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Abstract: Soil erosion has been causing an imbalance in nature and the environment. It is mainly
caused naturally but is also due to human interventions leading to desertification and possible
contamination. Therefore, engineering, geography, and cartography have been allies in applying
erosion models to predict, address, and remediate the impacts. Therefore, the Revised Universal
Soil Loss Equation (RUSLE) and Soil and Water Assessment Tool (SWAT) linked to Geographic
Information Systems (GISs) could boost decision making as tools to mitigate issues. This study
applies the RUSLE and SWAT models from a geotechnical point of view to analyze a sub-watershed
at Idanha-a-Nova (Portugal) over 4 years, showing a predominant erosion risk class with losses
lower than 5 tha~!.year~! (60 to 86%), characterized as very low risk. The modeling permitted
the development of soils erosion susceptibility charts, in addition to material availability and the
suitability for construction areas, exposing a replicable methodology that could contribute to mini-
mizing environmental impacts while encouraging a more intelligent use of the land towards a greener

exploration.
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1. Introduction

Soil erosion by water has always occurred on the Earth’s surface, being one of the
main shaping forces of the planet’s crust. Considering that erosion is a natural process,
it can be responsible for soil impoverishment due to alluvial deposits on the banks of
water courses [1]. Particularly, geological erosion occurs without human intervention
due to multiple activities, having the capacity to restore previous balances [2]. However,
human activity can increase soil erosion due to agricultural practice, mining activities, and
deforestation [3].

Thus, water erosion represents a cost for agriculture, as it decreases the land’s produc-
tivity, impacting nutrients and organic matter. In addition, chemicals, such as fertilizers,
are used to maintain a certain productive capacity of the soil [4], although they impact
the soils” chemical composition, affecting the fauna and flora. Such impacts harm nature’s
sustainability and hinder greener measures, impacting the long-term viability of such a
model, possibly leading to desertification [5] and changes in the region’s climate. Gémez
et al. [6] and Prosdocimi et al. [7] argue that Mediterranean erosion by water is due to
the climate, mainly the long and dry summer, lowering the maintenance of vegetation
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cover whilst increasing heavy rains in the late summer and during autumn, adding erosive
potential [8].

In addition, contamination can happen, caused by sediments dragged from agricul-
tural plots, which can be present in the physical and chemical dimensions [9]. Physical
refers to the loss of soil particles from its surface layer, leading to excessive levels of tur-
bidity and ecological repercussions on aquatic ecosystems [10]. As a consequence, the
sedimentation rate increases, changing hydraulic characteristics, impacting floods, and
possibly clogging reservoirs and reducing their water storage capacity [11]. The chemi-
cal dimension mainly concerns active clays from sediments, transporting heavy metals,
pesticides, or micropollutants to the environment.

Studies have also shown that organic nitrogen and phosphorus are transported within
lime and clays [12]. Furthermore, the Portuguese National Water Plan [13] indicated that
phosphorus is the determining element in the eutrophication of reservoirs, which can lead
to an increase in tributary loads for correction of this element. Water erosion represents a
decrease in the potential for carbon sequestration, one of the most important elements in
the contribution to the greenhouse effect in the Earth’s atmosphere [14,15].

In the European Union (EU), it is estimated that 52 million hectares of soil, equivalent
to more than 16% of the total land surface, is affected by degradation processes. Outside
the EU, this percentage is around 35% according to the world map of human-induced
soil erosion [16,17]. The Food and Agriculture Organization (FAO) [18] and UE reveal
that the main cause of soil degradation is related to inadequate management, estimating
that 115 million hectares, equivalent to 12% of the European territory, are subject to water
erosion and that 45% of European soil will have too low an organic matter content, mainly
affecting southern European countries [19]. In addition, China is the first ranked country
with rural populations affected by land degradation, with around 500 million people
affected [17]. Such a high number points to the need to take effective measures to protect
soil as a natural resource [19,20].

