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The assessment of soil erosion rate, especially in agricultural lands, represents a fundamental tool for land management planning

in the long-term period. In this study, the SWAT model was utilized to simulate soil erosion within a semi-arid watershed in

South Portugal. The model was successfully calibrated and validated using real data of streamflow and river sediment transport

in four hydrometric stations. Soil erosion susceptibility maps (historical and future) were realized to highlight the evolution

of the phenomenon through time. The historical period was confirmed to be the worst one in terms of average soil erosion

for each land use, followed by the Representative Concentration Pathways (RCPs) 8.5 and 4.5 scenarios. The main differences

in soil loss among the two RCPs will be influenced by the slightly increasing trend of extreme events which will characterize

the RCP 8.5, leading to a higher maximum value of soil erosion. Results highlighted the tendency to erosion of Leptosols and

of the agro-forestry system (“montado”), which influenced the soil erosion susceptibility distribution of the whole basin. The

study confirmed that Leptosols are the most subject to sediment loss due to their intrinsic characteristics, and that “montado”

and farmed systems will negatively influence soil erosion rate if anti-erosion actions will not be adopted, stressing the need to
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ABSTRACT

The assessment of soil erosion rate, especially in agricultural lands, represents a fundamental tool for land
management planning in the long-term period. In this study, the SWAT model was utilized to simulate
soil erosion within a semi-arid watershed in South Portugal. The model was successfully calibrated and
validated using real data of streamflow and river sediment transport in four hydrometric stations. Soil
erosion susceptibility maps (historical and future) were realized to highlight the evolution of the phenomenon
through time. The historical period was confirmed to be the worst one in terms of average soil erosion for
each land use, followed by the Representative Concentration Pathways (RCPs) 8.5 and 4.5 scenarios. The
main differences in soil loss among the two RCPs will be influenced by the slightly increasing trend of
extreme events which will characterize the RCP 8.5, leading to a higher maximum value of soil erosion.
Results highlighted the tendency to erosion of Leptosols and of the agro-forestry system (“montado”), which
influenced the soil erosion susceptibility distribution of the whole basin. The study confirmed that Leptosols
are the most subject to sediment loss due to their intrinsic characteristics, and that “montado” and farmed
systems will negatively influence soil erosion rate if anti-erosion actions will not be adopted, stressing the
need to identify all aspects responsible for land degradation in Mediterranean watersheds.

Keywords: SWAT, soil erosion, South Portugal, Climate Change, hydrological model.

INTRODUCTION

Soil erosion (SE) is one of the major environmental issues in arid and semi-arid regions, especially in agri-
cultural lands, identified as the areas with the highest average rate of soil losses around the world (Panagos
et al., 2015a). SE represents the main cause of land degradation and desertification, with consequent loss
of ecosystems services (Adhikari and Hartemink, 2016; Grilli et al., 2021; Zhao et al., 2013). The rate of
SE is generally controlled by numerous factors and processes like wind, water inputs and balance, plant
cover, geomorphology, soil type and anthropogenic activities (Arabameri et al., 2018; Bhattacharya et al.,
2020). On a global scale, rainfall frequency and duration are the most important drivers of the observed
and modeled SE rates (Borrelli et al., 2020; Burt et al., 2016). Especially in the last century, SE rates
have strongly increased, leading to a world average soil loss rate of about 10.2 t/ha/year, which is expected
to increase of 14% by the end of the twenty-first century (Yang et al., 2003), with climate change (CC)
having a significant role in determining the severity of SE increase (IPCC, 2014). The Mediterranean region
has been identified as one of the most vulnerable zones for SE, representing a CC ‘hot-spot’, due to the
magnitude of the expected increase in temperature and anomalies in rainfall patterns (Giorgi, 2006; Giorgi
and Lioniello, 2008; Zittis et al., 2019), such as higher frequency of extreme events, increased intensity of
storms, extended drought periods, and higher risk of fire events (Moriondo et al., 2006; Busico et al., 2019).
Additionally, the Mediterranean region is also characterized by centuries of anthropic disturbance, mainly
related to agricultural and silvopastoral activities which might contribute to a substantial increase of SE
rates (Raclot et al., 2016).
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. A robust quantitative SE assessment is a fundamental requirement for land management planning and policies
aimed at stopping and reversing land degradation. Among the available tools, the empirical Universal Soil
Loss Equation (USLE) (Wischmeier and Smith, 1978) and its revised version (RUSLE) (Renard et al., 1997)
have been widely applied to determine the mean annual SE rates at regional and local scales (Mancino et al.,
2016; Benavidez et al., 2018; Maltsev and Yermolaev, 2020). Panagos et al. (2015b) estimated the whole set
of USLE parameters for Europe, significantly improving the potential applicability of this model. Despite
their wide applicability, both methodologies still limit our ability to simulate soil deposition and to determine
the location of sediment sources (Alewell et al., 2019). To overcome these drawbacks, a variety of river basin
scale models were developed to simulate SE mechanisms and dynamics, such as the Water Erosion Prediction
Model (WEPP) (Laflen et al., 1997), the Limburg Soil Erosion Model (LISEM) (De Roo et al., 1996), the
European Soil Erosion Model (EUROSEM) (Morgan et al., 1998), and the Soil and Water Assessment Tool
(SWAT) (Arnold et al., 1998; 2012) proposed by the United States Department of Agriculture (USDA).
Among these, SWAT is one of the most appropriate models for assessing hydrological responses (water,
sediment, and nutrient loss) to land use and CC in watersheds with different land covers, soil types, and
management conditions (Bhatta et al., 2019; Busico et al., 2021, 2020; Golmohammadi et al., 2017; Tasdighi
et al., 2018). In the last years, SWAT applicability was greatly increased thanks to the possibility of using
a growing number of available global and regional datasets, making SWAT utilization much easier than
before (Abbaspour et al., 2019). The proposed study is part of the European LIFE project “Desert-Adapt”
(http://www.desert-adapt.it/index.php/it/ ) aimed at identifying appropriate land management strategies to
reduced land degradation and desertification risk in semi-arid Mediterranean regions of Portugal, Spain, and
Italy.

