns the hillside profile, erosion rates were clearly greater in
the rectilinear part, coinciding with the transit zone from a convex to a
concave profile (i.e., above the concave profile). Although the slope
topography is modified by anthropogenic action, we concur with Van
Oost et al. (2005) in that, generally, erosion has greatest impact above
the concave edge, where runoff attains the highest level of transport
energy.

Soil erosion rates not only increase with slope, but are also influ-
enced by the position and distance from the mound. Thus, there is a clear
relationship between truncation and the lower areas of the mounds
(under the tree) (F = 10.77, p < 0.001), which present an evident
dissymmetry in comparison with the upper areas (above the tree). In the
lower areas, the truncation increased rapidly in the first few metres and
progressively up to 2 m away from the mound, at which point it began to
descend (on the high area of the adjacent down-slope mound). In the
upper zones, truncation did not increase more markedly until a distance
of 2 m from the mound (on the lower zone of the adjacent uphill
mound). This behaviour is largely due to the modelling effects of tillage
and runoff, as observed previously by Vanwalleghem et al. (2010) and
Kraushaar et al. (2014). However, the presence of the mound is also a
significant element of sediment retention and channelling of runoff.

For centuries, weeds have been controlled in the study area by means
of tillage, first by animal traction and then by mechanical traction (Lima
et al., 2017). Unfortunately, the alternate soil movements caused by this
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tillage alter the soil structure, making it more susceptible to degradation
(Zhang et al., 2017) and to erosive effects, especially in areas of greater
slope (Zhang et al., 2019). Over the last 60 years, farming methods based
on tillage that is both frequent (2 or 3 ploughing passes per year) and
deep (>15 cm), have generated furrows and gullies that surround and
define the mounds. Water erosion has been concentrated in these fea-
tures, aggravated by torrential Mediterranean rainfall and by a con-
ventional farming system that keeps the soil bare most of the year (Lima
et al,, 2018). In consequence, there has been significant soil loss,
undermining and exposing the roots of the olive trees.

Continued tillage has resulted in a hidden terracing along the crop
lines transverse to the slope which, in the areas between trees, has been
dismantled by concentrated surface runoff, while in the areas near the
mounds it is maintained. The mound, with its root system, retains sed-
iments and breaks the general continuity of the slope, creating micro-
topographic structures in the upper zones of the mounds. A similar
pattern of erosion has been reported by Bochet et al. (2000) and Gyssels
et al. (2005) in their studies of Mediterranean shrublands. Thus, in the
upper areas of the mounds, the erosion caused by ploughing and runoff
is compensated by the contribution of sediments received from uphill
areas, which are retained and accumulated by the mound itself. In
contrast, in the lower areas of the mounds, the areas located closest to
the mound are severely affected by erosion from tillage and from the
runoff surrounding and defining the mound (Vanwalleghem et al., 2010;
Kraushaar et al., 2014). This outcome, together with the non-reception
of sediment from the uplands (due to interception by the mound) gen-
erates high erosion rates and hence significant truncation in the area.

Nowadays, GIS software integrates different interpolation algo-
rithms that allow the creation of continuous surfaces from discrete
points. Inverse distance weighting (IDW), natural neighbour (NN), or-
dinary kriging (OK), and topo to raster (ANUDEM) are well known
methods (Erdogan, 2009; Falivene et al., 2010; Li and Heap, 2014; Wise,
2007). Each method has advantages and disadvantages, and none per-
forms better than the others in all landscapes (Agiiera-Vega et al., 2020;
Habib, 2021; Chen et al., 2022). The present work has shown how IDW is
a useful method to interpolate field data and create 3D models with
accurate results. IDW generated good predictions. These results are
similar to those obtained by authors such as Lu and Wong (2008), Wong
(2017) and Pereira et al. (2022), reconstructing models at high
accuracy.