Therefore, simulation models have contributed effectively to the mitigation of water
erosion due to their efficiency in defining soil conservation strategies [21-23]. Soil models
can simulate a temporal dimension—year, day, rainfall—and territorial dimension, such as
an agricultural parcel, slope, and watershed. These models can process data of different
natures with a varied database, allowing the studies of alternative ways to use land whilst
ensuring its sustainability [24,25]. In addition, such models support GIS application [26].
Several models are dedicated exclusively to simulating the erosion process or more compre-
hensively to the diffuse pollution process: the Annualized Agricultural Non-Point Source
(AnnAGNPS) [27], Soil and Water Assessment Tool (SWAT) [28], Chemicals, Runoff and
Erosion from Agricultural Management Systems (CREAMS) [29], Water Erosion Prediction
Project (WEPP) [30], EUROpean Soil Erosion Model (EUROSEM) [24], Erosion Produc-
tivity Impact Calculator (EPIC) [31], Universal Soil Loss Equation (USLE) [32], Revised
Universal Soil Loss Equation (RUSLE) [33], and KINematic Runoff and EROSion Model
(KINEROS2) [34].

The main objectives of this work are to apply two water erosion models, one more
simplified and universal—RUSLE—and the other more complex—SWAT—to GIS to draw
inferences about the areas with a risk of erosion in terms of temporal and spatial factors
within the studied watershed. Then, we simulate different scenarios linked to different
land occupations and climate to verify the impact on the studied sub-basin to improve its
management, which can serve as a prototype for other regions of the country. In addition,
identifying areas that are at risk of erosion within the sub-watershed and creating erosion
susceptibility charts within the study area is the final objective. The present study highlights
the importance of analysis and tool verification for increasing the decision-making capacity
to correctly plan and manage usable land.

The presented charts help identify highly susceptible areas for erosion, allowing for
targeted management measures and sustainable practices and identifying risk areas for
policymakers for zoning regulations. Furthermore, this study contributes to risk assess-
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ment and mitigation, aiming at the protection of human life and existing infrastructure.
Economically, this study supports cost-effective land management by minimizing envi-
ronmental impacts, ensuring the long-term stability and safety of construction projects
through informed site selection.

2. Materials and Methods

The studied watershed is in the municipality of Idanha-a-Nova (Figure 1), Portugal,
which is included in the Hydro-Agricultural Development of Campina da Idanha, border-
ing Spain on the east and the Tagus International Natural Park on the south. The studied
basin has an area of 189 ha, presents a third-order fluvial hierarchy (drained by a set of
28 water lines), and a drainage density of 12.2 m/ha. This study was carried out across
4 years (2009-2013), being currently monitored.

Study watershed

N

LEGEND

<> I|danha-a-Nova County
> Tagus River

100 0 100 200 Kilometers

| |— | S—
[— —

Figure 1. Location of the studied watershed.

2.1. Basin Characteristics

The geotechnical mapping was developed for the characterization of the soil and
subsoil looking to improve the management of the territory. The definition of the criteria
for land occupation and geotechnical units allows an adequate amount of civil engineering
works, mitigating disasters [35,36]. The inventory of natural resources, geological heritage,
and areas of natural risk are factors included, and the objectives of geological-geotechnical
maps are directed towards the following [37,38] purposes:

Better use of available physical space;

Environmental conservation and protection of natural resources;

Establishment of technical criteria for land use and degraded areas recovery;
Optimization of public and private resources;

Population and infrastructures maintenance through the prediction and prevention of
geological hazards;

e  Guidance of specific studies and tests for engineering projects.

The use of the patterns—units—components—evaluation (PUCE) methodology [39] was
also applied to support these objectives, defining several Earth classes. These classes are
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established by analyzing several parameters, namely, topography, nature and structure
of the material, erosion form, vegetation, and land use [40]. The hydrological station
was installed at the outlet of the watershed, consisting of a long-throated flume, with a
controlled triangular section for small water depths and triangular and trapezoidal for
larger water depths, designed and calibrated according to [41]. The ultrasonic sensor was
connected to a datalogger to measure and record water depth (Figure 2), and monitor
discharge and sediment production.