The goal of the present study is to evaluate if and how CC will affect SE rate within the Guadiana sub-
basin, an arid area of Portugal (Alentejo) where four sites of the LIFE project are located (Fig. 1), assuming
no change in land use (business as usual scenario, BAU) and considering two CC projection scenarios
corresponding to different greenhouse gasses (GHGs) Representative Concentration Pathways (RCP 4.5 and
RCP 8.5; IPCC, 2014). To meet this goal the operative steps of the study were: i) to create maps of SE
susceptibility of the whole basin, ii) to assess its evolution over time (1980-2000, 2020-2040), and iii) to
identify the areas more at risk and their current land uses to support adequate land management planning.
Understanding the impact that CC will have on SE rates in the study area, and the identification of the most
critical combinations of land management and environmental conditions which require special attention by
farmers, is of paramount importance to define the most appropriate land management strategies to reduce
current SE rates.

MATERIALS AND METHODS

Study area

The study area is located in the Alentejo region (Fig.1), southeastern Portugal. The Alentejo represents
the largest region of Portugal, with a total area of about 31,500 km2 hosting 5% of the entire Portugal
population. Morphologically, the latter is an area with relatively low reliefs, where the elevation varies from
0 to 460 m above sea level (a.s.l.) (Fig. 2a). From a geological point of view, the basin mainly consists of
metamorphic schists, greywackes, and conglomerates, distinguished by skeletal low productive soils (Chambel
et al., 2007). The whole region has a typical Mediterranean – Continental climate, characterized by very hot
and dry summers (Beck et al., 2018), with the highest amount of rain distributed during the winter season
and drought periods (April-September) occurring during the year (Fig. S1). The mean annual precipitation
ranges from 400 to 600 mm in the lowland and can reach up to 900 mm in mountain areas. In general, most
of the annual rainfall is concentrated over 50-75 days (Ramos and Reis, 2001). The mean temperature is
between 15.0 °C and 17.5 °C, while the potential evapotranspiration (PET) is generally higher than 1000
mm per year, causing a high water-soil deficit. Three main soil groups characterize the watershed: Leptosols
are the most frequent, followed by Luvisols and Vertisols (Fig. 2c). The prevailing land cover (Fig. 2b) is
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. represented by annual rainfed crops (wheat and oats) followed by olive groves, cork oak (Quercus suber
L.) woodlands alone or in combination with Quercus ilex L. and in some cases with Mediterranean shrubs.
The “montado” ecosystems, representing the traditional agroforestry system of the Iberian peninsula with a
savanna-like physiognomy, is characterized by grazing animals and by an open tree canopy woodland which
can vary between 20 to 80 trees per hectare (mainly Quercus suber, Quercus ilex subsp. rotundifolia L)
coexisting with grasses and scattered shrubs (Pinto-Correia and Mascarenhas, 1999). The entire region is
presently under a high risk of desertification due to the presence of Leptosols (Fig. 2c), shallow and extremely
gravelly soils naturally susceptible to erosion (IUSS Working Group WRB, 2015), to the intensive agriculture
management and the overgrazing performed in recent decades (Roxo and Casimiro, 2004; Nùnes et al., 2008).
The geomorphological, soil, and land cover characteristics of the four farms are presented in Table S1.

