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This work describes a procedure that uses the regression line slope to calculate the time trend of any variable in a
raster image with ArcGIS Pro Geographic Information System (GIS) tools. The procedure is applied to estimated
mean soil erosion and mean annual rainfall erosivity in the Andalusian territory (Spain) using data from the
regional environmental agency.

During the analyzed period (1996-2020), soil erosion values (RUSLE) show a region affected by low and
medium estimated erosion values (91.74 % of the territory between 0 and 50 t-ha~2.yr!) and a large part by low
to very low rainfall erosivity rates (70.43 % of the territory between 132 and 1000 MJ-mm-ha~1-h~L.yr™1). The
highest values for both parameters are limited to the mountain areas of the Baetic and Sierra Morena ranges.

Estimated mean erosion presents a general downward trend, with 92.64 % of the territory with slopes between
0 and —344 t-ha '-yr~! per year. Nevertheless, mountainous enclaves stand out for a positive trend in this
parameter during the analyzed period, with regression line slope values of up to + 5 t-ha™t-yr™! (7 % of the
region, 6131.79 ha). The observed rainfall erosivity time trend shows that a combination of high rainfall
erosivity rates and a strong upward trend is only found in the western extreme of the Baetic mountain ranges.

Analysis of mean distribution by subwatershed has been verified to allow the competent environmental
agencies to read the results more easily to address the erosion problem. The combination of mean estimated
erosion values and the upward erosion trend in the Guadalete, Guadalhorce, and Verde subwatersheds helps
guide actions in these areas.

1. Introduction

Water soil erosion is a natural process that intensified human activity
has caused to become one of the gravest environmental problems in the
world (Montanarella et al., 2016; Borrelli et al., 2017, 2020). Erosion
issues are linked to topsoil layer removal (Zheng et al., 2008; Li et al.,
2009), which is where the organic matter and nutrients that sustain the
soil’s productivity congregate, and to river course changes that cause
eutrophication problems, increased turbidity (Ouyang et al., 2010; Yao
et al., 2016), an increase in the sediment load that clogs up dams and
reservoirs (Rickson, 2014; Arnhold et al., 2014), and even affect coral
reefs (Fisher et al., 2019). Soil erosion causes a change in ecosystem
goods and services, inter alia, including biodiversity, soil biota, plant
composition, run-off control, water retention capability, carbon
sequestration, and ecosystem productivity (Van Oost et al., 2000; Cer-
dan et al., 2010; Garcia-Ruiz et al., 2013; Fenta et al., 2020; Cunha et al.,
2022).

Attention has been drawn to the interest that large-scale erosion
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mapping has for national and even international organizations and their
environmental and agricultural policies (Alewell et al., 2019).

It is also very relevant to study the effect of climate change triggering
a significant increase in erosion in the coming decades (Martinez-
Casasnovas et al., 2016; Borrelli et al., 2017, 2020; Eekhout & Vente,
2022; Andualem et al., 2023). One of the goals of these studies appears
to be to highlight large-area erosion analysis and its evolution over time.
The comprehensive review by Borrelli et al. (2021) of scientific publi-
cations that analyze soil erosion modeling in the GASEMIT database
determined that only 5 % of studies made qualitative erosion estimates
with time trend evaluations, spatial patterns, and trigger factors. So,
temporal erosion assessment has only received limited attention in the
scientific literature.

The few studies that have analyzed the time trend of soil erosion
values can be classified by the number of years analyzed as most compare
the results for two dates separated by an extended time interval. These
include studies of the Modjo watershed (Ethiopia) for 1973 and 2007
(Gessesse et al., 2015), the Sudetes Mountains (Poland) for 1885 and

Received 23 May 2023; Received in revised form 4 October 2024; Accepted 24 November 2024

Available online 18 December 2024

0341-8162/© 2024 The Author. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).



M.A. Barral Mufioz

2013 (Latocha et al., 2016), and Calabria Regio (Italy) for 1955 and
2016 (Conforti & Buttafuoco, 2017; Conforti and Buttafuoco, 2017). On
other occasions, the chosen dates have been closer in time, e.g., the
Borrelli et al. (2013) global analysis for 2001 and 2012. In other cases, the
authors compare the estimated erosion results for three or five different
dates separated by similar intervals, e.g., Yinjiang County (China) for
2000, 2005, and 2013 (Zeng et al., 2017), the Dong River upstream basin
for 1999, 2004, 2009, 2014, and 2017 (Yuansheng et al., 2020), and the
Beijing-Tianjin-Hebei region (China) for 2000, 2005, 2010, and 2015
(Guo et al., 2021). Lastly, examples exist of comparisons between his-
torical, current, and future estimates, for example, the Southern Rockies
Ecoregion (US) for a historical period, 1970-2006, and two future esti-
mates for 2010-2040 and 2041-2070 (Litschert et al., 2014), the Lacang-
Mekong River Basin (China) for 2015 and predictions for 2030 and 2040
(Chuenchum et al., 2020), and India for 2018 and predictions for 2040,
2060, 2080, and 2100 (Pal et al., 2021).

Even more scarce are the studies that compare a significant number
of years. The most noteworthy of these are the Sancha River Basin
(China) study from 1980 to 2015 (Jiangbo & Huan, 2019) and, more
recently, agrosystems in the Andalusian region of Spain for 1956 and
from 1990 to 2018 (Milazzo et al., 2022). Analyses such as these, based
on continuous time series, are more relevant for identifying the de-
terminants of soil variability than time series based on discontinuous
time series (Irvem et al., 2007; Ouyang et al., 2010; Jiangbo & Huan,
2019).

Regarding the methods used to analyze the recognizable evolution of
these estimates, differences in the percentage of surface area affected by
the erosion ranges (Zeng et al., 2017; Milazzo et al., 2022) are also
habitually considered. In other cases, they focus on the increase or
decrease in erosion, subtracting the values of the most recent date from
those of the oldest date and calculating the percentage of surface area
affected by the ranges of increase or decrease (Borrelli et al., 2013;
Latocha et al., 2016; Conforti & Buttafuoco, 2017).

In addition, evolutionary analyses of this type also evaluate the in-
crease or decrease in erosion to establish which of the parameters used
to calculate the models is most relevant for the end result. Examples of
this are the studies that consider land use changes and rain erosivity as
the main engines of spatiotemporal soil erosion variability (Barral
Munoz et al., 2020; Huang et al., 2021). These studies compare the
surface areas obtained to the erosion in each of the ranges of said pa-
rameters, either for the slope or the lithology (Zeng et al., 2017; Guo
et al., 2021). More complex methods designed to achieve the same goal
must be highlighted, including, for example, the geographic detector
method, which permits quantitative attribution analysis (Jiangbo &
Huan, 2019). However, this method cannot be used for continuous
territorial variables and can only be applied to discrete polygon
information.

In many of these studies, results are generally presented in data ta-
bles or graphs (Gessesse et al., 2015) and, in some cases, in the form of
regional distribution (Latocha et al., 2016; Zeng et al., 2017; Conforti &
Buttafuoco, 2017; Huang et al., 2021).

Apart from studies that use model calculations to analyze the time
dynamic of erosion, it is also important to consider the methods and
objectives of other works on the temporal variability of some of the
variable parameters in the USLE calculation, such as rainfall erosivity
(R-Factor) and land use (C-Factor).

In the case of rainfall erosivity, weather station information is
objective time-continuous data that can be used to analyze long, ho-
mogeneous time series. For example, rainfall erosivity evolution in
farmland areas in Japan has been addressed through models such as
RCM20, which gives the R-Factor and the seasonal mean for the recent
past and two future periods (Shiono et al., 2013). These authors
measured the parameter’s evolution based on the percentage differences
between the resulting raster images for the analyzed periods.

Using spreadsheets for long time series of rainfall erosivity data from
hydrological or weather stations (specific locations) enables regular
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principal component and regression analysis. One example of this type
of methodology was applied to the observed rainfall erosivity (R-Factor)
trend analyzed for the Italian Piedmont region (Acquaotta et al., 2019),
and to detect the relationship between runoff and factors that can in-
fluence variability in the middle Yellow River basin (China) (Changxing
et al., 2012). The obtained analysis results were synthesized in Tables,
graphs, or, in the case of Changxing et al. (2012), extrapolated to show
their distribution in the study area.

Analysis of spatiotemporal land use and cover evolution has mainly
been based on the calculation of the NDVI index. This is habitually used to
estimate vegetation quantity, quality, and development, with soil erosion
calculated using maps for successive dates. Some studies have applied
change vector analysis (CVA) and principal component analysis to NDVI
to detect changes in ecosystem dynamics in China (Yun-Hao et al., 2001)
and land use in Duy Tiene (Vietnam) (Tong et al., 2020). Land use
evolution in southern Spain and its effect on erosion value estimates have
also been addressed using cartography published by national and inter-
national organizations (Barral Munoz et al., 2020; Milazzo et al., 2022).