(b)
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m@ 2.50 alcul ate.z ischarge Q=5344 h24%5
g @ Flume Discharge
Z 2.00
Y
2 %‘3 1.50
' 5 1.00
a 0.50
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0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800
h=2,-2, Depth of runoff (m)
) (e)

Figure 2. General view of hydrometric and water quality station (a), ultrasonic sensor to evaluate the
flow depth (b), multiparameter probe inside of a cup where the water is delivered to evaluation its
quality (c), schematic of the runoff depth evaluation by using a flume and an ultrasonic sensor (d),
and discharge curve of the flume (calculated, blue line; exponential adjustment, red line) (e).

2.2. Hydrogeological and Geomorphological Characterization

Figure 3 exposes the general topography of the basin with the water separation lines.
The elevations vary between 248 m, in the extreme NE, in a plateau area, and 212 m in
the reference section of the basin. The most representative slopes vary between 0 and 4%,
fitting in a slightly waved area with some greater slopes.

Many of the soil characteristics of this hydrographic basin were determined by geo-
logical phenomena that are related to the deposition of coarse elements at higher altitudes
from the tributary channels of Tagus River. These soils have a very high percentage of
coarse elements, they occupy a large part of the higher altitude areas of the basin, and, due
to their pedogenesis, they are Cambisols [18]. In areas where this deposition phenomenon
was very accentuated, or where there was later accentuated transport of coarse elements,
the predominant pedogenetic process is not deposition, but alteration and transport within
the soil profile. These processes are related to the other significant part of soil in the basin,
the Luvisols [18].



Land 2024, 13, 1613

50f 17

LEGEND
&>  Wateshed limits
12, 2 Natural drainage network
DEM-1m

LEGEND
Wateshed limits

Cambisols

Luvisols (loamy)

Fluvisols (hyromorphic)
Fluvisols (non hydromorphic)
Luvisols (light texture)

060=0

o

500 1000 Meters

(a) (b)

Figure 3. Topography and natural drainage network (a), and soil classes of the study watershed (FAO
nomenclature) (b).

The pedological reality of the basin is dominated by Cambisols, which correspond
mainly to plateau deposits of the tributary water lines of the Tagus River with very hetero-
geneous profiles, and Luvisols located at lower altitudes. There is another category that has
little representation in the basin, the Fluvisols, presented on the banks of watercourses to
varying extents. The climate of the area is typically continental Mediterranean, averaging
an annual rainfall of 624 mm, and daily temperatures that vary between 8.3 °C in January
and 24.5 °C in August [42], typical for countryside areas. The climate of the area is also
marked by a strong randomness of the climatic parameters.

According to the Koéppen climate classification, the thermopluviometric characteristics
correspond to those of the Csa climate type [43]. The data informed us that the average
annual rainfall was 584 mm (data series 1981-2010), with a dry and hot period during the
summer, and daily temperature fluctuating between 7.3 °C in January and 25.8 °C in July,
with a thermal amplitude typical of countryside areas.

The basin presents, in terms of its use, three quite distinct zones: a zone of nonagri-
cultural use (holm oaks and cork oaks scattered with herbaceous and shrub vegetation),
a zone of intensive agricultural use (irrigated corn), and a zone with smaller fields with
miscellaneous crops use (meadow, sorghum, oat). Shown in Figure 4 is the land uses
verified in the 4 years of this study.

s

, Legend

B Oats
Oaks and Cork
Reservoir
Construction
Com
Pasture
Fallow

I —
05025 0 0.5km
(a) (b) (c) (d)