Figure 1: Geographical localization of the studied sites P1-P4, delimited by colored lines in the four side
images and reported as rectangles in the central image, where the whole analyzed watershed is also shown.

Data collection

For the realization of a complete SWAT model several datasets are required as inputs data. The Digital
Elevation Model (DEM), needed for the delineation of the main watershed, river network, and sub-basin
generation, was provided by the Shuttle Radar Topography Mission (SRTM), with a cell resolution of 10
x10 m. The land cover was obtained from the Corine Land Cover database (CLC, 2018), while the soil
classification was extracted from Direcção-Geral de Agricultura e Desenvolvimento Rural (DGADR, 2013)
with a scale of 1:25,000 (12.5 x 12.5 m). The information on soil characteristics, like saturated hydraulic
conductivity (Ks), available water content (AWC), and bulk density (BD) were defined with the Harmonized
World Soil database (FAO, 2012) a vectorial geodatabase obtained from a 30” resolution map and further
refined using 3,000 soil columns from the World Soil Information Service (Batjes et al., 2017, 2020; Ribeiro
et al., 2020) and literature data (Grilli et al., 2021), while other missing soil’s parameters were obtained
from SWAT’s default dataset (Table S2). Data of streamflow and sediments load for the period 1985-1989
utilized to calibrate and validate the model were obtained from four hydrometric stations located inside the
watershed named Albernoa, Monte da Ponte, Oeiras, and Entradas (Fig. 1) (SNIRH, 2006).
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Figure 2: Physical characteristics of the analyzed watershed: a) morphology, b) land use classification
(CLC, 2018), and c) soil types (DGADR, 2013).

Climate dataset

The time-series for calibration and validation purposes, including daily precipitation and max/min tempera-
tures, were obtained from the dataset “Iberia01” (Herrera et al., 2012, 2016), which provides a dense network
of stations over the Iberian Peninsula. All the data were extracted in seven grid points located inside or in
the proximity of the analyzed basin. The high reliability of the spatial pattern of the reported variables is
discussed by Herrera et al. (2019). These climate data were utilized for calibration and validation procedures
as they overlap the simulation’s period (1985-1989) of available data for streamflow and sediment transport.

As a reliable representation of precipitation’s intensity and distribution is one of the predominant factors
affecting the simulation results of hydrological processes, the choice of a representative climate dataset for the
future scenarios is crucial to obtain accurate and reliable SE estimates. The datasets contemplated are based
on currently available Regional Climate Models (RCMs), forced by different Global Climate Models (GCMs),
which were used in the Fifth Assessment Report (AR5) of the Intergovernmental Panel on Climate Change
(IPCC). The datasets were made available by the World Climate Research Program’s CORDEX initiative
(www.euro-cordex.net). In this study, the selected climate model, here called KNMI (i.e., RACMO22E
driven by ICHEC-EC-EARTH), is in agreement with Soares et al. (2017), who assessed the performance of
EURO-CORDEX historical (HIST) simulations to represent temporal and spatial patterns of precipitation
over Portugal. Data were extracted from the RCM within 7 grid points, covering the period from 2020 to
2040.

2.3 Modelling Framework

SWAT model has the main purpose of simulating and predicting the effects of land management practices
and CC on the hydrological cycle using different timescale input/output (daily, monthly, and yearly). The
main step of the model consists in the creation of the hydrologic response units (HRUs), referring to all
those portions of a territory characterized by unique land use, morphological, and soil attributes combination
(Neitsch et al., 2000). All the model’s outputs such as runoff, evapotranspiration, aquifer recharge, sediment,
and nutrient loadings from each HRU are obtained using the input of climate, soil properties, topography,
vegetation, and land management practices and further summarized to obtain the sub-basins loading. The
outputs of runoff and sediment yield are calculated using a modified version of the curve number method
(Brakensiek et al., 1984; USDA, 2004) or the Green–Ampt infiltration method, and the Modified Universal
Soil Loss Equation (MUSLE) (Williams, 1995), respectively.
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. The SWAT model for the Guadiana river sub-basin was realized using ArcSWAT interface on ArcGIS 10.2
environment. The regime of SE for the whole watershed was evaluated with sequential steps.

