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ARTICLE INFO ABSTRACT

Keywords: Gully erosion poses a significant threat to Mediterranean basins. However, precise spatial data on gullies location
Gully head at regional scale is scarce. Current models often use the topographic threshold index, TT, which works locally and
Erosion

predicts gully location based on slope and drainage area but does not distinguish between actively retreating and
stabilized gullies. We aim to close this gap by (i) constructing a dataset of gully head location and activity in olive
groves in southern Spain across different landscape regions and (ii) evaluate a process-oriented model to
distinguish gully head presence and activity based on the Gully Head Initiation (GHI) index. This GHI integrates
slope, drainage area, precipitation, curve number (CN), soil type, and clay content to predict gully head
formation.

Photointerpretation of four 25 km? study areas between 2008 and 2019, 3 gully head activity classes were
identified, with 261 existing active, 76 new active and 138 stable gully heads identified. The GHI clearly dif-
ferentiates gully head from non-gully head pixels (AUC = 0.93). Furthermore, it distinguished between existing
active and stable gully heads, as well as new active and existing active ones. However, there are no significant
differences between stable and new active gully heads. Besides, applying the model separately by landscape type
is not as effective as applying it across all landscapes.

These results highlight the potential applicability of GHI at the regional scale and confirm that the factors
considered in the GHI index affect both gully head initiation processes and erosion dynamics.

(critical) Shear stress index
Topographic threshold (TT)
Gully head initiation index (GHI)
Guadalquivir basin

Olive groves

1. Introduction different policies, such as the 2023-2027 Common Agricultural Policy,

the Biodiversity 2030, Farm to Fork and Chemical Strategies (Panagos

Soil erosion represents a major threat to food security and soil health,
critical for many ecosystem services. At present, 62 % of EU soils are
unhealthy (Panagos et al., 2024), with soil erosion being one of the main
degradation processes. As Borrelli et al. (2022) have reported, tolerable
soil losses are exceeded in half of the arable land in the EU. These issues
are a priority on the European political agenda, and an ambitious
package of measures to promote soil health was put forward across

et al., 2022). In 2024, a proposal for a new Soil health monitoring and
resilience Directive was adopted by the Council. The obligatory moni-
toring of soil health aims to reverse the current situation and ensure that
all soils are in a healthy state by 2050. Similarly, the EU Nature Resto-
ration Act, which has been agreed upon by all Member States, aims to
regenerate degraded ecosystems within their territories. This initiative is
intended to contribute to the achievement of EU climate and
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biodiversity objectives, as well as enhance food security. The Act sets a
target of restoring at least 20 % of its land and marine areas by 2030, and
all ecosystems that require it, by 2050 (European Parliament, 2024).

In order to design soil health management strategies, it is necessary
to identify erosion hotspots and processes. However, one important
erosion process, gully erosion, is not yet being adequately addressed in
current regional-scale soil erosion assessments (Vanmaercke et al.,
2021). Extensive research has been carried out on the modelling of soil
erosion rates, mostly using the RUSLE (Revised Universal Soil Loss
Equation) model (Tan et al., 2021; Panagos et al., 2015). This model
only considers sheet and rill erosion. Other studies using data-based
approaches in combination with Deep Learning models (Shojaeezadeh
et al., 2024), have also identified this limitation. Current estimates
therefore underestimate both soil loss and potentially the location of
erosion hotspots. Semi-arid areas of the Mediterranean, and specifically
olive groves, are environments highly susceptible to gully erosion
(Poesen et al., 2002; Hayas et al., 2017a,b). In order to ensure the
effective management of soil health, strategies must be designed at the
watershed or broader regional level. These strategies must include
prediction of gully initiation and activity.

For gully initiation prediction, one important problem is the regional
variability. While many studies have successfully modelled gully initi-
ation locations with the topographic threshold model (TT) (Vandaele
et al., 1996; Vandekerckhove et al., 1998, 2000; Gomez-Gutiérrez et al.,
2009; Imaizumi et al., 2010; Torri & Poesen, 2014), most of these studies
are limited to the local scale (Vanmaercke et al., 2021). Applications at
regional, country or continental scale are limited. Hayas et al. (2017b),
in their study on gully heads in a Mediterranean olive grove catchment,
has shown that the TT varies from year to year, and was directly related
to dynamics in precipitation and vegetation cover. Therefore, in larger
areas where precipitation, vegetation cover, or soil properties vary, the
TT cannot be considered constant. Statistical approaches such as ma-
chine learning could offer an alternative (Li et al., 2024) but are still
limited to the extent of the training dataset and extrapolation is difficult.
Finally, more process-based models, such as LANDPLANER (Rossi,
2014) or the Gully Head Initiation (GHI) index model (De Geeter et al.,
2025), show great potential to overcome this limitation. Such models
calculate runoff directly using the curve number method, instead of
using catchment area as a proxy. The GHI (Gully Head Initiation) index,
which is based on the ratio between the shear stress index (SSI) and the
critical shear stress index (CSI), is then linked to gully head initiation. De
Geeter et al. (2023) used this approach at continental and national scales
across the entire African continent, as well as at the local catchment
scale in the Ethiopian highlands. A similar approach was proposed in
LANDPLANER, using an erosion index calculated based on runoff and
slope, which is then linked to gully initiation. (Kariminejad et al., 2023)
tested this in a small 5,2 km? catchment in Iran.

Such a process-based approach offers several advantages. First, in
theory, it offers a more universal model that can be easily applied to a
wide range of different study areas, as the spatial variability in soil
properties, vegetation and rainfall can be explicitly considered in the
runoff calibration. This would eliminate the need for calibrating with
new gully head data, as is the case for the TT model. However, the
current study of De Geeter et al. (2023) in Africa yielded a fairly weak
model efficiency (AUC of 0.67). Of course, this is partly due to the
complexity of modelling runoff in ungauged basins (Hrachowitz et al.,
2014), which could be improved by using more advanced rainfall-runoff
models and rainfall input data. Therefore, further testing is required in
different areas, and the performance of both models (GHI vs. TT) must
be compared directly. Secondly, a process-based approach such as the
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GHI index could, in theory, be used to model not only gully head initi-
ation, but also gully head activity. So far, the GHI index has only been
applied to gully heads derived from a single mapping time, and not to a
time series of gully heads. This implies that gully heads include both
active and older, non-actively retreating ones. Only a few studies have
modeled gully activity. Fan et al. (2024) modelled gully activity using
fuzzy classification in three small study areas in the Sunshui River basin
in China and evaluated the controlling factors. The potential of the GHI
index to distinguish between active and stable gully heads remains
largely unexplored, and this would be a major step forward in modelling
the contribution of gully erosion to overall soil erosion and in identifying
active erosion hotspots. Finally, such models facilitate scenario analysis,
for example considering the effect of changing rainfall patterns
(Kariminejad et al., 2023), land use, or the effect of soil conservation
measures, including cover crops that mitigate runoff.