Figure 4. Land use in the study basin in the 1st (a), 2nd (b), 3rd (c), and 4th (d) years.
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Regarding the regional geological framework, the studied area is part of the Hesperic
Massif, which constitutes the Pre-Cambrian/Paleozoic basement of the Iberian Peninsula,
corresponding to an ancient and relatively rigid continental crust, definitively consolidated
at the end of the Paleozoic. In the heart of the Hesperic Massif, the area is in the southwest-
ern edge of the Central Iberian Zone, which occupies the central and western part of the
Peninsula [44]. This area is formed, mostly, by sediments of the “flysh” Schist-Grauvach
Complex called the Beiras Group. This complex is made up of granitoid rocks of great
textural and mineralogical variety and veins of different nature [45].

With regard to geological and geomorphological characterization, there are some
studies worth mentioning. The authors of [46] carried out extensive work on Ordovician
materials from Beira Baixa; the authors of [47-52] developed a vast amount of work on
both geomorphology and the Cenozoic materials of Beira Baixa; more recent works [53,54],
carried out detailed studies in this region on the Spanish side; the authors of [55] contributed
to a greater knowledge of the formations along the border; finally, the authors of [56]
devoted detailed work to the substrate formations in this region.

2.3. Soil Loss Calculations

The drainage network was digitalized from the military chart of Portugal, Series M888,
with a scale of 1:25.000. The database for the preparation of the digital elevated models
(DEMs) were the topographic maps with a scale of 1:2500 (Folios 61 and 7I), prepared by
the former Junta Auténoma das Obras de Hidraulica Agricola in 1947 for the Idanha-a-
Nova region, on the draft project for the Idanha Countryside Irrigation Zone. Regarding
parameters assessment, hydrogeological and geomorphological characterization were used
for modeling, namely, soil data comprising physicochemical and biological aspects, in
addition to agricultural, climate, topographic, and hydrological, as mentioned above.

RUSLE methodology [33], in general, uses its equation modifying the antecedent,
USLE, to calculate the average annual soil loss (A). Here, RUSLE was modified to be
applied at the basin scale and in continuous simulation processes, as [57] indicated. The
effect of the topography of a slope on water erosion is represented by two factors: the length
factor (L) and the slope factor (S) of the slope, both represented as single LS factor, estimated
for each catchment cell in the AnnAGNPS AgFlow module, for each length and elevation
difference. Soil cover factor (C) represents the effect of crops and agricultural practices
on the rate of erosion, and conservative practices factor (P) reflects the effect of practices
considered conservative that impact surface runoff. Both are presented together as the CP
factor. The soil loss rate (SLR) corresponds to the relationship between the losses of soil
produced in a certain situation and those that would be obtained with reference conditions.
The RUSLE proposes the calculation of SLR for time periods of 15 days, considering that
the most important factors remain constant during that period [33]. The determination of
this factor follows the steps described in [33,58].

RUSLE was designed to predict over a period the A, following Equation (1) and the
abovementioned factors.

A=RxKxLSxCP, (1)

where A (t.ha’l.year’l) is the average annual soil loss, R (MJ.mm.ha~1.h™1) is the runoff
erosivity factor, K (thMJ~L.mm™1) is the soil erodibility, LS (-) comprises length (L) and
slope (S) factors together, like CP (-) with cover (C) and practice (P) factors; the last two are
dimensionless.

The sediments that the model predicts are based on the Modified Universal Soil
Equation (MUSLE) [59], which is the adjusted equation used in hydrographic basins, and is
based on surface runoff and maximum runoff in addition to other variables such as cover,
soil, and slope. This is expressed as Equation (2).

0.56
Sed = 11.8 x (qur X Qpeak X AI'eahru) X Kusle X Cusle X Pusle X Lusler (2)
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where Sed (t) is the production of sediment in one day, Qsur (mm) is surface runoff, Qpeax
(m3.s71) is peak flow, Areay,, (ha) is area of homogeneous hydrological response units,
Kuysle is soil erodibility factor, Cqe is coverage factor, P is soil conservation practices
factor, and LS, is the topographic factor of the USLE.