First, all the physical characteristics of morphology, land cover, and soil properties were evaluated and used
as main inputs for the setup of the SWAT model and to define the HRUs spatial distribution in the whole
basin. The watershed automatic delineation tool divided the area of 37,233 km2 in 99 sub-basins further
discretized in 3000 HRUs. The HRUs were obtained intersecting five slope classes (<5, 5-10, 10-15, 15-20,
>20), seven land cover categories (Fig. 2b), and six soil groups (Fig. 2c). The CLC classification was
reclassified to match with the vegetation cover types present in the SWAT default database. Specifically,
URMD was used to describe artificial settlements, OATS and OLIV for rainfed crops and olive plantations
respectively, FRSE for rainfed forest, PINE for coniferous and mixed forest, while the “montado” system
was represented using a combination of OAK and PAST (30% and 70%, respectively) using the SWAT
code WPAS. Some parameters characterizing the typical Mediterranean vegetation were updated according
to Nùnes et al. (2008). Concerning the soils’ properties, all the information about Ks, AWC, texture, soil
organic carbon (SOC), BD, and soil albedo utilized for the simulation are resumed in Table S1.

The meteorological data are the other necessary input for a proper SWAT evaluation. For this model,
the meteorological data from “Iberia01” were used to run the model using daily data of precipitation and
temperature to estimate runoff and actual evapotranspiration (AET) via the Hargreaves formula (Aschonitis
et al., 2017). After the set-up procedure, the SWAT simulation, performed monthly, was divided into three
blocks: i) a warm-up period of four years (1980-1984), ii) a calibration procedure from 01/1985 to 06/1987,
and iii) a validation phase for the period 07/1987-12/1989 on four hydrometric stations for streamflow. For
SE only two hydrometric stations were available (Monte da Ponte and Oeiras) with scattered daily data for
the period 1984-1989. In particular, 38 daily data of SE were available, which were evenly split to perform
calibration and validation analysis. Finally, the SWAT model was forced to simulate the HIST (1980-2000)
and future period (2020-2040) using the chosen RCM (KNMI) under two different emission pathways (RCP
4.5 and 8.5).

The robustness of the methodology was investigated through an extensive calibration/validation procedure.
A preliminary “trial and error calibration” was applied along with an “auto-calibration and validation”. In
the trial and error calibration, the fitted values of some parameters, such as groundwater ”revap” coeffi-
cient (GW REVAP), deep aquifer percolation fraction (RCHGDP), soil evaporation factor (ESCO), plant
uptake compensation (EPCO), and deep aquifer percolation fraction (RCHGR DP) were manually adjus-
ted considering the results obtained from Nùnes et al. (2017) which performed a SWAT application in a
nearby watershed. The other parameters responsible for streamflow and sediment load processes utilized
for the auto-calibration were identified through an extensive literature review (Chen et al., 2019; Khelifa
et al., 2017; Serpa et al., 2015), and are reported in Table 2. The standalone software SWAT-CUP via the
Sequential Uncertainty Fitting version 2 (SUFI-2) algorithm (Abbaspour, 2015) was used for the auto cali-
bration/validation. During the calibration phase, the SUFI-2 algorithm tries a different combination of the
chosen parameters within their fixed range of variation (generally ± 25% of the initial value) and calculates
the effect on the various fitting between the observed and simulated variables.

Three well known statistical indices were utilized to evaluate the simulation’s results according to the per-
formance values suggested by Moriasi et al. (2007) (Table S3): i) the coefficient of determination (R2), ii)
the Nash-Sutcliffe efficiency (NSE), and iii) the percent of bias (PBIAS); while the P-factor and R-factor
values were investigated to account for model fit and uncertainties (Abbaspour et al., 2004).