The main objective of this study is therefore to improve the predic-
tion of gully head initiation and activity at a regional scale by testing and
applying the GHI index to four representatives olive grove landscapes in
the Guadalquivir basin (Southwestern Spain). Linked to this, our specific
objectives are:

Mapping of gully heads in the study areas and classification of gully
activity from 2008 to 2019.

Evaluation of the potential of the GHI index to differentiate between
newly active, existing active and stable gully heads, as well as points
that are not gully heads.

Evaluation of regional and rainfall differences on GHI index.

2. Materials and methods
2.1. Study areas

The study area is located in the Guadalquivir basin, that covers an
area of 57,527 km? (Fig. 2.a). The Guadalquivir basin is bordered by the
Sierra Morena to the north, the Betic mountain ranges, located to the
south with a SW-NE development and the Atlantic Ocean. The moun-
tainous edge that delimits the space, with elevations between 1,000 m
and 3,480 m a.s.l., contrasts with the low altitude of the wide valley of
the Guadalquivir river. The climate is Mediterranean with dry and hot
summers, Csa in the Koppen-Geiger scheme (Peel et al. 2007). The
temperature is warm (16.8 °C as annual average) and the rainfall is
irregular (annual average of 550 mm). The rain events are frequently
torrential with daily maximum depths up to 213.8 mm (Table 1). In
addition, soil has a marked susceptibility to erosion with crusting after
long periods of drought. In the lowlands, clayey soils, like Vertisols,
Luvisols predominate. In the steep, mountainous areas sandy soils with a
reduced degree of formation, Cambisols or Regosols, are common. Very
often, decades of intensive erosion have generated Cambisols or Lep-
tosols in the agricultural valley areas.

In this study, we wanted to focus on the effect of regional landscape
variability on gully head formation, so we limited the land use analyzed
to olive groves to eliminate the effects of land use variability. Olive is the
main crop in the Guadalquivir basin, covering over 1,7 million ha. The
area dedicated to olive groves for oil extraction is increasing at a rapid
rate, with a growth in area of more than 100,000 ha since 2008
(Ministerio de Agricultura, Pesca y Alimentacion, 2024). Unfortunately,
this crop is very affected by gully erosion (Hayas et al., 2017a,b).

The regional landscape variability is based on the classification by
the Andalusian Environmental Information Network (Junta de Andalu-
cia, 2018). This classification marks transitions between categories or
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Fig. 1. Photographs of the main landscape units (a) Mid mountains (b) Valley plains (c¢) Countryside foothills (d) Countryside hills.

geographical situations based on morphological, vegetation cover, or
land-use characteristics. The olive growing areas of the Guadalquivir
basin cover four different landscapes units: Mid-Mountains, Valley
Plains, Countryside Foothills and Countryside hills, which, as we can see
in Fig. 2.b. We then randomly selected four 25 km? study areas, one for
each of the main landscape units (Junta de Andalucia, 2018) (Fig. 2.c),
to map gully head features in detail.

Below are some characteristics of each landscape unit and the cor-
responding study area (Junta de Andalucia, 2018). To better illustrate
the differences among these areas, Fig. 1 shows representative photo-
graphs of each landscape unit.

2.1.1. Countryside hills

Up to 31 % of the territory of the Autonomous Community of
Andalusia is occupied by the Campinas landscape, composed mainly of
the hills (more than 17 %) and the surrounding lowlands. These are the
traditional agricultural areas par excellence of Andalusia.

Specifically, the study area is located in Campinas Altas landscape
unit, which includes the highest areas of the Seville, Cordoba, and Jaén
provinces. Most of this landscape is used for agricultural exploitation,
offering a very homogeneous, robust and specialized landscape,
considered both within and outside the region to be one of the most
representative of Andalusia. Its distinctive character is essentially due to
the vast expanses of olive groves, which comprise 73 % of the area, while
other dry and irrigated crops have been relegated to smaller portions.

2.1.2. Countryside foothills
Distributed to the north and south of the Baetic Depression and

comprised of hills, ridges, and sporadic mountain ranges, they occupy
the spaces between the depression and the Sierra Morena and the Sub-
baetic Mountain Range.

Specifically, the study area corresponding to this landscape unit is
located in the Subbaetic foothills. Its territory is dominated by low-lying
relief forms, hills, and ridges, punctuated by more prominent features,
with a strong variation in altitude. Its conditions favor dryland crops,
among which olive groves stand out, along with areas of scrubland and
grassland.

2.1.3. Mid-Mountains

Andalusia contains a significant mountainous area, a 44 % of the
total surface.

Specifically, the study area of this landscape unit is located in the
Eastern mountains, in the Northern Granada province. The zone has a
gentle relief, with elevations from 560 m. Most of the area is dedicated to
dry-framing agriculture, with olive groves and herbaceous crops.

2.1.4. Valley plains

This landscape unit covers just over 10 % of the territory.

The study area is within the Antequera Depression. The medium-
-high fertility of the soils and the abundant water resources have pro-
moted an appreciable agricultural production, supported by olive
groves, along with irrigated and dryland herbaceous crops.

Table 1 shows the most detailed characteristics of each study area
analyzed in the study for each landscape unit. These data were obtained
from the REDIAM (Andalusian Environmental Information Network)
and from weather stations near the study area.
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Fig. 2. (a) Guadalquivir basin in Andalusia (Spain) (b) study area, one within each of the principal landscapes units occupied by olive groves and the meteorological

stations (c) area occupied by olive groves in Andalusia (SIOSE).

Table 1
Summary characteristics of each study area.