As such, the spatiotemporal evolution for prolonged periods and the
trend presented by soil erosion or the variables involved in its estimation
have clearly not been sufficiently addressed. In this sense, the objectives
of the present work are to: (i) analyze the spatiotemporal evolution of
estimated soil erosion and rainfall erosivity in the Andalusian territory
(Spain) for 25 successive years of data (from 1996 to 2020); (ii) apply a
regression analysis to both parameters for the entire Andalusian region
to determine their spatiotemporal trends; (iii) identify differentiated
behaviors of estimated soil erosion or rainfall trends based on climatic
subunits and hydrographic subwatersheds, and (iv) offer environmental
agencies a methodology that helps orient their soil erosion actions.

2. Materials and methods
2.1. Study area

The Andalusian region is situated in the southern part of the Iberian
Peninsula (36° — 38.5° N; 1° — 8° W) and constitutes Europe’s transition
from the Atlantic coast to the Mediterranean Sea. This region is exten-
sive (87597 km?) with medium heights along the Guadalquivir River
valley. The highest peaks can be found in the Penibaetic systems (Fig. 1).

The Andalusian Autonomous Community’s position at the western
end of the Mediterranean Sea means that it is affected by unstable,
humid winds that give rise to winter rainfall (Pita Lopez, 2003). Ac-
cording to the Koppen-Geiger classification, Andalusia has a mild
climate (Csa), i.e., hot, dry summers (Kottek et al., 2006). A more
detailed classification distinguishes between coastal climates, inland
climates, medium mountain climates, high mountain climates, and
southeastern climates and describes the variability caused by the
mountain alignments and how they interfere with the circulation of
humid air masses traversing the Autonomous Community from W to E
(Gomez-Zotano et al., 2015) (Fig. 2).

There are two main land use divisions in the Andalusian territory:
forest, scrub, and pastureland coverage (54.16 %) and agricultural use
(40.49 %) (Romero Romero et al., 2016). Most of the natural vegetation is
Mediterranean woodland, mainly perennial trees such as oak, pine, and
fir, and dense riverside woods and Mediterranean scrub, whereas
agriculture is traditionally based on wheat, olive, and grape farming
(Bermejo et al., 2011; Romero Romero et al., 2016). Land use evolution
during the analyzed period shows an initial period with a low number of
land cover changes (1990-2006) and especially, a decline in non-
irrigated arable crops and irrigated crops (olive trees, citrics, mainly
crops under plastic) (Bermejo et al., 2011; Milazzo et al., 2022). The
second period sees significant increases in the relative proportion of
permanent grassland (+43 %) and permanent crops (+20 %), with olive
trees predominating (2007-2011). Following this, there is another period
of practically no change (2012-2018) (Milazzo et al., 2022). Vigorous
intensively irrigated agriculture, with crops under plastic and in
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Fig. 1. Relief map of Andalusia. .
Source: Prepared by authors from the Spanish National Geographic Institute

greenhouses and fruit tree farming, represented 17.8 % of total agricul-
tural uses in the first decade of the 21st century (Bermejo et al., 2011).
However, this proportion has increased progressively, as it has
throughout the Spanish Mediterranean (Hernandez, 2019).

2.2. Data sources

The State and Autonomous authorities’ concern for soil erosion is
demonstrated by their development of a National Inventory of Soil
Erosion that provides cartography and provincial-scale analysis (https
://www.miteco.gob.es/es/biodiversidad/servicios/banco-datos-natural
eza/informacion-disponible/inventario_nacional_erosion.aspx), and a
National Action Plan to Combat Desertification that helps identify fac-
tors that contribute to desertification, actions to combat same, and ac-
tions to mitigate the effect of drought (https://www.miteco.gob.es/e
s/biodiversidad/temas/desertificacion-restauracion/lucha-contra-la-de
sertificacion/lch_pand.aspx).

Given this concern, the Junta de Andalucia’s (regional government)
Department of the Environment applied the RUSLE model to monitor
annual soil erosion evolution and its incidence rate in the territory from
1996 to 2020. Its estimates and the calculated R-Factor values are freely
available to researchers and citizens via the REDIAM geoportal ([Data-
set], Junta de Andalucia, 2020).

Since its formulation, the Universal Soil Loss Equation (USLE,
Wischmeier and Smith, 1978) and its subsequent revisions (Revised
Universal Soil Loss Equation RUSLE, Renard, 1997) have been some of
the most popular methods for estimating potential soil erosion. USLE/
RUSLE estimates possible sediment remobilization according to a fixed
and variable parameter set. Table 1 shows the RUSLE model and the
various factors included in the calculation. The formulation involves
factors such as annual soil loss (A); erosivity (R); erodibility (K); slope
length (L) and steepness angle (S); vegetation cover (C), and efficacy of
erosion control achieved through soil conservation measures (P). The
administration constructs raster images of estimated soil erosion for the
entire Andalusian territory and makes them available to the research
community and private users through the REDIAM Geoportal. The

quality and temporal continuity of the maps make this a very interesting
and useful series and are indicative of the enormous amount of work that
the Andalusian Environmental Agency has invested. Specifically, these
are 1:200.000 scale (75 m grid cell resolution) images of mean monthly
and annual mean values expressed in t-ha l.yr 1.

The RUSLE model rainfall erosivity (R-Factor) results are given as
raster images with quantitative information on the gross mean annual
results in MJ-mm-ha *-h~L.yr~!. The Junta de Andalucia classifies the
results with eight intervals (Table 2).

Rainfall erosivity is calculated as the product of rainfall kinetic en-
ergy and maximum intensity during 30 consecutive minutes. The
autonomous administration followed the methodology detailed in Junta
de Andalucia, 2014 to prepare these maps. Rainfall data are taken from
the State Meteorology Agency’s Automatic Weather Station Network
and the Secondary Station Network and are based on storm data divided
into 10-minute intervals. To extrapolate results based on regular cal-
culations for each of the automatic stations, the administration used the
IDW (Inverse Distance Weighted) method for the spatialization of rain
erosivity results producing a raster format map of the R-Factor with
monthly and annual mean values.

Other variables that can be very relevant in the RUSLE calculation
are the C-Factor and P-Factor, although the public administration does
not publish these calculations independently. C-Factor has been calcu-
lated with a specific value assigned to each identified land use in the
successive use and vegetation cover maps. A large proportion of the
values can be observed in a study that addressed their evolution in two
hydrographic basins (Barral Munoz et al., 2020). In other respects, the
scant application in this region of the conservation practices stated by
Wischmeier and Smith (1978) (e.g., contoured and strip cropping are
not common and there are few examples of crop terraces and forestry
repopulation) has led the administration to disregard P-Factor values.

2.3. Regression line slope calculation

The linear regression statistical technique calculation was applied
pixel-by-pixel to the entire Andalusian territory to identify the spatial
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Fig. 2. Classification of Andalusian climates by district (Gomez-Zotano et al., 2015).

Table 1

RUSLE model specifications used by the Andalusian Department of the Environment

38°0'0"N

37°0'0"N

36°0'0"N

A = R-K-L-S-C-PA Annual soil loss in Tm/ha/year
R Rainfall erosivity
K Soil erodibility measured in the field
L Estimated length of slope in experimental plots

C Soil protected by ground cover based on land use maps (MUCVA-SIOSE)

S Slope steepness angle in experimental plots

P Erosion control effectiveness due to soil conservation measures based on land use maps (MUCVA-SIOSE).

Source: Junta de Andalucia, 2014a.

distribution of the positive or negative trend of the estimated annual
mean soil erosion values and the annual mean rainfall erosivity values
for the 25 years.

The following formula was used:

P = [N-Exy-Zx-Zyl/[N-Tx*2x%].

in which P = linear regression statistical technique; N = number of
values, elements, or, in this case, number of years to be analyzed; x =
yearly values, with the first analyzed year assigned a value of 0 with
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Table 2
Rainfall erosivity intervals (Junta de Andalucia, 2014a).

Defined levels MJ-mm-ha~Lh lyr!
1. Extremely low 10-250

2. Very low >250-500

3. Low >500-750

4. Moderately low >750-1000

5. Moderate >1000-1500

6. Moderately high >1500-2000

7. High >2000-3000

8. Very high >3000-5000

9. Extremely high >5000

subsequent yearly increments of 1. These represent the values of the
analyzed variable, in this case, erosion or erosivity. In this formula, both
N and x are constants that depend on the number of analyzed years.

A Geographic Information System was needed to calculate P of the
values of each of the pixels (y). The ArcGIS Pro Model Builder tool was
used for calculations with raster images (Fig. 3).

Although this method obtained information for the entire territory,
16 points were selected from the regression line slope to show the
estimated erosion value, annual rainfall erosivity variability, and the
trend graphically. Random locations were chosen between the values of
maximum trend increase (>5-112 MJ-mm-ha—*-h~1.yr%; points 3, 10,
and 12), moderate increase (>0-5 MJ -mm-ha’1~h’1~yr’1; points 6, 11,

e

Raster
Caloulator (10)

Calculator (11) Caloulator (12)

Calculator (1)
“%1990.tif%" *0

®®

Raster
Caloulator (13)
"%2005.4if%" 9 | “%2008.tif%" 10 "%2007.tif%" *11 "%2008.tif%" * 12 ,"%2009.tif%" =13 "%2010.6f%" *14 “R2011.6f% 15

/7 (9)
(25 * "%sumxy.TIF%") - (325 *
"%sumy.tifie")

Raster

Calculator (5)
Calculator (4) /
3) - Calculator (30)
Float("%Numerator.tifi") / 38025
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and 16), moderate decrease (>-30-0 MJ~mm~ha’1-h’1-yr’1; points 5, 8,
9, 13, and 15) and steep decrease (<-30-112 MJ-mm-ha~t-h~L.yr~1;
points 9, 11, 12, 13, and 16) (see Fig. 5A below).