A total of three thousand calibration runs, divided in six interactions of five hundred runs each, were per-
formed until a satisfactory calibration was obtained. The values of SE in t/ha/year were obtained for the
whole watershed. Furthermore, the values of SE for each HRU were spatialized and classified to obtain three
SE susceptibility maps as to highlight the main changes over time and to identify those areas where SE will
increase/decrease in the future. Finally, the results were analyzed to identify the mean yearly SE rate for
each land cover category identified in the watershed.
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. RESULTS

SWAT model calibration and validation

The SWAT model successfully simulated both streamflow and sediment regime of the watershed (Fig. 3
and 4). For the streamflow, the calibration results showed a very good agreement between simulated and
observed data, with high R2, NSE, and good PBIAS in all available hydrometric stations (Fig. 4). Similarly,
the statistical indices for the validation procedure were within the range of a “very good” model performance
according to the model’s performance criteria established by Moriasi et al. (2007) (Table S3). Considering
the sediment load calibration, despite using randomly distributed sediment data, simulated and observed
data showed a “very good” performance match for calibration and validation in both Monte Da Ponte (Fig.
4a) and Oeiras (Fig. 4b) stations. Regarding the streamflow simulation, the calibration/validation phases
showed more than 70% of data bracketed by the 95PPU (P-factor [?] 0.70) with R-factors ranging from 0.15
to 0.3. For sediment, both Monte da Ponte and Oeiras reached a P-factor [?] 0.6 with an R-factor of 0.32
and 0.41, respectively. These results remarked a high model performance and efficiency for both variables.

A global sensitivity analysis was implemented to identify those parameters that strongly influenced the sim-
ulated flow and soil losses within those listed in Table 1. The significance of the sensitivity test was evaluated
using the statistical index “p-value”, automatically generated through the application of SUFI-2 algorithm.
The results of the sensitivity analysis (Table 1, where the bold parameters represent the sensitive ones),
indicated that the streamflow simulation was strongly dependent from DEEP IMP, GW DELAY, RCHGR -
DP, and ALPHA BF, while SLSUBBSN, USLE K, and USCLE C were the main parameters influencing the
sediment loss simulation.

Figure 3: Calibration and validation for the streamflow simulation in the four hydrometric stations of the
watershed.
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Figure 4: Calibration and validation for the sediment load simulation in the two hydrometric stations of
the watershed.

Table 1: Parameter’s description, sensitivity analysis results, and calibrated values for the SWAT simulation.

Parameter Cal. Value Sensitivity Description

SLSUBBSN -0.083 0.01 Average slope length (m)
USLE K 0.0082 0.00 USLE equation soil erodibility (K)
USLE P 0.2 0.00 USLE equation support practice factor
LAT SED 4837.5 0.45 Sediment concentration in lateral and groundwater flow (mg/L)
CH COV1 0.6875 0.32 Channel erodibility factor
CH BED D50 5188.75 0.49 Particle size of channel bed sediment
DEEP IMP 3000 0.00 Distance to the impervious layer
GW DELAY 1 0.02 Groundwater delay time (days)
ALPHA BF 0.13 0.00 Baseflow alpha factor (days)
GW REVAP 0.2 0.03 Groundwater ”revap” coefficient
REVAP MN 1 0.20 Threshold depth of water in the shallow aquifer for ”revap” or percolation to the deep aquifer to occur (mm H2O)
RCHGR DP 0.5 0.05 Deep aquifer percolation fraction

3.2 Estimated soil erosion rates under climate scenarios

The simulated SE rates were averaged for the whole watershed over a period of 20 years providing a value of
3.3, 2.9, and 3.0 t/ha/year for the HIST, RCP 4.5, and RCP 8.5 scenarios, respectively. Maximum SE rates
were also estimated providing a value of 25.3, 23.1 and 26.1 t/ha/year for the HIST, RCP 4.5, and RCP 8.5,
respectively. The average value of SE for HIST, RCP 4.5 and RCP 8.5 in each HRU was used as a single
point estimate to obtain a spatial distribution of the SE phenomenon over the entire basin, applying the
kriging interpolation method. The spatialized data were grouped in 5 classes of SE susceptibility following
the classification proposed by Panagos et al. (2015a): very low (SE [?] 1.0 t/ha/year), low (1.0 <SE[?] 2.5
t/ha/year), medium (2.5 <SE[?] 4.0 t/ha/year), high (4.0 <SE[?] 5.5 t/ha/year), and very high (SE >
5.5 t/ha/year). The susceptibility maps of the basin are showed in Figure 6. The SE susceptibility of the
area during the reference period (HIST) shows the highest values in the central and southern parts of the
study site, while the lowest values are estimated for the eastern border of the basin and in the northern area
(Fig. 5a). In future conditions (RCP 4.5 in Fig. 5b and RCP 8.5 in Fig. 5c) the distribution of the SE
susceptibility remains similar to the one of the HIST scenario, in terms of spatial distribution of the areas
most prone to SE risk (Fig. 5a). In all cases, the portions of the basins most susceptible to SE are located in
correspondence to Leptosols (Fig. 2c). The most interesting results were observed calculating the patterns
of SE change between the future projections (RCP 4.5 and 8.5) and the HIST scenario (Fig. 6), obtained
using a spatial difference through raster calculator in GIS environment.
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Figure 5 : SE susceptibility maps for the Guadiana watershed: a) historical, b) future considering RCP
4.5, and c) future considering RCP 8.5.