Landscape unit Countryside hills Countryside foothills Mid-Mountains Valley plains

Slope (m/m) 0.03-0.12 0.05-0.37 0.05-0.31 0.04-0.28

Organic matter (%) 1.05 1.23 0.98 1.29

CN 83 85 83 83

Average annual rainfall (mm) 564.9 468.3 434.5 591.95

Clay Content (% + SD) 34.10 + 2.97 36.46 + 2.26 29.92 + 2.01 33.71 £ 2.81

Sand Content (% + SD) 29.94 £ 6.31 39.13 £+ 3.65 42.04 + 3.38 41.88 + 4.12

Silt Content (% + SD) 35.96 + 6.85 24.35 £ 1.79 28.16 + 1.99 24.52 £1.92

Textural class Clay loam Clay loam Clay loam Clay loam

Lithology Calcarenites, sands, marls, and Gypsiferous marls, sandstones, and Conglomerates, sands, shales, and Sandstones and
limestones limestones limestones limestones

Elevation (m a.s.l.) 302.3-344.2 389.8-423.7 692.8-752.9 370.5-429.2

Coordinates 37.49°N, 4.71°W 37.25°N, 3.58°W 37.19°N, 2.32°W 37.29°N, 5.02°W

Max Precip. 2008-2010 83.4 37.2 41.8 65.8

(mm/day)
Max Precip. 2010-2013 213.8 76.8 52.6 96.6
(mm/day)
Max Precip. 2013-2019 56.2 38 52.1 79.4

(mm/day)
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2.2. Generation of DEM, A & S values

The 2x2 m Digital Elevation Model (DEM) of each study area has
been generated from the 3D point cloud data from LiDAR of the PNOA
(National Plan for Aerial Orthophotography). The coverage for Anda-
lusia has a density equal to 0.5 points/m? corresponding to the year
2014, using a Leica ALS60 sensor for this purpose, with the planimetric
and altimetric mean square error being equal to 0.3 and 0.2 m respec-
tively. From the classification of the LiDAR point cloud, those corre-
sponding to class 2 (points belonging to bare soil) were filtered for the
generation of the DEM. Then, using the QGIS software and the IDW
(inverse distance weighting) interpolation method, the generated 2x2 m
DEM has been processed and, for each pixel, the drainage or flow
accumulation area, A (m?) and the local slope, S (m/m) have been
calculated. The calculation of A has been carried out using the D8 al-
gorithm. The D8 algorithm, as described in the work of (O’Callaghan
and Mark, 1984), assigns the water flow from each pixel to one of its
eight adjacent neighbors in the direction of the greatest downward
slope. This approach has been widely validated in various studies and
has been shown to provide accurate estimates of local accumulation
areas and slopes, becoming a fundamental tool in geomorphological
analysis and hydrological modelling within the QGIS environment
(Tarboton, 1997; Quinn et al., 1991; Jones, 2002).

2.3. Mapping of gully heads and gully activity

For each of the 25 km? study areas, all the gully heads have been
photo-interpreted from PNOA orthophotos. We have mapped the posi-
tion of gully heads in imagery for the years 2008, 2010, 2013 and 2019.

In this way, not only the current gully network but also their activity
over these periods could be evaluated. Gully erosion activity was sub-
divided into three classes, and data was obtained for three periods

2008-2010 ><
2010-2013 NAG
2013-2019 SG

(€Y
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(2008-2010, 2010-2013, 2013-2019), as illustrated in Fig. 3. The
definition of gully activity only is based exclusively on the movement of
the gully head, which is defined as the upslope termination point of the
gully. To summarise, we define an active gully as a gully where move-
ment of the gully head has been detected between two orthophotos.
Next, in each of the 4 selected areas, 130 non-gully head points were
randomly selected in order to match the number of gully heads for
further statistical analysis. So, we have 4 types of points:

(1) Stable gully head (SG): gully head that did not advance between
the first and last year of the analysed period.

(2) New active gully head (NAG): gully head that appears in the last
year of the analysed period

(3) Existing active gully head (EAG): pre-existing gully head that
advances between the first and last year of the analysed period.

(4) Points that are not gully head (NON): there is no gully head
present.

The reason for selecting 2008-2019 is because 2010-2011 is the
period of most intensive gully erosion in the last 60 years. Hayas et al.
(2017a,b) found that due to extreme rainfall in this period, gully length
almost doubled in this area. Thus, 2008 represents the most recent
PNOA image available prior to this event, providing an appropriate
baseline for assessing subsequent changes in gully dynamics. Besides,
before 2008 the quality of the images was lower for locating gully heads.
Orthophotos from the PNOA have a resolution of 0.5 m per pixel for
2008, and 0.25 m per pixel for the other years, which allows for high
precision and detail in the visualization and analysis of the orthophotos.

Following the initial identification of gully heads from the ortho-
photos, and in order to assure correct alignment with the DEM, the
location of the gully heads has been corrected by moving the gully head
to the point of greatest accumulation of flow closest to it within a buffer

SG NAG NAG
L

SG EAG SG
-
b L

SG EAG EAG
b L

(b) © @

Fig. 3. Graphic illustration of gully head activity over the three study periods, showing four scenarios (NAG is new active gully head, SG is stable gully head, EAG is
existing active gully head, X indicates no gully head presence, NON). Scenario a) In 2008-2010 there is no gully head, in 2010-2013 a new gully head appears (NAG)
and the gully head remains in the same position in 2013-2019 (SG); Scenario b) A gully head is mapped in the same position in all photos from 2008 to 2019, so the
gully remains stable (SG) over all three study periods, Scenario c) A gully head emerges (NAG) in 2008-2010 and advances in 2010-2013 and in 2013-2019. This
gully head is considered existing active gully head in the last two periods (EAG) d) A gully head emerges (NAG) in 2008-2010 and the gully head remains stable in

2010-2013 and the gully head advances in 2013-2019.
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of 5 m. This procedure was repeated for points that were not gully heads,
with a 5 m buffer also applied and the point with the greatest accu-
mulation of flow selected.

Futhermore, field verifications were conducted. In this regard, in
2019, an extensive field campaign was carried out to measure the
characteristics of 82 gullies, 16 of which were included in this study.
Furthermore, our 2019 field verifications provided us with confidence
that the photointerpretations from the previous years of this study,
2013, 2010, and 2008, were correct with respect to the gully head
position.

2.4. GHI index

In this study, we followed the methodology developed by index (De
Geeter et al., 2025). They proposed to use a gully head initiation index
GHI that assumes that a gully forms when the runoff shear stress exceeds
the soil resistance to it (Montgomery and Dietrich, 1994):

T> T (€H)

where: 7 is the runoff shear stress [Pa] and 7 ; is the critical shear stress
of the soil [Pa]. That is, it is assumed that gully heads should appear in
landscape points where this condition is met, and otherwise, these
should be areas of concentrated flow but without gully formation.