2.4. Calculation of mean values of discrete units

Mean R-Factor and estimated soil erosion means were calculated for
the Andalusian Autonomous Community’s climatic units and hydro-
graphic subwatersheds.

The Gomez-Zotano et al. (2015) district-scale classification of cli-
mates in Andalusia (Fig. 2) was chosen. Vector cartography prepared
from the Junta de Andalucia Department of the Environment’s
(REDIAM) Topographic Map 1:100.000 (Fig. 4) was used for
subwatersheds.

ArcGIS Pro Zonal Statistics as Table by Spatial Analyst Tools was used
to obtain the mean values of the climates and hydrographic sub-
watersheds. The calculation used was the mean value of the pixel set that
coincided spatially with each of the considered polygons.

3. Results

3.1. Estimated soil erosion and rainfall erosivity values in Andalusia
(1996-2020)

The first result that can be highlighted is that the majority of the

P>

Raster
Caloulator (14) ~ Caloulator (15) ~ Caloulator (16)
Raster

*—  Caloulator (17)
%2012.1if%" * 16

Fig. 3. Model builder diagram to calculate the regression line slope for a variable of 25 successive years with ArcGIS Pro.
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Fig. 4. Map of subwatersheds in Andalusia. G. is the Guadalquivir River Source: REDIAM Geoportal.

Andalusian region presents low and medium estimated erosion values
for the analyzed 25 years (0-12 and > 12-50 tha~l.yr~!) (Fig. 5A).
These values can also be stated to have shown a tendency to remain
stable or decrease. Eleven percent of the Andalusian surface area stands
out for a reduction in estimated erosion of between —1180 and —1
t-ha~l.yr~! per year (Fig. 5B). These results can be explained by agri-
cultural intensification in areas with less pronounced slopes, which re-
sults in less erosion, at the same time as the abandonment of less
productive agriculture in mountainous areas, which contributes to scrub
and woodland vegetation recovery and, consequently, improves soil
retention. This natural revegetation process can explain why the areas in
the region with the steepest slopes (Baetic Systems and Sierra Morena
Mountains) and high or very high estimated erosion values 8.26 %
surface > 50 t-ha~l.yr™1), (—1183 to —5 t-ha *-yr~! per year), coincide
with the most marked downward trends in the entire Autonomous
Community. Examples of this are locations 1, 5, and 16 in the Sierra
Morena and 4 and 7 in the Baetic Systems (Fig. 6). However, the area
distribution of the highest estimated erosion trend increases coincides
with the areas of the highest mean values, although these are very
localized sectors that represent only 1.65 % of the territory that would
be affected by estimated annual erosion increments of > 1-344
t~ha’1~yr’1. For example, this is the case of location 10 (Fig. 6).

Mean rainfall erosivity distribution (R-Factor) in the entire Andalu-
sian territory shows that most of the surface area is affected by moder-
ately low to very low values (132-1000 MJ-mm-ha *h~lyr~!, 70.43
%). Despite being slightly lower than the values established for Anda-
lusia by other studies (>1000 MJ~mm-ha’14h’l-yr’1) (Diodato and
Bosco, 2014), these values are similar to the mean levels for Spain as a
whole (928.5 MJ -mm-ha_l-h_l-yr_l) and for the Mediterranean area of
the EU (1050.6 MJ~mm~ha71~h’1~yr’1) (Panagos et al., 2015b; Panagos
et al., 2015a). The area that presents high to extremely high results
(3.38 % surface with > 2000-4693 MJ~mm~ha’1~h’1-yr’1) is small and

located in the Grazalema and De Nieves mountains and their extension
toward the southern coast and the Aracena mountains in the far west of
the Sierra Morena mountains (Fig. 5C). Despite being small, these
mountainous areas in the far south of Andalusia are extremely important
as they present both high rainfall and high erosivity density (ED —
rainfall erosivity per mm of precipitation) (Panagos et al., 2015b; Pan-
agos et al., 2015a). The highest rainfall erosivity results are above the
established mean for the Mediterranean climate zone, where values
below 2000 M\J~mm~ha’1-h’l-yr’1 are detected (Panagos et al., 2017).

The rainfall erosivity trend over the 25 analyzed years is slightly
decreasing (>-30-0 MJ-mm-ha*-h~L.yr~! in 89.77 %) (Fig. 5D, Fig. 7)
and similar to that described in the Italian Piedmont (Acquaotta et al.,
2019). However, numerous isolated enclaves show a significant rise
(>1-112 MJ-mm-ha~1-h~L.yr~! in 8.12 % of the territory). One example
of this upward trend is the far southeast of the Autonomous Community
(locations 11 and 12), where the dry-semiarid Mediterranean climate
experiences little, but highly concentrated torrential rainfall (Gomez-
Zotano et al., 2015).

3.2. Rainfall erosivity values by climate distribution

Forecasts of the effect that climate change will have, or is already
having, on Mediterranean climates, with a net reduction in rainfall,
greater interannual variability, and an increased frequency of extreme
events (Giorni and Lionello, 2008; Lionello and Scarascia, 2018), make
it especially important to know the mean values and observed rainfall
erosivity trend over 25 years, not only for Andalusia generally, but also
individually for each of the region’s district-level climatic subunits
(Fig. 8).

Mean rainfall erosivity values are only high (>2000-3000
MJ-mm-ha’l-h’l-yr’l) in the oceanic (wet) Mediterranean climate of
the western Ronda mountains. This climatic unit presents the
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Fig.

pluviometric maximums in Andalusia, i.e., mean values approaching
2000 mm-yr*. Moderately high rainfall erosivity values (>1500-2000
MJ-mm-ha~th~Lyr™1) are distributed through the subhumid-humid
Mediterranean maritime-influenced climate of the Straits of Gibraltar
and in the semi-oceanic Mediterranean climate of the eastern Ronda
mountains. These climates are clearly influenced by oceanic air masses
from the W and also east winds, with mean rainfall of between
700-1500 mm-yr~! recorded in the coastward area and 600-1200
mm~yr’1 in the mountainward area (Gomez-Zotano et al., 2015).

The linear regression statistical technique by climatic unit only de-
tects positive values in the semiarid-arid Mediterranean climate of the
coast in the far southeast (>1-5 MJ -rnm-ha’1~h’1-yr’1) and in sporadic
sectors in other subunits. Significantly, the ongoing increase in intense
rainfall events represented by rainfall erosivity has occurred in a climate
where rainfall is characteristically torrential and mean values are below
350 mm-yr‘l.

3.3. Estimated soil erosion and rainfall erosivity values by hydrographic
subwatershed

Considering the mean values and estimated soil erosion trend by
subwatershed is a very effective method to guide environmental
agencies in taking actions to correct soil loss trends and to complement
morphometric parameter analysis methods (Vulevic et al., 2015; Ameri
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6. Examples of annual mean erosion behavior and its trend line during the 25 analyzed years.

et al., 2018). In this case, over 10 subwatersheds have been highlighted
where the mean erosion values for the analyzed 25-year period exceed
50t-ha~t-yr~l. To these must be added the Guadalete and Vélez sub-
watersheds, which present mean annual values above 100t-ha t.yr—!
(Fig. 9A). All these basins are aligned with the Penibaetic and Subbaetic
mountains, as are the maximum soil erosion values.

Most of the Mediterranean basins show a tendency toward stability.
It is even possible to find decreasing trends in some of the Subbaetic
coastal basins (Fig. 9B). Only 11 basins show an upward estimated
erosion value trend of as much as 1 t-ha~l-yr™! every year in their ter-
ritories and only the Guadalete subwatershed shows higher increases
than this (>1-3.7 tha~l.yr ! every yr).

Regarding mean rainfall erosivity by subwatershed, the highest
values are all found in subwatersheds in the western half of the region,
on both the Atlantic and the Mediterranean seaboards (Fig. 9C). Medium
high to very high rainfall erosivity results (>2000
MJ-mm-ha’l-h’l-yr’l) are found in the Guadalete River headwaters
subwatersheds and the Guadiaro and Guadarranque-Palmones river
subwatersheds. Moderately high values (>1500-2000
MJ-mm-ha™'-h~L.yr~1) are also detected in the Odiel-Chanza river
headwaters subwatersheds in the Sierra Morena mountains.

The linear regression statistical technique results for rainfall
erosivity by subwatershed highlight 8 subwatersheds with a steep up-
ward trend (>5-65 MJ-mm-ha~1-h~L.yr ! every yr) and another 12 with
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lower mean increases (>1-5 MJommoha_l~h_1'yr'1every yr) (Fig. 9D).
This upward trend in rainfall with a significant erosive capacity in hy-
drographic basins allows the administration to focus its preventive ac-
tions on the areas where they are most needed.