The RMSE values obtained in this work are in line with those re-
ported in the literature. This is the case of the RMSE = 0.339 that authors
such as Chen et al. (2022) show with the application of IDW for the
reprojection of accurate digital terrain models, and somewhat higher
RMSE = 0.220 obtained by Mancini et al. (2013) applying similar
technology (UAV-SFM). Thus, it is stated that the RDTM obtained was
created from current high-resolution surface data, while the data from
which the HDTM is generated come from interpolations of a limited
number of observations. This will depend on the number of existing field
references (mounds). In addition, the horizontal accuracy of UAV
photogrammetry is slightly better than the vertical accuracy, except in
the case of extremely steep topography (Agiiera-Vega et al., 2018).
Many authors pointed out that the accuracy, measured in GSD values,
was lower on flat surfaces than in complex topography (Jiménez-
Jiménez et al., 2021). However, Mancini et al. (2013) using the UAV-
based approach proved to be straightforward and the accuracy of the
vertical dataset was comparable to the results obtained with terrestrial
laser scanning technology (TLS).
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In short, the analytical method described in this paper achieves the
aims proposed. The SfM-UAV produces accurate digital surface models,
clearly revealing mound morphology and erosional signs, and enabling
truncation and historical soil loss rates to be quantified and mapped
appropriately. Analysis of these layers of information reveals the erosive
patterns of both runoff and deposition, and identifies those areas where
soil loss is greatest and where corrective measures are needed.

5. Conclusions

This paper addresses the challenge of using remote sensing to assess
the impact of agricultural activities in risk situations related to soil
conservation. The results obtained demonstrate the capability of ultra-
high resolution remote imagery acquired with UAV technology and
analyzed with SfM techniques to quantify historical soil loss rates in
Mediterranean mountain olive groves and thus produce hillside-scale
soil erosion maps. The procedure employed successfully reconstructed
the historical ground surface from measurements taken at the tree
mounds, and determined, with cm-scale precision, the truncation of the
current surface with respect to the historical surface on a complex hill-
side with different slope gradients and hillside profiles (convex, recti-
linear and concave). The erosion rate observed is higher than the
average reported in previous studies of Andalusian olive groves,
although close to those obtained for other Mediterranean areas with
methodologies based on the measurement of the mound. The study
method revealed a significant relationship between truncation, slope
gradient, hillside profile and proximity to the mound below the tree.
Rates of soil loss were highest where slopes were steepest, where the
hillside profile was rectilinear and where the location was close to the
mound above the tree. The method described is simple to apply,
enabling the practitioner to rapidly and accurately quantify soil loss
rates, considering all the factors responsible for and/or consequent to
the erosive process (erosion/deposition), over an appropriate time
period and at an adequate scale. We suggest this approach could alle-
viate the lack of field data due to the calibration and validation problems
that may be encountered with traditional models of soil erosion.
Furthermore, it could provide governments and public administrations
with accurate soil conservation information to help them define and
apply effective measures of erosion control.

A final observation is the fact that the results of this work correspond
to specific scale conditions in a crop characteristic of the Mediterranean
mountains. Future research will be necessary to verify the response of
the method at different scales, segmented according to the different
types of erosion and in different agricultural scenarios. Furthermore,
within the possibilities offered by reproducing historical surfaces where
obtaining true ground data is complex, further experimentation on the
different existing interpolation processes will be carried out in order to
further improve the interpolated models.
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Table Al