To obtain the GHI index, the first step is to obtain the runoff shear
stress 7, using the following expression (Nearing et al., 1997):

7= pgRS 2

where: p represents the water density [kg/m®], g the gravity constant
[N/kgl, R the hydraulic radius [m] and S the local slope [m/m].

R is difficult to determine in field conditions, as potential channel
width and flow depths are generally unknown. However, it is reasonable
to assume that both are proportional to the maximum runoff flow
discharge that occurs (e.g. Nachtergaele et al., 2002). To obtain a rela-
tive approximation of these maximum flows discharges, the Curve
Number (CN) method is used to obtain runoff depth as a function of the
land use and the soil characteristics of the upstream area (Ponce and
Hawkins, 1996; Mishra & Singh, 2003; Hawkins et al., 2009; Van-
maercke et al., 2021). This method, initially developed by the US Soil
Conservation Service, has been revised and improved over the years,
providing a solid basis for its application under a variety of hydrologic
conditions. The basic equation for the runoff Curve Number method is
(Hawkins et al., 2009):

(P—18,)°

Re=pa—us,

3

where: Ry is the daily runoff depth (mm), P is the daily rainfall depth
(mm), S; the maximum potential runoff losses, where 1 is the initial
extraction fraction.

We used the maximum daily precipitation (P) values for each period
(2008-2010), (2010-2013), and (2013-2019) and for each of the four
study areas (Table 1), obtained from four meteorological stations near
each area.

Estimates of CN are generally derived from empirical tables, which
are based on land use, management conditions and soil type. These
environmental factors are combined into the so-called Curve Number
(CN) to estimate S, (Hawkins et al., 2009):

115
100 ) )

So0s = 33.96 <ﬁ -10

The CN was obtained from a layer available in REDIAM (Andalusian
Environmental Information Network) using the method proposed by the
SCS (Soil Conservation System).

Next, the daily discharge volumes Q [m?] are calculated:
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Q=A"Rq ()

where: A is the drainage area (m?).

This calculation enables the determination of shear stress index (SSI)
that provides a simplified relationship with shear stress z. This is ach-
ieved by using Q as a proxy for the hydraulic radius, while disregardig
the constant variables p and g:

SSI = Q*S (6)

where: S is the local slope (m/m).

Once SSI has been calculated, the next step is to calculate the critical
shear stress index.

(CSD), for which the expression of Nachtergaele et al. (2001) is used,
based on the percentage of clay in the soil:

CSI = 0.311*1000182F¢ %)

where Pc is the average percentage of clay corresponding to each of the
study areas, and CSI is a simplified proxy based on the percentage of clay
that can be expected to correlate with the actual critical shear stress.

The average percentage of clay in each sampling area was obtained
from a layer available in REDIAM (Table 1). This layer was developed
using information provided by the Ministry of Agriculture and Fisheries,
calculated as part of the study “Spatial Inference System for the Physico-
chemical and Hydraulic Properties of Soils in Andalusia”.

There are other factors, such as vegetation and stoniness, that can
influence CSI, but they have not been considered due to a lack of data in
the study areas.

Finally, by combining equations (6) and (7), the gully initiation
index is finally obtained:

SSI
GHI = osi (8)
The GHI index obtained is an empirical and dimensionless indicator, so
even if GHI > 1, a gully head does not necessarily form. However, the
higher GHI values mean that there is a greater chance of being in areas
with erosion and gully head formation, and vice versa.

The dataset was resampled to standardise the pixel size of the
different spatial variables used. This process enabled the establishment
of a common resolution of 2 m per pixel, thus facilitating their inte-
gration into subsequent analyses. The original datasets had different
native resolutions, with the CN layer at 20 m and the clay content per-
centage layer at 100 m. This resampling process was carried out using
the Python programming language.

2.5. Statistical analysis

Once the GHI index was calculated, it was checked if there were
significant differences between the three types of gully head activity and
points that are not gully heads.

This was carried out for each study area representing a type of
landscape, and for the entire set of points, to ascertain whether the
model presents differences between the selected areas or not, or whether
it is better to treat all the points at once. The differences in the 3 selected
time periods have also been analyzed.

The unpaired two-samples Wilcoxon test was used as a statistical test
(with a = 0.01), which is a non-parametric test used to compare whether
there are significant differences between the four sets of points,
obtaining the p-value for each analysis. The Wilcoxon test has been used
in recent studies to analyse hydrological data (Saplioglu & Giiclii, 2022).
The results were displayed using boxplots. All calculations have been
performed using Rstudio (R Stats Package) scripting.

In addition, in order to evaluate the model, ROC (receiver operating
characteristic curve) curves and AUC (area under the curve) values have
been calculated for the 4 sets of points and the 4 representative areas of
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each landscape. The ROC curve provides a graphical assessment of the
model’s accuracy and is constructed by plotting the relationships be-
tween the true positive rate (sensitivity, TPR) and the false positive rate
(specificity-1, FPR). The Area Under the Curve (AUC) is a performance
measure used to evaluate classification models, especially when per-
forming a ROC curve analysis. The AUC allows differentiation between
point classes, i.e., pixels that are gully heads and pixels that are not
(Kleinbaum, 1994). An AUC of 1 indicates a perfect model, while an
AUC of 0.5 suggests performance equivalent to chance (Kleinbaum,
1994; Hosmer & Lemeshow, 2000).

2.6. Determination of TT

Once the GHI was calculated for the three gully head activity types
and for the points that are not gully heads, the TT was calculated for
these to compare the two methods. Non-gully head points are plotted
without the k calculation, as this only applies to gully head points. The
following equation was used for the calculation:

S > kA™® 9)

where: S is the local slope [m/m] and A is the drainage area [ha].

As the variables S and A are independent, the S-A relationships were
determined by orthogonal regression using R (the R statistical package).
The k coefficients were obtained by reducing the previous regression
line to the lowest point of an S-A scatter plot, maintaining the original
slope or the b coefficient. Thus, the TT data are above this threshold line.

The value of the b coefficient is 0.38 based on field results from
several studies (Nachtergaele et al., 2001; Torri & Poesen, 2014).

Keeping the value of the b coefficient constant isolates the effects of
land use and precipitation on the k coefficient. Furthermore, the same
type of surface flow is assumed throughout the analyzed period
(2008-2019) and in all four study areas, which is supported by studies
such as Torri & Poesen (2014) and Rossi et al. (2015). A simpler model is
therefore obtained where k represents the gully head resistance for the
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existing active gully heads, the new active gully heads and the stable
gully heads.