The subwatersheds with high mean estimated erosion values but
medium and low rainfall erosivity values (Fig. 9A-C) are in territories
where agricultural uses predominate (Guadalquivir Valley). Despite the
studied 25-year trend evidencing more symmetrical results in both
variables’ increase trend in several hydrographic basins (Fig. 9B-D), it is
the basins such as the Odiel and the Guadiamar and the intensively
farmed marshlands (Zorrilla-Miras et al., 2014; Fernandez-Nogueira &
Corbelle-Rico, 2018) that explain positive soil erosion trends that do not
correspond to rainfall erosivity behavior (Barral Munoz et al., 2020).

4. Discussion
4.1. Procedure strengths and limitations

The data that underpin this work were taken from a notable project
developed by the Andalusian Autonomous Community’s environment
department. Numerous prior research studies in a wide range of
scientific fields have used the cartographic and statistical information
produced by administrations and institutions and made available in
open access databases (e.g., Meneses et al., 2017; Adhikari and Hansen,
2018; Gariano et al., 2018). The role of some institutions that actively
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. Examples of annual mean rainfall erosivity behavior and corresponding trend lines for the 25 analyzed years.

participate in generating knowledge subsequently recognized by the
scientific community needs to be highlighted. These include the UK
Landscape Institute (LI, https://www.landscapeinstitute.org/), which is
independent of the administration, and the European Soil Data Centre
(ESDAC, https://esdac.jrc.ec.europa.eu/), a research center under
the authority of the European Commission. Land use maps such as
CORINE Land Cover (CLC, https://land.copernicus.eu/en/products/
corine-land-cover), which is the responsibility of the European Envi-
ronmental Agency and prepared by the National Reference Centre for
Land Use in each of the member States, is one of the most outstanding
examples of resources that administrations periodically offer society
and, therefore, also scientists, who exploit them to their full potential
(e.g., Freire et al., 2009; Poggi et al., 2019). In Spain, the National
Geographic Institute (IGN, https://www.ign.es/web/ign/portal/inicio)
is a significant information source for both basic recognition of
the territory (orthophotos, lidar data, etc.) and for preparing periodic
statistics and thematic cartography (land use maps, Seismic
information, etc.). Lastly, since it was set up, the Junta de Andalucia’s
Environment Department has generated a large quantity of statistical
and cartographic information and made it available to the public
through the REDIAM geoportal (https://www.juntadeandalucia.es/
medioambiente/portal/acceso-rediam). This information includes the
Statistics on Soil Loss by Erosion in Andalusia project, as soil erosion is
considered a relevant problem in the region and, consequently, for the
environment department. According to information provided alongside




M.A. Barral Mufioz

Catena 249 (2025) 108606

9°0'0"W 8°0'0"W 7°0'0"W 6°0'0"W 5°0'0"W 4°0'0"W 3°0'0"W 2°0'0"W
A AT
g
MEAN RAINFALL 2
EROSIVITY
MJ*mm / ha*h*yr
1] 236-250 >
I ] >250-500 £
| >500 - 750 £
| ] >750-1000
'] >1000 - 1500
'] >1500 - 2000
B >2000 - 3000 km | g
9°0'0"W 8°0'0"W 7°0'0"W 6°0'0"W 5°0'0"W 4°0'0"W 3°0'0"W 2°0'0"W ;
B
%
RAINFALL EROSIVITY 5
REGRESSION LINE
SLOPE
MJ*mm / ha*h*yr
every year £
[ -115--30 2
[ ]>30-0 ;
>0 - 1
-5
517 g

Fig. 8. A. Mean rainfall erosivity by climatic unit. B. Mean rainfall erosivity regression line slope by climatic unit.

the data (Junta de Andalucia, 2014a, b), RUSLE is calculated yearly for
the entire Andalusian territory and offers mean monthly and annual data
on soil erosion and rainfall erosivity. The explanation of the methodol-
ogy states that once the data have been fed into the Statistical Man-
agement System (GESTA), the associated Services carry out an initial
validation. The program also has automatic quality control filters. So, it
is the institution itself that validates the data considered in this analysis.
Nevertheless, as the institution itself acknowledges, it is important to
consider that the data offered by these types of models are not exact but
estimated or approximated, whereby the obtained values should be
regarded as indicative or illustrative, only. This is in line with recent
reviews that recommend that erosion modeling results should be
considered more indicative of the best hypotheses than predictive
models (Borrelli et al., 2021), and even more so given how complex it is
to validate (R)USLE-type erosion models applied to extensive territories
(Alewell et al., 2019).

10

Notwithstanding, it is worth highlighting that the main limitation of
using these initial data is the impossibility of intervening in the design of
the methodology used to construct the RUSLE equation. In addition, the
administration itself warns that estimated soil erosion should be calcu-
lated at the regional scale and that the quality of its data goes down
when analyzed at the local scale. The administration continued to
neglect P-Factor values to maintain the methodological consistency of
the series begun in 1996, despite methods subsequently being developed
that can calculate it at the regional scale (Panagos et al., 2015b; Panagos
et al., 2015a), as well as other studies that recognize soil conservation
practices in the southern half of the Iberian Peninsula at a detailed scale
(Fernandez et al., 2018; Barrena-Gonzalez et al., 2020).

The continuity of the data, calculated without interruption since
1996, is noteworthy and indicative of the environmental agency’s
ongoing interest in the need to gather in-depth knowledge about the soil
erosion issue since it was set up, given that in the last quarter of the 21st
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Fig. 9. Mean data by subwatershed. A. Mean estimated soil erosion. B. Estimated soil erosion regression line slope. C. Mean rainfall erosivity. D. Rainfall erosivity
regression line slope.

11



M.A. Barral Mufioz

century a significant increase was observed in the territory (Gomez-
Zotano et al., 2015).

Although it was introduced several decades ago, the RUSLE meth-
odology used by the Andalusian Environmental Agency to calculate
rainfall erosivity (Junta de Andalucia, 2014b) is a standardized method
that continues to be used in the present day (Li et al., 2022; Huang et al.,
2021). Panagos et al. (2017) referred to intervals of under 30 min to
measure maximum intensity rainfall as high temporal resolution,
although recent research highlights that the longer the time period
considered, the more the results are underestimated. The same studies
concluded that rainfall data with a fixed time interval of under 10 min
was required for precise rainfall erosivity estimation (Picarreta et al.,
2024). The analyzed data collected by the Junta de Andalucia’s auto-
matic weather stations, which the Junta de Andalucia itself analyzed,
are for 10-minute intervals, so it cannot be stated that the data have been
underestimated excessively.

Rainfall erosivity and soil erosion spatiotemporal trends have been
analyzed using regional environmental agency data and have produced
very relevant results for researchers and agency managers. One example
of this is the formulation of the Soil Protection Strategy approved by the
European Union in 2021, which lays down a period of up to 2050 to
achieve healthy soil and urges member States to identify areas in their
territories at risk of desertification or soil contamination and specify the
procedures required to achieve their sustainability (COM/2021/699
final). Research in the framework of the EU Soil Observatory (European
Commission) has published Europe-wide (Panagos et al., 2015b; Pan-
agos et al., 2015a) and global-scale results (Panagos et al., 2017) with
the primary goal of establishing action lines to combat this major
environmental problem.

4.2. Analysis of spatiotemporal trends

The linear regression statistical technique is habitually used to
analyze time series applied, for example, to climate data (Kato et al.,
2020; Panagos et al., 2017; Nwagbara and Ibe, 2015; Katra et al., 2006).
Therefore, its use for time variables with different spatial footprints
should also be relevant for detecting differentiated trends in parameters
in different areas of the same territory. However, some other statistical
techniques such as the Contextual Mann-Kendall (CMK) test (Kendall,
1975; Mann, 1945) are known to have been applied to temporal data
trend analysis. The main benefit of CMK is that when it is applied to
raster images, it considers the trend for only one pixel and the eight
neighboring pixels. The trend is considered more valid if the 9 pixels
present similar trends as random noise is eliminated (Gutiérrez 2022).
The discrete nature of the information on the parameters in the RUSLE
model calculation leads us to consider the presence of atypical trends, as
might be caused by a specific combination of factors that could be highly
relevant for the analysis.