The HIST-RCP 4.5 map shows a wider presence of areas characterized by an increase in absolute value of
SE (t/ha/year) compared with HIST-RCP 8.5, especially in the south-west portion of the basin. On the
other hand, HIST-RCP 8.5 map shows that under this extreme climatic scenario, there will be an increase of
hotspots with high SE rates, probably because of the concentration of extreme rainfall events, while most of
the basin will not experience big changes in SE susceptibility. Using the land cover variables as aggregation
criterion, the SE values of the HRUs were averaged to homogenize soil and slope characteristics. According
to the area characteristics, four main land covers were selected as the most representative of the basin, since
together they occupy more than 95% of the entire territory: i) oats plantation (OATS), ii) evergreen forest
(FRSE), iii) olive plantation (OLIV), and iv) the agroforestry system of “montado” (WPAS). Figure 7 shows
the 20 years average (Fig. 7a) and 20 years maximum SE in t/ha/year (Fig. 7b) for each land cover. Results
highlight that SE rate is in the order FRSE<OLIV<OATS<WPAS both for average and maximum values.
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Figure 6 : SE susceptibility maps net variation between future climate scenarios based on RCP 4.5 or RCP
8.5 and HIST with a BAU land management and cover in the studied Guadiana watershed.

Figure 7: a) Average and b) maximum SE rate for each climate scenario.

Table 2 : Average SE for each land use and SE susceptibility classification.

Average SE (t/ha/year) Average SE (t/ha/year) Average SE (t/ha/year) t/ha/year Classes

Land Cover Historical RCP 4.5 RCP 8.5 All periods <1.0 Very Low
FOREST 2.44 1.84 1.86 2.05 1.0 - 2.5 Low
OATS 3.45 3.12 3.60 3.40 2.5 - 4.0 Medium
OLIVE 2.54 1.98 2.06 2.09 4.0 - 5.5 High
MONTADO 4.42 4.12 5.19 4.53 >5.5 Very High

Table 2 clearly shows that in the projected climatic scenario RCP 4.5 all land covers will slightly decrease
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. their SE rates. Conversely, the more extreme scenario RCP 8.5 would not change the SE rates in the areas
with FRSE and OLIV but would slightly worsen the SE rates for the soils under OATS and WPAS, reaching
SE rates even higher than the ones modelled for HIST.

DISCUSSION

4.2 Projected soil erosion rates

Overall, the projected changes in SE rates with a BAU scenario under the future climatic conditions provided
an average yearly SE rate for the next 20 years in the order of 2.9 and 3.0 t/ha/year for RCPs 4.5 and 8.5,
respectively, both slightly lower than the HIST (1980-2000) average of 3.3 t/ha/year. The results agree
with the projected climate indices for the area, which depict a future scenario of lowering precipitation and
moderate extremes’ increment. HIST and future values of SE were comparable with the SE classification
proposed by Panagos et al. (2015a) for the Alentejo region, which reported SE rates from 2.0 to 5.0 t/ha/year;
but they are slightly lower than the estimated average SE rate of 1.2 t/ha/year reported by Cerdan et al.
(2010) for the whole area of Portugal. In term of soil stability and sustainability, Verheijen et al.(2009)
indicated a tolerable range of SE between 0.4 and 1.4 t/ha/year, recommended to maintain a sustainable
equilibrium between soil formation and soil loss for the European countries. Both HIST and future SE rates
estimated in our sites are higher than this proposed tolerable range but they are in agreement with the
results reported by Panagos et al. (2021) which forecasted an average SE for 2050 equal to 3.7 t/ha/year
in agricultural areas across Europe. Moreover, the concomitant occurrence of dry and wet extremes due
to CC might exacerbate the susceptibility to desertification of the entire region (Mirzabaev et al., 2019),
increasing SE, decreasing crop yields and livestock productivity, with cascading impacts on food security
and nutrition (EEA, 2019). Such SE rates represent a serious environmental issue in particular for the driest
areas of Europe, like the Alentejo, under agricultural land use. Agricultural areas used for cropping or animal
breeding are generally characterized by a significant removal of the C fixed via primary productivity and
hence have less C available to feed SOC formation processes (Soussana et al., 2010; Whitehead, 2020), respect
to natural environment. In drier conditions, primary productivity is further limited by water availability,
further reducing the possibility for significant C input to the soil (ref). In these conditions SE rates greater
than formation rates entail an irreversible loss of fertile topsoil, specifically organic carbon and nutrients,
with a consequent decrease of soil-related ecosystem services (Steinhoff-Knopp et al., 2021), impacts on the
global carbon cycle and increased GHGs emissions at watershed scale, especially in managed landscapes
(Lal, 2019; Chappell et al., 2016).