Finally, for the k coefficient, a p-value was calculated to compare
whether there were significant differences between the four sets of
points using ANOVA. Furthermore, to evaluate the topographic
threshold model and compare it with the GHI, the ROC curves and the
area under the curve (AUC) were calculated for the entire model. This
was done by considering all points with gully heads versus those
without.

3. Results
3.1. Observed gully heads and gully activity

A total of 475 gully heads were mapped. The mapped gully heads are
shown in Fig. 4 for each of the four study areas, with different colors for
the years 2008, 2010, 2013 and 2019. Mapped gully head varied be-
tween 16 and 79, or a respective density of 0,64 to 3,16 gully heads/km?
depending on the landscape unit (Table 2). The highest densities were
observed in the countryside foothills, while mid-mountains were char-
acterised by the lowest densities. Most of the mapped gully heads are
existing active gully heads or new active gully heads, although a sig-
nificant amount of 29 % (138) was still found to be stable. Most of the
stable gully heads are located in the countryside foothills, which is also
the area with the highest gully head density. This suggests that this area
is characterised by heavy erosion processes, but also that many gullies
have grown to maturity over the last decades and stopped to grow. In
fact, most of the amount of existing active gully heads is similar across
the different landscape units, except for the mid-mountains which is a
bit lower. Most of the new gully heads are located in countryside hills
and foothills (Table 2).

Appendix A.I shows a detailed view of the evolution of a represen-
tative active gully over the period 2008-2019.

Fig. 4. Observed gully heads in the years 2008, 2010, 2013 and 2019 for each landscape unit: a) countryside foothills, b) countryside hills, ¢) mid mountains and d)

valley plains. Each study area occupies 25 km?.



P. Gongzdlez et al.

Catena 263 (2026) 109699

Table 2
Number of gully heads by type of activity and time period in the study area.
Landscape unit Time period  Existing active gully New active gully Stable gully Total gully Total gully head density (gully heads/
heads heads heads heads km?)
Countryside hills 2008-2010 24 8 7 39 1,56
2010-2013 30 11 5 46 1,84
2013-2019 20 7 1 28 1,12
Countryside 2008-2010 29 19 17 65 2,60
foothills 2010-2013 27 16 30 73 2,92
2013-2019 30 6 43 79 3,16
Valley plains 2008-2010 23 — 7 30 1,20
2010-2013 24 - 7 31 1,24
2013-2019 22 1 4 27 1,08
Mid-Mountains 2008-2010 14 8 2 24 0,96
2010-2013 11 - 6 17 0,68
2013-2019 7 - 9 16 0,64
Total 2008-2019 261 76 138 475 4,75
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Fig. 5. Gully Head Initiation (GHI) index for the three gully head activity types and points that are not gully heads (EAG - existing active gully heads, SG — stable
gully heads, NAG - new active gully heads, and NON- non-gully heads) in the 4 landscape units and for the entire data set (without differentiation between
landscapes). The line dividing the box represents the median value.

3.2. Prediction of gully head initiation and activity across landscape units

and time periods

The GHI index for all gully heads together (EAG, SG, and NAG),

without subdividing gully head activity, is significantly higher
compared to non-gully head areas (NON) (Fig. 5, Table 3). This is true
across all landscape units, and when pooling all landscape units
together, gully head pixels thus have a noticeably higher GHI index
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Table 3
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P-value per landscape and per gully head activity type and points that are not gully heads (EAG: existing active gully head, SG: stable gully heads, NAG: new active

gully heads, and NON: non-gully heads), as well as for all points together.

Landscape unit P- Value

EAG vs SG SG vs NAG EAG vs NAG EAG, NAG, SG vs NON
Countryside hills 0.25 0.86 0.63 < 2.2e-16
Countryside foothills 0.42 0.31 0.59 < 2.2e-16
Mid-mountains 0.00099 0.05 0.87 < 2.2e-16
Valley plains 0.72 0.26 0.1 < 2.2e-16
All landscapes 4.3 e-05 0.77 0.01 < 2.2e-16
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Fig. 6. Comparing GHI across three study periods (EAG: existing active gully heads, SG: stable gully heads, NAG: new active gully heads, and NON: non-gully heads).

compared to non-gully head pixels, reaching values of 1000 in the case
of countryside hills and valley plains. In contrast, points that are not
gully heads have values typically less than 1. However, statistical
analysis of the landscapes reveals minimal variation in gully head types
when considering them individually. It should be noted that discrep-
ancies were only observed in a few landscape units. However, when all

Table 4
P-values for gully head activity types and non-gully head points across time
periods.

landscape units are grouped together, the differences between the three
gully head activity types and points that are not gully heads become
clearer. GHI works well to distinguish existing active gully heads from
stable ones and new active gully heads, respectively. The difference
between stable and new active gully heads is not statistically significant.

Next, we analyzed whether GHI performs differently according to the
time period considered (Fig. 6, Table 4). The period 2010-2013 is
marked by the highest maximum daily rainfall values (Table 1), and we
know from other studies (Hayas et al., 2017a,b) that this period was
marked by a period of considerable gully growth. Indeed, the greatest
significance among gully head activity types is observed in the

2008-2010 2010-2013 2013-2019 2010-2013 period (Table 4). All gully head activity types could be well
EAG vs NAG 0.186 0.007 0.35 distinguished in this period. For the other two periods, with lower
EAG vs SG 0.0024 0.0063 0.22 rainfall, there are still clear significant differences when comparing
NAG vs SG 0.56 0.12 0.66 gully head activity types with non-gully head areas. However, apart
EAG, SG vs NON 2.2¢7¢ 2.2¢7¢ 2.2¢7 from EAG vs SG in 2008-2010, the other differences are non-significant
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Fig. 7. (a) ROC curves and corresponding AUC values for each pairwise combination of the three gully head activity types, considering all landscapes together. (b)
AUC for the entire model together, considering all the points that are gully heads compared to those that are not. 0: Non gully heads, NON; 1: New active gully heads

NAG; 2: Existing active gully heads EAG; 3: Stable gully heads, SG.
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Fig. 8. Topographic threshold for gully head initiation applied to the three classes of gully head erosion activity and points that are not gully heads (SG: Stable gully
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Overall, the model using GHI to distinguish different types of gully
head points (new active gully head, existing active gully head, stable
gully head) from non-gully head points works very well, with an AUC
between 0.92, 0.93 and 0.95 (see Fig. 7 a and b). Distinguishing between
different types of gully heads according to their activity is a less effective
approach. In the context of a model designed to differentiate between
stable and newly active gully heads, the area under the curve (AUC)
value reduces to 0.51. This indicates that the model’s performance is
only marginally superior to that of a completely random model. The
model used to distinguish between new active and existing active gully
heads, and stable and existing active gully heads, is similar, with an AUC
of 0.6 and 0.59, respectively. In this instance, we have combined all the
landscape units.