The trend toward a decrease in the mean estimated soil erosion
values identified in most of the Andalusian territory during the
1996-2020 period and more marked in the large mountain alignments,
has also been described in mountain areas in the north of Spain
(Zabaleta et al., 2013) and other Mediterranean areas such as the Island
of Crete in Greece (Nerantzaki et al., 2015). The abandonment of
farming and its replacement with forestry and natural vegetation cover
have been purported to be responsible for stable erosion in the south of
Spain (Milazzo et al., 2022). The decrease in the soil erosion values in
abandoned agricultural areas, where the vegetation cover has recovered
to a certain degree, has even been detected in areas with very intense
rainfall (Han et al., 2020). In these mountainous areas, the value of slope
steepness is observed to be very relevant for the result in the RUSLE
mean erosion calculation, where it greatly exceeds the value of C-Factor
(Meliho et al., 2020; Milazzo et al., 2022) and the R-Factor (Barral
Munoz et al., 2020). However, it must be pointed out that these are the
key factors in the trend analysis, as they are the only attributes that
present temporal variability.
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Subwatershed-scale analysis has highlighted 10 with mean estimated
erosion results above 50 tha l.yr™!, and a further two with values
above 100 t-ha~l.yr~!. These are the subwatersheds that merit special
attention from a regional administration seeking to mitigate any
possible adverse effects. Spatiotemporal analysis of these parameters is
considered to complement other analyses similarly applied to delimiting
especially erodible subwatersheds (Vulevic et al., 2015; Ameri et al.,
2018). A wide range of soil protection methods are available for use by
the pertinent administrations and their application to different terri-
tories has been widely presented and compared (Al-Rahbi et al., 2020;
Ricci et al., 2020; Du et al., 2022).

In regions with recurring wildfires such as the Mediterranean, it is
especially relevant to recognize areas with a high growth trend in
rainfall erosivity as the combination of these two events results in an
enormous increase in soil erosion (Moran-Ordonez et al., 2020). All this
is exacerbated by the more frequent and more intense extreme rainfall
events observed in the Mediterranean in the current context of climate
change (Giorgi and Lionello, 2008; Jacob et al., 2014).

The relevance of intense rainfall events as the main trigger of erosion
in this western Mediterranean region (Gonzalez-Hidalgo et al., 2007)
makes it more interesting to ascertain the rainfall erosivity trend during
the analyzed period. In this regard, it is paradoxical that some areas exist
where the very low mean erosivity data (131-250MJ-mm ha'h~! yr 1)
are masking sporadic instances of the highest value (>3000MJ-mm ha
h~! yr1). One example of this is the far southeastern part of the region
with its semiarid-arid Mediterranean climate. Recent studies have
associated both the increase in torrential rain events and the fall in mean
precipitation in the SE of the peninsular as a result of Climate Change
(Gonzalez-Herrero and Bech, 2017; Camarasa-Belmonte et al., 2020).

5. Conclusions

The present work analyzes the spatiotemporal evolution of estimated
soil erosion and annual mean rainfall erosivity in the Andalusian region
of Spain during the 1996-2020 period. For this, the regression line slope
time trend of both variables has been calculated with ArcGIS Pro GIS
tools.

Analysis of R-Factor mean values and time trend and the RUSLE
equation result for this 25-year period has shown major differences in
findings but with an interpretation that is complementary.

Most of the region is affected by low and medium estimated erosion
values (91.74 % of the territory between 0 and 50 t-ha l-yr™1) and a
large proportion by low to very low rainfall erosivity values (70.43 % of
the territory between 132 and 1000 MJ-mm-ha*-h~1.yr!). The highest
values for both parameters are limited to the mountain areas of the
Baetic and Sierra Morena mountain chains. It can be highlighted that
3.38 % of the region is affected by high to extremely high rainfall
erosivity values (>2000-4693 MJ~mm~ha’1-h’1~yr’1). Mean rainfall
erosivity values (>2000-3000 MJ-mm-ha'-h~1.yr~!) by climatic sub-
unit are only high in the oceanic (wet) Mediterranean climate of the
western Ronda mountains, a climatic unit that also presents the plu-
viometric maximums for Andalusia with mean values approaching 2000
mm~yr’1.

The general estimated erosion trend is clearly downward, with
92.64 % of the territory with slopes between 0 and —344 t-ha lyr—!
every year. Notwithstanding, the mountain enclaves stand out as having
a regression line slope above 0 and as high as + 5 t t-hal.yr ™! during
this 25-year period (7 % of the region, 6131.79 ha). The observed
rainfall erosivity time trend only simultaneously presents mean high
values and a rising trend in the far western part of the Baetic mountains.
In the remainder of the Andalusian territory, significant increases in this
variable are found where the mean values are medium or low. The most
conspicuous case is the far southeast of the region, where extreme
maximum rainfall erosivity and minimum mean estimated erosion
values coincide.

When rainfall erosivity values are considered by climatic subunit,
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high mean results are only observed in the oceanic (wet) Mediterranean
climate of the western Ronda mountains (>2000-3000
MJ-mm-ha ' h~lyr~1), where a progressively downward trend is also
observed (—115 — 130 MJ-mm-ha~*h1.yr™1). However, apart from
sporadic sectors in other subunits, positive trends are limited to the
semiarid-arid Mediterranean climate of the coast in the far southeast
(>1-5 MJ~mm~ha’l~h’l-yr’1).

Analysis of the mean distribution of both parameters by sub-
watershed is useful for environmental agencies needing to take correc-
tive measures to combat the erosion problem to interpret the results. The
coincidence of mean estimated erosion values and increase trends dur-
ing the analyzed period is especially useful for guiding actions in the
Guadalete, Guadalhorce, and Verde subwatersheds.

Also, in the previously mentioned semiarid-arid Mediterranean
subunit climate of the far southeastern coast, the Campo de Nijar sub-
watershed and the Aguas subwatershed, especially, present low esti-
mated erosion and low rainfall erosivity values despite exhibiting
upward trends for both parameters over the analyzed 25 years. This
behavior is an example of climate evolution toward more torrential
rainfall in a climatic unit characterized, precisely, by very infrequent but
very concentrated rainfall. The upward rainfall erosivity trend in over
10 % of the region’s surface area is, in itself, an indication of a phase of
more torrential rainfall, which was predicted to be one of the outcomes
of Climate Change.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

We gratefully acknowledge the support of the Project Socio-
territorial Innovation for the Energy Transition in the Iberian Penin-
sula Reference - STEP, «Generacién de Conocimiento» Convocatoria
2021, reference PID2021-1239400B-100 funded by MICIU/AEl/
10.13039/501100011033 and by ERDF/EU; and for “Feder a way of
making Europe” and European Union’s Horizon 2020 Research and Inno-
vation Programme under Marie Sktodowska-Curie grant agreement No.
778039.

Data availability
Data will be made available on request.

References

Acquaotta, F., Baronetti, A., Bentivenga, M., Fratianni, S., Piccarreta, M., 2019.
Estimation of rainfall erosivity in Piedmont (Northwestern Italy) by using 10-minute
fixed-interval rainfall data. Idojaras 123 (1), 1-18. https://doi.org/10.28974/
idojaras.2019.1.1.

Adhikari, A., Hansen, A.J., 2018. Land use change and habitat framentation of wildland
ecosystems of the North Central United States. Landsc. Urban Plan. 177, 196-216.
https://doi.org/10.1016/j.landurbplan.2018.04.014.

Alewell, C., Borrelli, P., Meusburger, K., Panagos, P., 2019. Using the USLE: Chances,
challenges and limitations of soil erosion modelling. Int. Soil Water Conserv. Res. 7,
203-225. https://doi.org/10.1016/j.iswcr.2019.05.004.

Al-Rahbi, A.K.H., Abushammala, M.F.M., Qazi, W.A., 2020. Application of the analytic
hierarchy process for management of soil erosion in Oman. Int. J. Anal. Hierarchy
Process 12 (1), 1936-6744. https://doi.org/10.13033/ijahp.v12i1.683.

Ameri, A.A., Pourghasemi, H.R., Cerda, A., 2018. Erodibility prioritization of sub-
watersheds using morphometric parameters analysis and its mapping: a comparison
among TOPSIS, VIKOR, SAW and CF multi-criteria decision making models. Sci.
Total Environ. 613-614, 1385-1400. https://doi.org/10.1016/j.
scitotenv.2017.09.210.

Andualem, T.G., Hewa, G.A., Myers, B.R., Peters, S., Boland, J., 2023. Erosion and
sediment transport modeling: a systematic review. Land 12, 1396. https://doi.org/
10.3390/1and12071396.

Arnhold, S., Lindner, S., Lee, B., Martin, E., Kettering, J., Nguyen, T.T., 2014.
Conventional and organic farming: soil erosion and conservation potential for row

13

Catena 249 (2025) 108606

crop cultivation. Geoderma 219-220, 89-105. https://doi.org/10.1016/j.
geoderma.2013.12.023.

Barral Munioz, M.A., Prados Velasco, M.J., Hurtado Rodriguez, C., 2020. Evolucién de la
erosion estimada (USLE) y procesos de Naturbanizacion en el entorno de los Parques
Nacionales de Donana y Sierra Nevada (Espana). Cuad. Geogr. 59 (1), 196-223.
https://doi.org/10.30827/cuadgeo.v59i1.8752.

Barrena-Gonzalez, J., Rodrigo-Comino, J., Gyasi-Agyei, Y.l., Pulido Fernandez, M.,
Cerda, A., 2020. Applying the RUSLE and ISUM in the Tierra de Barros Vineyards
(Extremadura, Spain). Land 9, 93. https://doi.org/10.3390/1and9030093.

Bermejo, D, Caceres, F. & Moreira, J.M. (Dir.), 2011. Medio siglo de cambios en la
evolucién de usos del suelo en Andalucia 1956-2007. Junta de Andalucia.