Historical series of total monthly and annual precipitation. From 1980 to 2022.
Years Oct. Nov. Dec. Jan. Febr. Mar. Apr. May Jun. Jul. Aug. Sep. TotalAnual (mm)
80-81 31 119 4 1 24 11 96 5 10 - 35 9 343.6
81-82 4 - 112 137 51 38 57 38 - 11 - - 448.7
82-83 16 221 18 2 41 13 17 - - - - 2 328.6
83-84 10 381 86 - 110 78 15 74 2 - - - 755.4
84-85 17 207 17 74 82 2 21 36 - - - 3 458.2
85-86 - 84 72 22 83 78 49 19 26 - - 18 451.8
86-87 105 75 8 134 57 2 12 1 - 4 103 8 509
87-88 84 121 183 101 59 18 16 27 25 - - 85 717.9
88-89 74 201 - 144 177 17 65 32 1 - 0 29 740
89-90 273 531 398 68 - 148 175 1 0 - 1 12 1606.1
90-91 70 107 88 8 118 138 87 10 11 - - 30 665.6
91-92 178 40 69 36 119 42 29 1 127 - - 14 654.2
92-93 91 12 48 72 77 77 28 58 6 - 0 2 471
93-94 146 126 0 46 76 17 48 12 1 - 0 - 472.1
94-95 55 39 5 16 14 23 9.5 3.3 18 2 - - 183.2
95-96 - 75 332 333 118 87 21 121 - - 23 31 1140.7
96-97 45 63 449 287 - - 13 75 6 - 4 245 1185.4
97-98 73 147 171 116 222 10 12 67 14.3 - 0 19 851.4
98-99 - 106 93 39 29 58 25 9 3.2 - 2 25 388.9
99-00 110 26 40 140 - 17 196 71 3 - - 3 603.6
00-01 44 36 204 68 48 71 3 37 - 3 - 122 636.8
01-02 78 88 178 23 19 95 50 3 1 - 0 19 553.7
02-03 43 9 84 28 90 91 45 5 - 1 - 8 489.2
03-04 233 109 202 8 141 140 39 76 - - - 2 949.6
04-05 40 85 67 4 117 68 9 16 - - 2 2 409.6
05-06 60 33 19 146 62 101 28 22 34 - 5 12 521.4
06-07 61 176 25 38 48 9 95 52 - - 3 124 630.7
07-08 73 22 169 36 80 34 76 17 - - - 238 746
08-09 159 70 98 47 87 55 45 8 16 - - 83 668.1
09-10 15 19 334 257 293 215 182 8 10 0 32 34 1398.1
10-11 36 115 305 95 31 208 96 50 3 - - 2 940.1
11-12 95 189 3 18 15 4 39 15 - 3 0 134 516.7
12-13 147 249 8 42 125 183 32 14 - - 5 14 819.2
13-14 9 8 64 44 52 15 45 56 12 - - 129 431.7
14-15 38 147 8 45 41 100 30 36 1 1 76 523.4
15-16 120 42 1 66 44 20 44 117 0 - - 453.1
16-17 24 176 241 19 92 66 147 9 0 - 15 2 790.9
17-18 76 41 15 44 51 213 93 14 13 - - 41 601.2
18-19 286 88 2 7 22 24 32 0 - - - 99 560.2
19-20 2 37 61 93 6 117 73 68 2 1 17 476.9
20-21 39 144 30 174 18 74 42 9 7 - 0 47 583
21-22 2 17 62 16.2 6 364 80 20 - - 6 6 579.3
M* 72.9 111.1 104.1 73.6 70.1 74.7 55.1 31.2 8.3 0.6 5.6 41.5 649

M* Average monthly rainfall totals Source: Comisaria de aguas del sur de Espana, Servicio de hidrologia. Provided by the observer Mr. Miguel Arjona.
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Table A2
Historical series of maximums (1st, 2nd and 3rd) in 24 h. From 1980 to 2022.

Years Maximum daily rainfall values

1 2 3
80-81 41.5 34.5 30.5
81-82 43.5 40 26.3
82-83 120 35 28
83-84 93.3 92 73
84-85 77 41 34.3
85-86 28.5 28.2 26.8
86-87 57.5 42.2 38
87-88 82 67 63.5
88-89 12.5 74.5 48
89-90 143.5 115.3 87.5
90-91 86.5 65.5 56
91-92 79.2 71 44.5
92-93 44.5 37 32.8
93-94 63 40.5 33.3
94-95 35 28 15.8
95-96 137.1 79.4 72.6
96-97 111 84.4 59.6
97-98 78.8 77.2 61.4
98-99 70 42 36.2
99-00 63 51 40.7
00-01 81.7 46 42
01-02 50.1 38.3 37
02-03 36.3 34 28.5
03-04 77.5 57.2 52.5
04-05 70.1 44.2 33

49 29.1 27.5
06-07 79.8 63 40.5
07-08 102.5 73.2 46.9
08-09 52.2 45.5 44.8
09-10 89 71 70.9
10-11 87 74.8 55.6
11-12 102 58.2 47
12-13 61 59 58
13-14 85 52.2 36
14-15 60.4 44 27.1
15-16 47.5 41.5 33.7
16-17 124 98 76
17-18 45 43.8 39.3
18-19 172 73 33
19-20 34 33 30
20-21 74 58.5 56
21-22 87 53 48

Source: Comisaria de aguas del sur de Espana, Servicio de hidrologia. Provided
by the observer Mr. Miguel Arjona.

Table A3

Estimated accuracy of ground control points.
Label XY error (m) Z error (m) Error (m) Error (Pix)
GCP 1 0.17156 —0.00936969 0.171816 1.087
GCP 2 0.140532 —0.0356597 0.144986 1.098
GCP 3 0.169597 0.0347111 0.173113 1.080
GCP 4 0.181401 0.0101118 0.181682 0.765
TOTAL 0.166472 0.0258192 0.168462 1.002
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