The factor that considers the effect of precipitation on the erosive process is the erosion
index (EI), and it is calculated for a given distribution of precipitation, which is the same as
that used in the CREAMS model [29].

According to the classification [60], the SWAT model is a mathematical model, being
physically based on deterministic properties, leading to a continuous model, not designed to
make forecasts for individual storms [61]. The model is based on hydrology and description
of erosion processes with inputs, providing results in a spatially distributed way for a
particular hydrographic basin, facing continuous simulations over time, regarding various
precipitation events. The actualization of the model Simulator for Water Resources in Rural
Basins (SWRRB) was developed by Williams [31] and his collaborators [28].

The SWAT integrates climate, soil, topography, vegetation, and soil management
practices variables to predict changes that may occur in a watershed. The parameters’ cali-
bration was initiated by the flow, then the sediment production and water quality [62], both
according to the guidelines [63], in order to improve the efficiency of the model. Regarding
the software’s versions, the following programs were used: ArcGIS 10.8, SWAT2009, and
WGN Excel Macro 2007.

3. Results
3.1. RUSLE Application

Table 1 summarizes the calculation of the RUSLE factor within different method
proposed by author after mentioned for each factor.

Table 1. Results of soil loss simulations and annual potential soil loss classes according to the different
methods of calculating the RUSLE factors.

Cell Annual Soil Loss (A) (t.ha—l.year—1) Area (%) by Erosion Risk Class (t/ha)
e
Method * . .
Dimension  Average Standard Max <5 5-12 12-50  100-200 >200
Deviation
1 5m 13.06 55.23 1512.50 76.99 10.42 7.23 1.50 2.37
10m 13.00 52.24 1120.60 76.88 10.41 727 1.49 2.37
5 5m 18.89 77.78 1520.97 73.87 11.41 7.17 1.99 3.20
10 m 18.85 75.31 1512.50 73.71 11.55 7.12 1.95 3.25
3 5m 39.57 131.97 1921.53 49.89 20.18 20.44 2.16 1.61
10 m 39.80 133.14 1847.85 49.99 20.13 20.38 2.19 1.61
4 5m 1.42 6.24 22271 93.43 491 1.37 0.19 0.09
10 m 1.43 6.19 222.71 93.21 517 1.32 0.21 0.08
5 5m 3.12 5.97 76.99 84.94 8.48 6.46 0.12 0.00
10 m 3.14 6.00 76.99 84.93 8.45 6.50 0.12 0.00
6 5m 3.54 6.00 76.99 81.80 11.26 6.82 0.12 0.00
10 m 3.56 6.03 76.99 81.82 11.19 6.87 0.12 0.00

* Scenarios. 1—R (30 years) x K1 (Equation (4), 15 profiles) x LS (Equation (6)) x CP (Year 1). 2—R (30 years) x
K1 (Equation (4), 8 profiles) x LS (Equation (6)) x CP (Year 1). 3—R (30 years) x K1 (Equation (4), 15 profiles) x
LS (Equation (7)) x CP (Year 1). 4—R (30 years) x K2 (Equation (5), 15 profiles) x LS (Equation (6)) x CP (Year 1).
5—R (30 years) x K2 (Equation (5), 15 profiles) x LS (Equation (7)) x CP (Year 1). 6—R (30 years) x K2 (Equation
(5), 8 profiles) x LS (Equation (7)) x CP (Year 1).

As for the cell size (5 m or 10 m), there are very little differences, not reflected in
the areas classified by erosion risk. For the erosion risk classification, when carrying out
the reclassification process, the values to be reclassified were closer to the classes used in
methods 5 and 6, instead of all six classes of the scale. They only present four classes in
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which the erosion risk varies from very low to severe, and not exceeding 100 tha~—! of
annual soil losses, more specifically 77 t.ha~!.year!. This class occurs occasionally for
0.12% of the basin, which seems to be closer to reality. Due to the better image resolution, a
cell size of 5 was chosen to analyze the data.