Borrelli, P., Robinson, D.A., Fleischer, L.R., Lugato, E., Ballabio, C., Alewell, C.,
Meusburger, K., Modugno, S., Schiitt, B., Ferro, V., Bagarello, V., Oost, K.V.,
Montaranella, L. & Panagos, P., 2013. An assessment of the global impact of 21st
century land use change on soil erosion Nat. commun. 8. doi: 10.1038/541467-017-
02142-7.

Borrelli, P., Panagos, P., Maerker, M., Modugno, S., Schuett, B., 2017. Assessment of the
impacts of clear-cutting on soil loss by water erosion in Italian forests: first
comprehensive monitoring and modelling approach. Catena 149, 770-781. https://
doi.org/10.1016/j.catena.2016.02.017.

Borrelli, P., Alewel, Ch., Alvarez, P., Ayach Anache, J.A., Baarman, J., Ballabio, C.,
Bezak, N., Biddoccu, M., Cerda, A., Chalise, D., Chen, S., Chen, W., De Girolamo, A.
M., Desta Gessesse, G., Deumlich, D., Diodato, N., Efthimiou, N., Erpul, G., Fiener, P.,
Frepazz, M., Gentile, F., Gericke, A., Haregeweyn, N., Hu, B., Jeanneau, A.,

Kaffas, K., Kiani-Harchegani, M., Lizaga Villuendas, 1., Li, Ch., Lombardo, L., Lopez-
Vicente, M., Lucas-Borja, M.E., Marker, M., Matthews, F., Miao, C., Mikos, M.,
Modugno, S., Méller, M., Naipal, V., Nearing, M., Owusu, S., Panday, D., Patault, E.,
Patriche, C.V., Poggio, L., Portes, R., Quijano, L., Reza Rahdari, M., Renima, M.,
Ricci, G.F., Rodrigo-Comino, J., Saia, S., Nazari Samani, A., Schillaci, C., Syrris, V.,
Kim, H.S., Spinola, D.N., Tarso Oliveira, P., Teng, H., Thapa, R., Vantas, K.,
Vieira, D., Yang, J.E,, Yin, S., Zema, D.A., 2021. Soil erosion modelling: A global
review and statistical analysis. Sci. Total Environ. 780, 146494. https://doi.org/
10.1016/j.scitotenv.2021.146494.

Borrelli, P.; Robinson, D.A.; Panagos, P.; Lugato, E.; Yang, J.E.; Alewell, Ch.; Wuepper,
D.; Montanarella, L. & Ballabio, C., 2020. Land use and climate change impacts on
global soil eosion by water (2015-2070). PNAS 117(36), 21994-22001 www.pnas.
org/cgi/doi/10.1073/pnas.2001403117.

Camarasa-Belmonte, A.M., Rubio, M., Salas, J., 2020. Rainfall events and climate change
in Mediterranean environments: an alarming shift from resource to risk in Eastern
Spain. Natural Hazards 103, 423-445. https://doi.org/10.1007/511069-020-03994-
X.

Cerdan, O., Govers, G., Le Bissonnais, Y., Van Oost, K., Poesen, J., Saby, N., Gobin, A.,
Vacca, A., Quinton, J., Auerswald, K., Klik, A., Kwaad, F.J.P.M., Raclot, D., Ionita, L.,
Rejman, J., Rousseva, S., Muxart, T., Roxo, M.J., Dostal, T., 2010. Rates and spatial
variations of soil erosion in Europe: a study based on erosion plot data.
Geomorphology 122, 167-177. https://doi.org/10.1016/j.geomorph.2010.06.011.

Changxing, S., Yuanyuan, Z., Xiaoli, F., Wenwei, S., 2012. A study on the annual runoff
change and its relationship with water and soil conservation practices and climate
change in the middle Yellow River basin. Catena 100, 31-41. https://doi.org/
10.1016/j.catena.2012.08.007.

Chuenchum, P., Xu, M., Tang, W., 2020. Predicted trends of soil erosion and sediment
yield from future land use and climate change scenarios in the Lancang-Mecong
River by using the modified RUSLE model. Int. Soil Water Conserv. Res. 8, 213-227.
https://doi.org/10.1016/j.iswcr.2020.06.006.

COM/2021/699 final. EU Soil Strategy for 2030 Reaping the benefits of healthy soils for
people, food, nature and climate. https://eur-lex.europa.eu/legal-content/EN/TXT/
?uri=CELEX:52021DC0699.

Conforti, M. & Buttafuoco, G., 2017. Assessing space-time variations of denudation
processes and related soil loss from 1955 to 2016 in southern Italy (Calabria region).
Environ. Earth Sci. 76, 457. doi: 10.1007/5s12665-017-6786-3.

Cunha, E.R. da; Santos, A.G.; Silva, R.M. da; Panachuki, E.; Oliveira, P.T.S. de; Oliveira,
N. de S. & Falcao, K. dos S., 2022. Assessment of current and future land use/cover
changes in soil erosion in the Rio da Prata basin (Brazil). Sci. Total Environ. 818,
151811. doi: 10.1016/j.catena.2018.08.035.

de Andalucia, J., 2020. Datos de erosién de suelos y Factor R para Andalucia. Geoportal
REDIAM. https://portalrediam.cica.es/descargas?path=%2F.

Junta de Andalucia, 2014a. Proyecto técnico de la actividad Estadistica de pérdidas de
suelo por erosién en Andalucia: https://www.juntadeandalucia.es/medioambiente/
portal/documents/20151/408688/EstadisticaDePerdidasDeSueloPorErosion.pdf/
b4al4ad0-e2e4-5455-3efe-439f155f1e87?t=1334151510000.

Junta de Andalucia, 2014b. Célculo y espacializacion de la erosividad de la lluvia en
Andalucia. https://www.juntadeandalucia.es/medioambiente/documentos_
tecnicos/hydre/5.4.2.pdf.

Diodato, N., Bosco, C., 2014. Spatial pattern probabilities exceeding critical threshold of
annual mean storm-erosivity in Euro-Mediterranean areas. In: Diodato, N.,
Bellocchi, G. (Eds.), Storminess and Environmental Change: Climate Forcing and
Responses in the Mediterranean Region. Springer, Dordrecht, pp. 79-99. https://doi.
org/10.1007/978-94-007-7948-8_6.

Du, X., Jian, J., Du, C., Stewart, R.D., 2022. Conservation management decreases surface
runoff and soil erosion. ISWCR. 10, 188-196. https://doi.org/10.1016/].
iswer.2021.08.001.

Eekhout, J.P.C., Vente, J.D., 2022. Global impact of climate change on soil erosion and
potential for adaptation through soil conservation. Earth-Science Reviews 226,
103921. https://doi.org/10.1016/j.earscirev.2022.103921.

Fenta, A.A., Tsunekawa, A., Haregeweyn, N., Tsubo, M., Yasuda, H., Shimizu, K.,
Kawali, T., Ebabu, K., Berihun, M.L., Sultan, D., Belay, A.S., 2020. Cropland



M.A. Barral Mufioz

expansion outweighs the monetary effect of declining natural vegetation on
ecosystem services in sub-Saharan Africa. Ecosyst. Serv. 45, 101154. https://doi.
org/10.1016/j.ecoser.2020.101154.

Fernandez, P., Delgado, E., Lopez-Alonso, M., Poyatos, J.M., 2018. GIS environmental
information analysis of the Darro River basin as the key for the management and
hydrological forest restoration. Sci. Total Environ. 613-614, 1154-1164. https://
doi.org/10.1016/j.scitotenv.2017.09.190.

Fernandez-Nogueira, D., Corbelle-Rico, E., 2018. Land use changes in Iberian Peninsula
1990-2012. Land 7, 99. https://doi.org/10.3390/1and7030099.

Fisher, R., Bessell-Browne, P., Jones, R., 2019. Synergistic and antagonistic impacts of
suspended sediments and thermal stress on corals. Nat. Commun. 10 (1), 2346 dec.
doi: 10.1038/541467-019-10288-9.

Freire, S., Santos, T., Tenedodrio, A., 2009. Recent urbanization and land use/land cover
change in Portugal. The influence of coastline and coastal urban centers. J. Coast.
Res. 56, 1499-1503. https://www.jstor.org/stable/25738039.

Garcia-Ruiz, J.M., Nadal-Romero, E., Lana-Renault, N., Begueria, S., 2013. Erosion in
Mediterranean landscapes: Changes and future challenges. Geomorphology 198,
20-36. https://doi.org/10.1016/j.geomorph.2013.05.023.

Gariano, S.L., Petrucci, O., Rianna, G., Santini, M., Guzzetti, F., 2018. Impacts of past and
future land changes on landslides in southern Italy. Reg. Environ. Change 18,
437-449. https://doi.org/10.1007/s10113-017-1210-9.

Gessesse, B., Bewket, W., Brauning, A., 2015. Model-based characterization and
monitoring of runoff and soil erosion in response to land use/land cover changes in
the Modjo Watershed. Ethiopia. Land Degrad. Develop. 26, 711-724. https://doi.
org/10.1002/1dr.2276.