In comparison to the traditional TT approach, the GHI demonstrates
significantly superior performance. As demonstrated in the S-A graph
(Fig. 8), there is significant scatter. The TT values of the coefficient k
obtained showed minimal variation among the gully heads points, with
a value of 0.004 for stable gully heads, 0.013 for new active gully heads,
and 0.007 for existing active gully heads. Furthermore, the distribution
of the points representing the of gully heads (EAG, NAG and SG) is
highly comparable, given the similarity in slope and contributing area
values, with no substantial differences observed between them. When
comparing AUC values for the TT approach (Table 5), they are only 0.64
when comparing all gully heads points with non-gully heads points,
compared to 0.93 for the GHI approach.

This can be understood from the differences that exist across the
different landscape units that are not taken into account in the TT
approach. While the GHI approach is still a simplification of real process,
it presents some considerable advantages: through the calculation of the
runoff discharge, the differences that might exist in rainfall or soil
properties that influence on the runoff characteristics of the curve

Table 5

Performance of the Topographic threshold model for gully head initiation and
activity. P-values are reported for the three gully head activity types (Existing
Active Gully Heads, New Active Gully Heads, and Stable Gully Heads), as well as
for gully head initiation (all gully head points versus non-gully head points). The
AUC is provided for gully head initiation (all gully head points versus non-gully
head points).

p-value AUC
EAG vs SG vs EAG vs EAG, NAG, SG vs EAG, NAG, SG vs
SG NAG NAG NON NON

0.07 0.34 0.99 0.0001 0.64

10

number approach are accounted for. Also, to some extent, differences in
erodibility are taken into account, even though in this study we only
considered the effect of clay content on critical shear stress index.

4. Discussion

The GHI applied to olive groves in the Guadalquivir basin has great
predictive power at the regional level, for prediction of gully head
initiation. It performs better than the TT for gully head initiation, which
is the model that has traditionally been used for this purpose (Hayas
etal., 2017b; Torri & Poesen, 2014), with an AUC of 0.93 versus an AUC
of 0.64 respectively. The difference in significance between the new
active gully heads and the existing active gully heads is particularly
notable, with a p-value of 0.99 in the case of the TT and a p-value of 0.01
in the case of the GHI, thus improving the results of the traditional
method when differentiating between the types of gully head activity
described. GHI also offers the advantage that it is conceptually more
robust, as it allows variability in land use, soils and rainfall to be directly
considered. A key benefit of the GHI approach is that it eliminates the
need for calibration and validation when expanding into new study
areas. This is in contrast to the TT approach, where thresholds are
determined based on observations of S-A values.

The GHI index model applied to the olive grove area of the Gua-
dalquivir basin has given better results compared to the African and
Ethiopian study areas of the study by De Geeter et al. (2025) with an
AUC of 0.93 and 0.67, respectively. The resolution of the GIS data may
be a contributing factor, since the DEM from which the drainage area (A)
and slope (S) have been obtained has a resolution of 2x2 m. As a result of
this resolution, the difference between the values of these factors for
gully heads and non-gully heads is very high, and therefore the signifi-
cance and AUC are higher. However, in our study, land use was kept
constant, olive groves, and more detailed precipitation data was avail-
able, which reduces uncertainty.

Regarding gully activity, the GHI in olive groves failed to adequately
distinguish all types of activity at the gully head in the analysed land-
scapes, with a few exceptions. In the case of the mid mountain land-
scape, we found significance when differentiating between existing gully
heads and stable gully heads, and between stable gully heads and new
active gully heads. In all other cases there is no significance. However,
when considering all landscapes together, the types of gully head ac-
tivity are significant, apart from the distinction between stable gully
heads and new active gully heads (Table 3). In this sense, the fact that
the model works best when all points are treated together indicates that
it could be standardised across the entire Mediterranean olive-growing
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basin.

A surprising and consistent result is that, across all landscapes and
periods, existing active gully (EAG) heads exhibit higher GHI values
than newly formed active gully (NAG) heads (Figs. 5 and 6). This un-
expected pattern underlines the added conceptual and empirical value
of the GHI in comparation to traditional slope-area thresholds. This is
contrary to what would be expected based on the widely accepted theory
that gullies tend to initiate at points in the landscape with the highest
slope-area (S-A) values, which usually correspond to the highest GHI.
According to this conceptual model (e.g. Vanwalleghem et al., 2005),
after the initial formation, gully heads retreat upstream through headcut
erosion, and eventually their growth slows as they evolve toward a more
stable morphology. Therefore, we expect the S-A values or gully head
initiation index (GHI) to vary during the gully’s evolution over time.
Due to the temporal resolution of the imagery never allows to detect a
gully head as soon as it forms, it will almost never be possible to find the
S-A or gully head initiation index value of the initiation point, but we
expect that the one of the newly formed gully heads to be closer than
that of the existing active gully heads. However, our findings suggest the
opposite: In terms of topography and rainfall it is easier to form a new
gully than to keep it actively expanding. Moreover, the statistical dif-
ference between both types of gully heads across all landscapes (p =
0.01; Table 3) reinforces the relevance of this differentiation for un-
derstanding gully head evolution dynamics. We believe this is a key and
innovative finding of our research as it suggests that the conditions
leading to gully initiation (which are mainly determined by S & A) are
not necessarily sufficient to keep them active. These findings highlight
the importance of distinguishing between NAG and EAG in gully head
studies.

That the difference between a stable gully head and a new active
gully head is insignificant indicates that the GHI may be good at
explaining gully head initiation, but not in predicting whether gully
heads remain active or not. One potential explanation for this is that,
once a gully head forms, slope becomes less important. This is because
gully head retreat is mainly caused by plunge pool erosion, rather than
incision (shear stress). This plunge pool erosion should be correlated
with discharge (Q). Yet, as gully heads retreat: A (and therefore Q) de-
clines, while S typically increases (at least on a typical concave slope).
Hence, we could assume that, while the GHI (which includes slope) may
be good in predicting initiation, Q (or perhaps Q/CSI) might be better in
differentiating between new active gully head and stable gully heads.
This interpretation suggests that gully expansion is less controlled by
local slope and shear stress, and more directly linked to discharge. In line
with this, Vanmaercke et al. (2016) also reported that gully head retreat
rates worldwide are mainly explained by rainfall intensity and
contributing area, while local topography had very little effect.