In this respect, the SE results obtained in the simulation for the whole basin showed an improving SE
trend, in particular under the most probable scenario RCP 4.5 (Table 2), with values that remained below
2 t/ha/year for FRSE and OLIV, which together cover 33% of the studied basin. However, the SE data
reported in Table 2 are the average of land units characterized by the same land cover but having different
parameters relevant for SE rate magnitude, like slope, soil type, SOC and other soil physical characteristics
(Dissanayake et al., 2019). However, to improve land management it is more effective to represent the results
in terms of SE susceptibility maps, rather than representing them as a simple average of the analysed SE for
the whole basin. The SE susceptibility maps produced for the basin could help to provide the landowners of
the four LIFE sites, not only with a clear picture of which areas would be more prone to SE, thus requiring
higher attention, but also which areas might be more susceptible to further increment of SE risk in the
future, thus needing more stable and long term management solutions. These maps showed a comparable
pattern of the susceptibility classes for the HIST and the future scenarios (RCP 4.5 and 8.5) (Fig. 5) and
clearly identified those areas which might be of major concern for land managers, but they were also used to
evidence in which areas CC produced a substantial variation of SE with a BAU scenario (Fig. 6). The latter
shows that under both future scenarios, the yearly SE average will be lower compared to the HIST scenario,
with few exceptions mainly located in the central area of the basin. Considering the RCP 4.5 scenario, 95%
of the most endangered areas are characterized by Leptosols, slope >10%, and a predominant land cover of
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. managed ecosystems (“montado” WPAS 50%, OAT 25%, OLIV 2%) and only a quarter covered by natural
ecosystems (FRSE 23%), which makes these areas particularly in need to a dedicated land management plan
to reduce SE effects. Moreover, comparing the maps of the SE difference between the HYST and the two
future scenarios (Fig. 6), a very different average SE pattern is evident, which might be very relevant for
management purposes.

According to this analysis, the magnitude of the SE rate in the studied basin changes significantly with factors
such as soil erodibility, land cover, land management, and slope (Nùnes et al., 2011). Furthermore, in our
study the SE susceptibility resulted more strongly influenced by soil and land use rather than morphology.
In fact, the concomitant presence of WPAS on Leptosols determined the highest SE susceptibility of the
whole central southern part of the basin. On one hand, Leptosols peculiarities (i.e., sandy texture, low soil’s
depth, and low SOC; Ebelhar et al., 2008), negatively impact soil erodibility determining low aggregates
size and stability and slow plant growth. On the other hand, the presence of the montado system (WAPS)
characterized by the exploitation of multiple resources (i.e., livestock, forestry, and crops) causes severe
impacts on soil, increasing SE risk despite the presence of forestry and olive plantations (Shakesby et al.,
2002). Indeed, continuous livestock trampling leads to soil compaction which reduces water infiltration with
a consequent increase of surface runoff (Choelo et al., 2004), while intensive farming leads to loss of soil
organic matter intensifying the degradation of such yet fragile soils (Nùnes et al., 2008). Continuous livestock
grazing also reduces the vegetation cover that in turn negatively affects surface runoff under different rainfall
intensity events, promoting soil loss. Schnabel et al. (2009) showed that for the grazed “dehesa” systems of
Extremadura, an environmental system similar to “montando”, a ground cover of at least 60% was necessary
to protect the soil during exceptionally high intensity storms (I-30>40 mm·h-1). Whilst, a ground cover
lower than 20% represented a threat, because soil loss occurred even in moderately intense storms. Mean
SE rates related to sheet wash events was estimated to vary between 0.12 and 1.34 t/ha/year for 60% and
20% of ground cover, respectively. These estimates, corroborated by the studies of Kosmas et al. (1997) and
Ceballos et al. (2002), clearly highlighted the key role of vegetation in land surface processes, which is why
vegetation can be considered anecosystem services provider (Guerra et al., 2016).