3.1.1. R Factor

The average value of the erosivity factor (R) was calculated based on the average
annual rainfall (P in mm.year~!) recorded by the nearest meteorological station of [64] for
the following time periods: 30 years, from 1981 to 2010; 10 years, from 2004 to 2013, the
period used for SWAT modeling to generate climate data in statistical terms; and annually,
for the 5 years of the study separately, which ran from 2009 to 2013, based on Equation (3).
The values obtained are shown in Table 2 and Figure 5.

R=223 x P — 406.3, 3)

Table 2. Average value of R based on values taken in meteorological stations near the study basin.

Years 1981-2010 2004-2013 2009 2010 2011 2012 2013
R (M]. mm/h.ha.year) 896.85 1130.91 689.68 1406.02 2091.57 1532.28 2739.34
=P (mm) R (MJ.mm/h.ha.year)
2739.34
2091.57
1406.02 1532.28
689.68 /
1120.12 1410.6
e 812.7 ' 869.32
491.47
2009 2010 2011 2012 2013
Years

Figure 5. Variation of mean annual precipitation (P) and erosivity factor (R).

3.1.2. K Factor

The K factors are calculated for a period of 15 days by intervening the characteristics
of the soils that enter their calculation, and then adjusted each day by interfering only
with the moisture content. The procedure for calculating this factor is in accordance
with [33,58]. Two methods were used to obtain K following the equations based on
particle size percentages of soils around organic matter (fom), sand (fsanq), silt (fst), and
clay portions (fqay): Equation (4), proposed by [65], and Equation (5), proposed by [66].
Figure 6a,b show the K factor distribution through the basin.

K = fsiit—sand ¥ fsiltfclay X fom X fsand, @

—0.00043 % (fgiie—sand + Fsitt)

K =
fom + 0.000437 X foung + 0.000863 X fuyy;”

(5)



Land 2024, 13, 1613

9of 17

DIIDDDDDDIIDﬁ-DD
-

Legend

Factor K2

. 0o
I 00054
B oo
Bl o0
00207
o0
[ Em
B 00260
Il o0
I oos
00305

Bl o013

Legend

Factor LS

] o065

[ 065122
0035 B 122189
00351 B 159288
B 0035 B 288588

I —
05 025 0 0.5km

(b) (0)

¥

Legend
Factor CP

Bl o040
[ 020
[] o010
[, 002

T —
05 025 0 0.5km

(d) (e)

Figure 6. Distribution of K factor according to [65] (a), [66] (b), LS by [67] (c), and CP for the 1st (d)
and 4th years (e).

3.1.3. LS Factor

Figure 6¢ shows the LS factor distribution through the basin. This study or physio-
graphic factor was generated from the DEM, according to “standard” procedures in ArcGIS
10.8, “Spatial Analyst”, according to Equation (6). Another method was used to obtain LS
following equations based on terrain slope (slope in %) following Equation (7) by [67].

FlowaccGrid \ ** SlopeGrid.sin 13
LS = l( 22.13 ) ] 8 14[( 0.0896 ) / ©)
_ slope 13
LS = 1.822544 x ( 500 ) @)

3.1.4. CP Factor

Figure 6d,e show the CP factor distribution through the basin. Taking into account
the graphic resolution of the maps, and by analyzing the results of Table 2, the following
method of calculating the factors of the RUSLE was chosen: Method 6, with one dimension
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of the cell of 5 corresponding to Equation (5) [66]; and for the K factor, Equation (7) [67]. It
was also decided to use only one profile per soil patch (eight profiles) to calculate the K
factor, since the values are not very different between method 5, which uses all the profiles,
and method 6, which uses part of them (one per spot).