Giorgi, F., Lionello, P., 2008. Climate change projections for the Mediterranean region.
Glob. Planet. Change 63, 90-104. https://doi.org/10.1016/j.gloplacha.2007.09.005.

Gomez-Zotano, J., Alcantara-Manzanares, J., Olmedo-Cobo, J.A., Martinez-Ibarra, E.,
2015. La sistematizacion del clima mediterraneo: identificacion, clasificacion y
caracterizacion climatica de Andalucia (Espana). Rev. De Geogr. Norte Gd. 61,
161-180. https://doi.org/10.4067,/50718-34022015000200009.

Gonzalez-Herrero, S., Bech, J., 2017. Extreme point rainfall temporal scaling: a long term
(1805-2014) regional and seasonal analysis in Spain. Int J Climatol 37 (15),
5068-5079. https://doi.org/10.1002/joc.5144.

Gonzélez-Hidalgo, J.C., Penia-Monné, J.L., de Luis, M., 2007. A review of daily soil
erosion in Western Mediterranean areas. Catena 71, 193-199. https://doi.org/
10.1016/j.catena.2007.03.005.

Guo, L., Lui, R., Men, C., Wang, Q., Miao, Y., Shoraib, M., Wang, Y., Jiao, L., Zhang, Y.,
2021. Multiscale spatiotemporal characteristics of landscape patterns, hotspots, and
influencing factors for soil erosion. Sci. Total Environ. 779, 146474. https://doi.org/
10.1016/j.scitotenv.2021.146474.

Gutiérrez, O., 2022. Recent NDVI trends in Andalusia (southern Spain): the limits of
vegetation greening. Bol. Asoc. Geogr. Esp. 94. https://doi.org/10.21138/
bage.3246.

Han, J., Ge, W., Hei, Z., Cong, Ch., Ma, C., Xie, M., Liu, B., Feng, W., Wang, F., Jiao, J.,
2020. Agricultural land use and management weaken the soil erosion induced by
extreme rainstorms. Agr. Ecosys. Environ. 301, 107047. https://doi.org/10.1016/j.
agee.2020.107047.

Hernandez, M & Morote, A.F., 2019. Evolucion de los sistemas agrarios mediterraneos
intensivos: usos del agua y de la tierra (2000-2016). En: A. Garrido y A. Pérez-Pastor
(coords) El regadio en el Mediterraneo espanol. Cajamar. https://
publicacionescajamar.es/publicacionescajamar/public/pdf/series-tematicas/
informes-coyuntura-monografias/regadiosmediterrweb.pdf.

Huang, Y, Li, P., An, Q., Mao, Zhai, W., Yu, K. & He, Y., 2021. Long-term land use/cover
changes reduce soil erosion in an ionic rare-earth mineral area of southern China.
Land Degrad. Dev. 1-14. doi: 10.1002/1dr.3890.

Irvem, A., Topaloglu, F., Uygur, V., 2007. Estimating spatial distribution of soil loss over
Seyhan River Basin in Turkey. J. Hydrol. 336, 30-37. https://doi.org/10.1016/j.
jhydrol.2006.12.009.

Jacob, D., Petersen, J., Eggert, B., Alias, A., Christensen, O.B., Bouwer, L.M., Braun, A.,
Colette, A., Déqué, M., Georgievski, G., Georgopoulou, E., Gobiet, A., Menut, L.,
Nikulin, G., Haensler, A., Hempelmann, N., Jones, C., Keuler, K., Kovats, S.,
Kroner, N., Kotlarski, S., Kriegsmann, A., Martin, E., Meijgaard, E.V., Moseley, C.,
Pfeifer, S., Preuschmann, S., Radermarcher, C., Radtke, K., Rechid, D.,

Rounsevell, M., Samuelsson, P., Somot, S., Soussana, J.-F., Teichmann, C.,
Valentini, R., Vautard, R., Weber, B., You, P., 2014. EURO-CORDEX: new high-
resolution climate change projections for European impact research. Reg. Environ.
Change 14, 563-578. https://doi.org/10.1007/s10113-013-0499-2.

Jiangbo, G., Huan, W., 2019. Temporal analysis on quantitative attribution of karst soil
erosion: A case study of a peak-cluster depression basin in Southwest China. Catena
172, 369-377. https://doi.org/10.1016/j.catena.2018.08.035.

Kato, S., Rutan, D.A., Rose, F.G., Caldwell, T.E., Ham, S.-H., Radkevich, A., Thorsen, T.J.,
Viudez-Mora, A., Fillmore, D., Huang, X., 2020. Uncertainly in satellite-derived
surface irradiances and challenges in producing surface radiation budget climate
data record. Remote Sens. 12, 1950. https://doi.org/10.3390/rs12121950.

Katra, I., Blumberg, D.G., Lavee, H., Sarah, P., 2006. A method for estimating the spatial
distribution of soil moisture of arid microenvironments by close range thermal
infrared imaging. International J. Remote Sens. 27 (12), 2599-2611. https://doi.
org/10.1080/01431160500522684.

Kendall, M.G., 1975. Rank Correlation Methods, 4th Edition. Charles Griffin, London.

Kottek, M., Grieser, J., Beck, C., Rudolf, B., Rubel, F., 2006. World Map of the K6ppen-
Geiger climate classification updated. Meteorol. z. 15, 259-263. https://doi.org/
10.1127/0941-2948/2006,/0130.

Latocha, A., Szymanowski, M., Jeziorska, J., Stec, M., Roszczewska, M., 2016. Effects of
land abandonment and climate change on soil erosion. An example from

14

Catena 249 (2025) 108606

depopulated agricultural lands in the Sudetes Mts. SW Poland. Catena 145, 128-141.
https://doi.org/10.1016/j.catena.2016.05.027.

Li, Y., He, Y., Zhang, Y., Jia, L., 2022. Spatiotemporal evolutionary analysis of rainfall
erosivity during 1901-2017 in Beijing. China. Environ. Sci. Pollut. Res. 29,
2510-2522. https://doi.org/10.1007/511356-021-15639-y.

Li, L., Dy, S., Wu, L., Liu, G., 2009. An overview of soil loss tolerance. Catena 78, 93-99.
https://nam11.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdoi.org%
2F10.1016%2Fj.catena.2009.03.007 &data=05%7C02%7Cn.tallassery%40elsevier.
com%?7Cf113315f9c5e46aa7ffe08dd1dbf80b4%7C9274ee3f94254109a27f9fb15¢
10675d%7C0%7C0%7C638699431279871588%7CUnknown%7 CTWFpbGZsb3d8e
yJFbXB0eU1hcGkiOnRydWUslIlYiOilwLjAuMDAwWMCIsIIAiOiJXaW4zMilsIkFOljo
iTWFpbCIsIldUIjoyfQ%3D%3D%7C80000%7C%7 C%7 C&sdata=I2tBkMCyo
4NC2aWZkChZ3ZZlckeAXcUffqjMjZ9P6Vs%3D&reserved=0.

Lionello, P., Scarascia, L., 2018. The relation between climate change in the
Mediterranean region and global warming. Reg. Environ. Change 181, 1481-1493.
https://doi.org/10.1007/s10113-018-1290-1.

Litschert, s.E., Theobald, D.M. & Brown, T.C., 2014. Effects of climate change and
wildfire on soil loss in the Southern Rockies Ecoregion. Catena 118, 206-219. doi:
10.1016/j.catena.2014.01.007.

Mann, H.B., 1945. Non-parametric tests against trend. Econometrica 13, 163-171.

Martinez-Casasnovas, J.A., Ramos, M.C., Benites, G., 2016. Soil and water assessment
tool soil loss simulation at the sub-basin scale in the alt penedes-anoia vineyard
region (ne spain) in the 2000s, Land Degrad. Dev. 27, 160-170. https://doi.org/
10.1002/1dr.2240.

Meliho, M., Khattabi, A., Mhammdi, N., 2020. Spatial assessment of soil erosion risk by
integrating remote sensing and GIS techniques: a case of Thensift watershed in
Morocco. Environ. Earth Sci. 79, 207. https://doi.org/10.1007/512665-020-08955-
y.

Meneses, B.M., Reis, E., Pereira, S., Vale, M.J., Reis, R., 2017. Understanding driving
forces and implications associated with the land use and land cover changes in
Portugal. Sustainability 9, 351. https://doi.org/10.3390/5u9030351.

Milazzo, F., Fernandez, P., Pefia, A., Vanwalleghem, T., 2022. The resilience of soil
erosion rates under historical land use change in agroecosystems of Southern Spain.
Sci. Total Environ. 822, 153672. https://doi.org/10.1016/j.scitotenv.2022.153672.

Montanarella, L., Pennock, D.J., McKenzie, N., Badraoui, M., Chude, V., Baptista, 1.,
Mamo, T., Yemefack, M., Singh Aulakh, M., Yagi, K., Young Hong, S., Vijarnsorn, P.,
Zhang, G.-L., Arrouays, D., Black, H., Krasilnikov, P., Sobockd, J., Alegre, J.,
Henriquez, C.R., de Lourdes Mendonga-Santos, M., Taboada, M., Espinosa-
Victoria, D., AlShankiti, A., AlaviPanah, S.K., Elsheikh, E.A.E.M., Hempel, J., Camps
Arbestain, M., Nachtergaele, F., Vargas, R., 2016. World’s soils are under threat. Soil
2, 79-82. https://doi.org/10.5194/50il-2-79-2016.