Finally, the low SE susceptibility across the north eastern border of the watershed match the OLIV (medium
to low SE) and FRSE (low SE) distribution, on soil formations other than Leptosols. Accordingly, forests
(FRSE) proved to exert a protective action on soil (Borrelli et al., 2017) exhibiting the lowest SE rates due
to their capacity to intercept the rainfall by the tree canopies, independently of the soil type and morphology
that characterize the area.

4.3 Soil erosion susceptibility management

The average SE rate calculated for the whole basin can be considered a relevant reference value for the
planning of future management strategies for soil and water conservation (Yassoglou and Kosmas, 2000). For
instance, Leptosols are well represented across Mediterranean coastal areas and considering that they are
often intensively farmed, the results of this study can be easily transposed to these areas. The SE susceptibility
maps can provide a significant and detailed indication for SE risk mitigation related to land use management.
Such products can help in identifying those areas which would surely need the implementation of anti-
erosion actions. Therefore, SE susceptibility maps can be an important tool for policy makers and farmers
for watershed management. This assumption has been proved in several studies across India (Bhattacharya
et al., 2020), Italy (Maruffi et al., 2022), Morocco (Markhi et al., 2018), and Ethiopia (Aga et al., 2018).
According to the obtained results, several anti-erosion actions could be employed to overcome the increasing
SE. Naturalization should be preferred to agricultural management and deforestation, especially on Leptosols,
and this would be relevant even at relatively low slope (Englund et al., 2020). Permanent crops with greening
management should be preferred to seasonal crops in areas under predominant agricultural management.
With special reference to olive farming in Mediterranean regions, SE represents the principal environmental
problem (Vanwalleghem et al., 2011), and both no-tillage soil management and cover crop development
are proposed as adaptation strategies to CC impacts (Fraga et al., 2021). Overgrazing should be carefully
avoided (Palm et al., 2014) introducing a holistic planned grazing (Savory and Butterfield, 1999) to promote
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. grassland self-regeneration. To make such an assessment effective on the long term, a projection of future
SE risk is extremely useful for the protection and management of watersheds. The present study found that,
despite both future scenarios will experience an impact in terms of increased average temperatures and a
decline in precipitation respect to the historical scenario, the predicted increase of extreme events will lead to
considerably higher SE maximum values for the RCP 8.5 scenario. Although this is a less probable scenario in
view of the new EU policies to support climate actions and sustainable development, like the Green Deal and
the Farm to Fork strategy, which complement the already existing PAC measures to support the agricultural
sector, it interestingly shows the effect of intensification of extreme events on other ecosystem processes
like SE, relevant for ecosystem sustainability, which requires a sensibilization action of land managers and
landowners on this issues for a substantial reduction of soil loss from the most fragile areas of their land.
Another relevant issue to consider is the significance of the estimated SE rates in terms of desertification and
soil degradation risk, comparing the magnitude of SE rates with soil formation rates. Considering that the
average 20 years values obtained from this study in all the time periods are higher than the desirable range of
SE, comparable with the rate of soil formation (Verheijen et al., 2009), the implementation of management
plans aimed at improving land use and promoting countermeasures to reduce SE become mandatory and
urgent.

CONCLUSIONS

In this study, the SWAT model was successfully applied to a Mediterranean watershed in south Portugal in
areas under desertification risk to evaluate the effect of the current land management (BAU) on SE rates
under present and future climatic scenarios. SE susceptibility maps allowed to appreciate the role played
by a combination of relevant factors in determining SE rate, highlighting the suitability of SWAT model
as a valid tool for simulating the impacts of climate variability on streamflow and sediment load and for
creating extremely useful tool of land management for expert and not experts of the land management sector.
Overall, our data show that future CC in the study area will create on average drier and warmer conditions
with a slight increase in extreme events which will result in a very variable spatial distribution of areas under
different SE risk, going from areas were SE will diminish compared to the actual climatic conditions and
areas where the problem will further increase. The fact that the majority of these areas is currently under
managed land cover, requires immediate attention ad adequate measures. This kind of tool might be of great
help to inform and raise awareness in farmers, animal breeders and land owner. Results also underlined that,
although the changing climate might exacerbate the conditions in the areas more at risk, in several areas of
the basin SE rates with the actual conditions are already beyond the recommended threshold to maintain a
sustainable equilibrium between soil formation and soil loss, posing serious risk of desertification in the near
future.
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