In this sense, we need models that describe in more detail the hy-
drology and erosion processes within the gullies. Flores-Cervantes et al.
(2006), propose a model of gully headcut retreat resulting from erosion
in plunge pools. This model was implemented in the landscape evolution
model CHILD (Channel-Hillslope Integrated Landscape Development),
resulting in the retreat of the gully being more significant in areas with
gentle slopes or large headcuts. Their model approach was also imple-
mented in the Revised Ephemeral Gully Erosion Model (REGEM)
developed by Gordon et al. (2006). They tested their model by running
continuous simulations and allowing the gully channel to evolve over
multiple runoff events, accounting for seasonal variations in manage-
ment operations and soil conditions, which could help differentiate
between active and permanent gullies. Campo Bescos (2011) evaluated
the CHILD model to analyse the dynamics of permanent gullies in the
Bardenas Reales in Spain. These types of process-based models could be
useful for differentiating gully head activity, as analysed in this study.
However, for this, much more information is needed on gully
morphology, such as the depth of the plunge pool or height of the
headcut, and on rainfall-runoff dynamics, that is often not available at
the regional scale.
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The absence of statistical significance in certain landscapes may be
attributable to a variety of factors. On the one hand, the lack of signif-
icant differences between gully heads in mid-mountain and valley plains
landscapes could be related to the limited number of points analysed in
these areas. Regarding mid-mountain landscape, the number of points
analysed is comparatively low, and almost half of these are stable gully
heads (Table 2). In the case of countryside foothills, the number of points
analysed is much higher, but stable gully heads also predominate
(Table 2). Consequently, both areas demonstrate reduced gully head
activity. This could explain why there is no significance regarding
existing active gully heads and new active gully heads. This difference in
the number of gully heads is due to the dynamics of each landscape,
defined by its slopes, rainfall, or soil type. This variability between
landscapes makes the model more robust. Another reason why the dif-
ferences between the landscapes are not substantial enough to be
detected is that all areas are over the same crop. This means that the
differences are limited to climate and soil geology, which is also the
same for each study area. Furthermore, since we use maximum precip-
itation values, the differences in climate and soil-geology that determine
runoff characteristics are reduced because we only consider the most
extreme and unfavorable conditions. In this sense, when we apply the
model to all landscapes together, the greater variability between them
can better distinguish the types of gully head activity. These differences
in climate and geology between landscapes can be observed in Table 1.

Regarding the analysis of each period (2008-2010, 2010-2013, and
2013-2019), the greatest significance among the gully heads classes
analyzed is found in the 2010-2013 period (Table 4). The heightened
activity during this period, attributable to substantial rainfall, signifies
an elevated risk of the emergence of new active gully heads or the
expansion of existing ones, a finding that aligns with the conclusions of
numerous studies.

Although the model has been successful in differentiating between
areas with and without gully heads, it has certain limitations. Please
note that simplifications to the model may lead to significant errors,
since it is a dimensionless index intended for application at larger scales
or in situations where data are lacking. One of the limitations of this
study is the difference in the time intervals used in the analysis. The GHI
is expected to perform better over shorter periods, as these allow clearer
identification of the precipitation events that triggered gully formation
or expansion. However, the available data do not allow such high
temporal resolution, as the analysis is constrained by the availability of
PNOA orthophotos in the study area. Furthermore, the longest interval,
between 2013 and 2019, was selected due to the stability in gully
network density observed since 2011 (Hayas et al., 2017a,b). Another
limitation concerns the representation of slope in the analysis. Prior to
gully head formation, the surface slope can be adequately captured by
the 2 m resolution DEM. However, once the gully head stabilises, its
dynamics are primarily governed by plunge pool erosion. At this stage,
the 2 m DEM may no longer resolve the micro-topographic slopes that
exert a pronounced influence, thereby reducing the effectiveness of the
GHI in distinguishing between active and stable gully heads. Never-
theless, this is a common problem with regional-scale erosion studies,
that cannot be resolved without detailed measurement of individual
gullies. With regard to precipitation, the maximum daily precipitation
for each period analysed was selected, on the assumption that runoff
flows are representative of the peak flows that form the gully heads. It
would be interesting to study other, less pronounced precipitation
indices to test the influence of rainfall on the GHI index model, such as
Rainy Day Normal or any other cumulative rainfall or erosivity index as
Hayas et al. (2017b) did. This spatial mismatch may introduce a degree
of uncertainty in the precipitation values used to model gully head
formation and thus should be considered when interpreting the results.
It is important to note that a single precipitation value was assigned to
each quadrant and period, assuming a uniform distribution of rainfall
within the study area. While we acknowledge the potential spatial
variability of precipitation within these quadrants, more detailed spatial
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variability data are not available at the resolution of this work.
Furthermore, the weather stations used are not located within each
study area but are the closest available sources of precipitation data
covering the entire study period. This is a source of uncertainty, and
stronger results might have been obtained if more accurate rainfall data
had been available. With regard to the calculation of the critical shear
stress index, only the percentage of clay has been considered
(Nachtergaele et al., 2001). It would be beneficial to consider incorpo-
rating additional variables, such as vegetation characteristics, into the
calculation of this index, given the documented influence of vegetation
and root characteristics (Knapen et al., 2007; Vannoppen et al., 2015).
Furthermore, critical shear stress is also related to soil properties such as
organic matter and rock fragments (Poesen et al., 2003). However,
organic matter is similar across all study areas, with a maximum value of
1.29 % in the valley plain and a minimum value of 0.98 % in the mid-
mountain, so the results would not be greatly altered in this study.
Therefore, it was decided that these characteristics would not be
included, since the cultivation is the same in all four areas analysed and
detailed information on stoniness is rarely available at the regional level.

In light of our previous results, a key point for considering the
broader applicability of our findings is the comparison with the slope-
—area (S-A) threshold concept, which has traditionally been the most
widely used empirical strategy to identify areas prone to gully initiation.
However, the S-A threshold approach has several limitations. Firstly, it
only reflects the lower limit of gully formation conditions and is often
determined by only a few gullies with the lowest slope and/or drainage
area values, making it little robust. Secondly, it exclusively incorporates
slope and area, while other fundamental factors such as soil properties,
vegetation cover, and rainfall are implicitly aggregated in the empirical
coefficient and exponent. This complicates the extrapolation of S-A
thresholds to other regions and their application in scenario analyses.
Thirdly, S-A thresholds merely indicate potential initiation locations but
do not provide information on whether or when gullies are actively
retreating.