Moran-Ordénez, A., Duane, A., Gil-Tena, A., De Céceres, M., Aquilué, N., Guerra, C.A.,
Geijzendorffer, I.R., Fortin, M.J., Brotons, L., 2020. Future impact of climate
extremes in the Mediterranean: Soil erosion projections when fire and extreme
raingall meet. Land Degrad. Dev. 2020, 1-15. https://doi.org/10.1002/1dr.3694.

Nerantzaki, S.D., Giannakis, G.V., Efstathiou, D., Nikolaidis, N.P., Sibetheros, L.A.,
Karatzas, G.P., Zacharias, I., 2015. Modeling suspended sediment transport and
assessing the impacts of climate change in a karstic Mediterranean watershed. Sci.
Total Environ. 538, 288-297. https://doi.org/10.1016/j.scitotenv.2015.07.092.

Nwagbara, M.O., Ibe, O.K., 2015. Climate change and soil conditions in the tropical
rainforest of Southeastern Nigeria. J. Geog. Earth Sci. 3 (1), 99-106. https://doi.org/
10.15640/jges.v3nla6.

Ouyang, W., Skidmore, A.K., Hao, F.H., Wang, T.J., 2010. Soil erosion dynamics response
to landscape pattern. Sci. Total Environ. 408 (6), 1358-1366. https://doi.org/
10.1016/j.scitotenv.2009.10.062.

Pal, S.C., Chakrabortty, R., Roy, P., Chowdhuri, I., Das, B., Saha, A., Shit, M., 2021.
Changing climate and land use of 21st century influences soil erosion in India.
Gondwana Research 94, 164-185. https://doi.org/10.1016/j.gr.2021.02.021.

Panagos, P., Borrelli, P., Poesen, J., Ballabio, C., Lugato, E., Meusburger, K.,
Montanarella, L., Alewell, C., 2015b. The new assessment of soil loss by water
erosion in Europe. Environ.sci. Policy 54, 438-447. https://doi.org/10.1016/j.
envsci.2015.08.012.

Panagos, P., Borrelli, P., Meusburger, K., Yu, B., Klik, A., Lim, K.J., Yang, J.E., Ni, J.,
Miao, C., Chattopadhyay, N., Sadeghi, S.H., Hazbavi, Z., Zabihi, M., Larionov, G.A.,
Krasnov, S.F., Gorobets, A.V., Levi, Y., Erpul, G., Birkel, C., Hoyos, N., Naipal, V.,
Oliveira, P.T.S., Bonilla, C.A., Meddi, M., Nel, W., Dashti, H.A., Boni, M., Diodato, N.,
Oost, K.V., Nearing, M., Ballabio, C., 2017. Global rainfall erosivity assessment based
on high-temporal resolution rainfall records. Sci. Rep. 7, 4175. https://doi.org/
10.1038/541598-017-04282-8.

Panagos, P.; Borrelli, P.; Meusburger, K.; Zanden, E.H. Van der; Poesen, J. & Alewell, Ch.
2015. Modelling the effect of support practices (P-factor) on the reduction of soil
erosion by water at European scale. Environ.Sci. & Policy 51, 23-34. doi: 10.1016/j.
envsci.2015.03.012.

Picarreta, M., Lazzari, M., Bentivenga, M., 2024. The influence in rainfall erosivity
calculation by using different temporal resolution in Mediterranean area. Sci. Total
Environ. 906, 167411. https://doi.org/10.1016/j.scitotenv.2023.167411.

Pita Lopez, M.F., 2003. El clima de Andalucia. En A. Lopez Ontiveros (coord.) Geografia
de Andalucia. 137-173. Ariel Geografia.

Poggi, F., Firmino, A., Amado, M., 2019. Planning renewable energy in rural areas:
Impacts on occupation and land use. Energy 155, 630-640. https://doi.org/
10.1016/j.energy.2018.05.009.

Renard, K. G., 1997. Predicting soil erosion by water: a guide to conservation planning
with the Revised Universal Soil Loss Equation (RUSLE). United States Government
Printing.

Ricci, G.F., Jeaong, J., De Girolamo, A.M., Gentile, F., 2020. Effectiveness and feasibility
of different management practices to reduce soil erosion in an agricultural



M.A. Barral Mufioz

watershed. Land Use Policy 90, 104306. https://doi.org/10.1016/j.
landusepol.2019.104306.

Rickson, R.J., 2014. Can control of soil erosion mitigate water pollution by sediments?
Sci. Total Environ. 468-469, 1187-1197. https://doi.org/10.1016/j.
scitotenv.2013.05.057.

Romero Romero, D., Romero Morato, A., Guerrero Alvarez, J.J., de Azcarate, G.,
Fernandez, F., Caceres Clavero, F., Moreira Madueno, J.M., 2016. Analisis
comparativo entre la distribucién de usos del suelo y su accesibilidad visual.
GeoFocus 20, 63-85. https://doi.org/10.21138/GF.516.

Shiono, T., Ogawa, S., Miyamoto, T., Kameyama, K., 2013. Expected impacts of climate
change on rainfall erosivity of farmlands in Japan. Ecol. Eng. 61P, 678-689. https://
doi.org/10.1016/j.ecoleng.2013.03.002.

Tong, Si-Son, Pham, Thi-Lan, Nguyen, Quoc Long, Le, Thi Thu Ha, Trinh, Le Hung,
Cao, Xuan Cuong, Ahmad, Adeel, Tong, Thi-Huyen-Ai, 2020. The Study Of Land
Cover Change Using Change Vector Approach Integrated With Unsupervised
Classification Method: A Case In Duy Tien (Vietnam). Geography, Environment,
Sustainability 13 (2), 175-184. https://doi.org/10.24057/2071-9388-2019-62.

Van Oost, K., Govers, G., Desmet, P., 2000. Evaluating the effects of changes in landscape
structure on soil erosion by water and tillage. Landsc. Ecol. 15, 577-589. https://doi.
org/10.1023/A:1008198215674.

Vulevic, T., Dragovic, N., Kostadinov, S., Belanovic-Simic, S., Milovanovic, I., 2015.
Prioritization of soil erosion vulnerable areas using Multi-Criteria Analysis Methods.
Pol. J. Environ. Stud. 24 (1), 317-323. https://doi.org/10.15244/pjoes/28962.

Wischmeier, W.H., & Smith, D.D., 1978. Predicting rainfall erosion losses: a guide to
conservation planning. USDA Handbook 537. Department of Agriculture,

15

Catena 249 (2025) 108606

Washington D.C, U.S. Recovered from https://naldc.nal.usda.gov/ download/
CAT79706928/PDF.

Yao, X.L., Yu, J.S., Jiang, H., Sun, W.C., Li, Z.J., 2016. Roles of soil erodibility, rainfall
erosivity and land use in affecting soil erosion at the basin scale. Agric. Water
Manag. 174, 82-92. https://doi.org/10.1016/j.agwat.2016.04.001.

Yuansheng, H., Peng, L., Qiang, A., Feijian, M., Wuchen, Z., Kaifeng, Y., Yiliang, H.,
2020. Long-term land use/cover changes reduce soil erosion in an ionic rare-earth
mineral area of southern China. Land Degradation and Development 32 (14),
4042-4055. https://doi.org/10.1002/1dr.3890.

Yun-hao, C., Xiao-bing, L., Feng, X.F., 2001. NDVI changes in China between 1989 and
1999 using change vector analysis based on time series data. J. Geog. Series 11,
383-392. https://doi.org/10.1007/BF02837965.

Zabaleta, A., Meaurio, M., Ruiz, E., Antigiiedad, I., 2013. Simulation climate change
impact on runoff and sediment yield in a small watershed in the Basque country,
northern Spain. J. Environ. Qual. 43, 235. https://doi.org/10.2134/jeq2012.0209.

Zeng, Ch., Wang, S., Bai, X., Li, Y., Tian, Y., Li, Y., Wu, L., Luo, G., 2017. Soil erosion
evolution and spatial correlation analysis in a typical karst geomorfphology using
RUSLE with GIS. Solid Earth 8, 721-736. https://doi.org/10.5194/se-8-721-2017.

Zheng, D., Heath, L.S., Ducey, M.J., 2008. Satellite detection of land-use change and
effects on regional forest aboveground biomass estimates. Environ Monit Assess 144,
67-79. https://doi.org/10.1007/s10661-007-9946-1.

Zorrilla-Miras, P., Palomo, 1., Gémez-Baggethun, E., Martin-Lopez, B., Lomas, P.L.,
Montes, C., 2014. Effects of land-use change on wetlands ecosystems services: A case
study in the Donana marshes (SW Spain). Landscape and Urban Planning 122,
160-174. https://doi.org/10.1016/j.landurbplan.2013.09.013.