More complex, process-based models have the potential to overcome
some of these limitations, but they generally require extensive datasets
that are often unavailable, especially at regional to global scales
(Vanmaercke et al., 2021). This situation highlights the need for a model
that is both conceptually sound and applicable with feasible data re-
quirements. The Gully Head Initiation (GHI) index aims to address this
methodological gap. As demonstrated in our boxplot analysis (Fig. 5),
the GHI allows thresholds of gully initiation to be defined across the
entire distribution of gully heads, rather than being restricted to the
most extreme cases. Furthermore, it explicitly integrates environmental
drivers such as topography, rainfall, soil, and land use in a logical and
transparent manner, offering potential not only for prediction but also
for scenario analyses. Importantly, as shown here, the GHI index can
also be used to explore patterns of gully expansion, which is an inno-
vative and novel application compared to existing approaches.

Furthermore, as demonstrated by De Geeter et al. (2025), the GHI
was first proposed and tested in Ethiopia, demonstrating promising
predictive capacity for gully initiation. In this work, we demonstrate
that the GHI is equally applicable in a completely contrasting Mediter-
ranean environment. Crucially, the index does not depend on site-
specific calibration but instead relies on predefined factors and param-
eter tables that align with current understanding of gully formation
processes. Despite this, the index clearly distinguishes gully from non-
gully locations and even separates active from stable gully heads,
albeit with some limitations regarding newly formed gullies. It is evident
that the findings are in alignment with the results obtained by De Geeter
et al. (2025), even though these were tested under wholly distinct
conditions. This confirms that the GHI has real potential for wider
application. The strength of this approach lies in its balance between
sufficient conceptual complexity—by integrating the dominant factors
of gully erosion—and data feasibility for application across larger re-
gions. However, further development and testing will be required before
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full global applicability can be confirmed.
5. Conclusions

In this study, a new Gully Initiation Index (GHI) model developed by
index (De Geeter et al., 2025) was applied to four representative types of
olive grove landscapes in the Mediterranean Guadalquivir basin
(Andalusia, Spain). To this end, a dataset of 475 gully heads analysed
from 2008 to 2019 was created. Gully head activity was classified into
three classes: existing active gully heads, new active gully heads and
stable gully heads. Furthermore, 520 non-gully head points were
randomly selected for analysis.

After applying the GHI to all the gully heads points, promising results
were obtained. The model’s area under the curve (AUC) for differenti-
ating between gully heads and non-gully heads was 0.93, demonstrating
the potential of this model for predicting gully head initiation.
Furthermore, the GHI index outperforms the topographic threshold for
gully head initiation (AUC = 0.64) and for the different gully head types.
This confirms that considering factors other than drainage area (A) and
local slope (S) influence gully head formation processes. Importantly,
this performance was considerably higher than that obtained in previous
applications in Ethiopia (AUC = 0.67; De Geeter et al., 2025), which
underlines the robustness of the index under Mediterranean conditions.

Regarding gully activity, the model was not as effective in differen-
tiating between new active gully heads and stable gully heads. The lack
of significant differences between stable and newly formed gully heads
suggests that the GHI is adequate for predicting initiation but not for
assessing gully head persistence, which appears to be more closely
controlled by plunge pool erosion processes than by slope or drainage
area. However, the model performed reasonably well in differentiating
between new active gully heads and existing active gully heads (AUC =
0.60), and between existing active gully heads and stable gully heads
(AUC = 0.59). This would help differentiate the areas with the greatest
erosion activity and inform decisions for better olive grove management.

A key and innovative result of this work is that existing active gully
heads consistently exhibit higher GHI values than newly formed gully
heads. This pattern challenges the traditional slope-area threshold the-
ory, which assumes that gullies initiate at points with higher threshold
values. Our findings suggest that, while initiation can occur at locations
with lower GHI, maintaining gully activity requires more restrictive
conditions. In light of these findings, and the significance of the rela-
tionship between these two types of gully heads (p-value = 0.01), it is
important to consider them for future studies.

Regarding the individual analysis by landscape type, the results were
inconclusive, except for the mid-mountain landscape, where there was a
significant difference between existing active gully heads and stable
gully heads. In contrast, when grouping all the points without differ-
entiating between landscapes, a significant difference was identified
between existing active gully heads and stable gully heads (p-value =
4.3 e-05), as well as between active and new active gully heads (p-value
of 0.01), indicating that we can scale this model to all olive groves in the
Guadalquivir basin located in these landscapes. This outcome is indic-
ative of limited number of points and the predominance of stable gully
heads in some landscapes, as well as the homogenising effect of land use,
which reduces variability when analysed separately. Integrating all
landscapes together has been shown to enhance the model’s capacity to
detect significant differences between gully head activity classes, due to
the broader range of topographic and climatic conditions this approach
integrates.

One important limitation of the study is that the model is based on
several assumptions, such as using daily discharge volumes instead of
hydraulic radius and excluding factors like vegetation and stoniness in
the calculation of critical shear stress index, given that all four study
areas share the same crop type. Nevertheless, despite these simplifica-
tions, the process-based nature of the GHI provides valuable insights
into gully initiation and dynamics.
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In addition to its predictive accuracy, the GHI also proves to be a
conceptually robust and widely applicable tool. Unlike traditional slope-
area thresholds, which are limited in scope and difficult to extrapolate,
the GHI seamlessly integrates topography, rainfall, soil, and land use,
making it suitable for scenario analysis and the identification of trigger
zones. On the other hand, process-based models are often limited by the
need for data that are difficult to access. Furthermore, our results
confirm that the index performs consistently in contrasting environ-
ments (Ethiopian highlands and Mediterranean olive groves) without
the need for site-specific calibration, underscoring its potential for
broader application. This balance between conceptual robustness and
data viability positions the GHI as a promising framework for advancing
gully erosion modelling beyond local scales. However, further devel-
opment and testing are needed before its full global applicability can be
assumed, as there are still uncertainties regarding its performance in
areas with different land use, land characteristics, and meteorological
conditions.
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Fig. A.1. Evolution of a representative active gully head over the years of the study. This gully head already exists in the first analyzed image but strongly
retreats between 2008-2010. It continues growing over the period 2010-2013 and 2013-2019, although less fast. This example is an existing active gully

head, as it is advancing during the 3 periods analyzed.
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