Considering the studied period, Figure 7 shows that the erosion risk class that occupies
the largest area of the sub-basin is the one with losses below 5 t.ha~!.year~!, which means
a very low risk of erosion, followed by the 5-12 t.ha~!.year—! class, with low erosion risk,
and the moderate risk, with potential annual soil losses of 12-50 t.ha~!.year~!. The others
were not representative.

~ >200
=
o]
2 100 to 200
P m 2013
£ 50t0100
% e 2012
2 12t050
& = 2011
I
4
é 5to12 — 2010
5 <5 = 2009
n
o
i 0 20 40 60 80 100
Area (%)

Figure 7. Representation of potential erosion risk classes according to [68].

Regarding the average soil losses by soil type, shown in Figure 8, there are higher
average and maximum soil losses, in a generic way, in hydromorphic Fluvisols, followed by
Luvisols, Cambisols, and the nonhydromorphic Fluvisols. Those results are not transversal
for all the years, but mainly for the last two (2012 and 2013). This indicates that the results
are mangled by the other factors, and it is not possible to attribute a direct relationship
between the type of soil and soil losses.

2013

o 2012
é 2011
2010
2009
0 2 4 6 8 10 12
2009 2010 2011 2012 2013
Luvisols 3.36 5.59 5.84 3.03 5.41
Cambisols 1.29 6.13 3.9 3.05 5.45
Fluvisols 1.39 2.64 3.35 1.02 1.82
W Fluivisols Hydro.  9.54 6.43 9.56 1.2 2.14

Soil Losses (t.hal.year?)

Figure 8. Average soil losses according to soil type (2009 to 2013).
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3.2. SWAT

With the introduction of the DEM, SWAT generated 25 hydrographic sub-basins,
shown in Figure 9a, channeling the flow to the basin outlet, where the flow monitoring
equipment and sediment measurement probe are located. With the information on occupa-
tion and soil type, 312 hydrological response units (HRUs) were generated and represented
in Figure 9b.

N
“*}
S

Legend

¢  Discharge Point

—— Natural Drainage Network
[] Sub-basins
Longest Runoff Pathway
Legend
Iltﬁl[g)}]; 248 —— Natural Drainage Network
’ [] Sub-basins
Low: 213 [ Basins
HRUs =312
I
05 025 0 0.5km
I
05 025 0 0.5km
(a) (b)

Figure 9. Sub-basins (25) with SWAT model with DEM (MDT) variation (a) and HRU (312) (b).

After the SWAT model described in the previous chapter, the model was run and
obtained several output parameters, namely, the flow and the production of sediments,
showed in Figure 10. In 2013, the highest flow occurred and the average annual precipitation
reached the highest, which generated a greater production of sediments, shown in Figure 11.
In 2012, the lowest sediment production was recorded, despite 2009 being the year with
the lowest rainfall. According to Figure 11, the curves show the same trend; however, the
SWAT model generated a lower production of sediments compared to the RUSLE model.
The only exception was 2013, when the value was higher for the SWAT model.

B Precipitation (mm) @ Runoff (mm)

1500
1000
:
o I I I
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Years

Figure 10. SWAT model results for the runoff and annual precipitation values.
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Figure 11. Simulated annual sediment production generated by SWAT and RUSLE models.

Statistical analysis was also performed within efficiency coefficient (EC) [69], compar-
ing the simulated data in the SWAT model with those observed in the hydrometric and
water quality station. This coefficient can vary from negative infinity to 1, with the value 1
indicating a perfect fit [70]. When the value is greater than 0.75, the model’s performance is
considered good; in between 0.36 and 0.75, it is acceptable; while a value lower than 0.36 is
characterized as unacceptable [71].

The results for the runoff comparison were 0.49 and 0.38 for the sediments, which,
according to EC, are characterized as qualified results. It should be noted that for the
application of the EC, randomly observed data from a few days were selected for all the
years in which the runoff and sediment measures were carried out. It can be concluded
that the SWAT model, according to the application of the EC, is considered acceptable.

4. Discussion

Along with the research, soils were classified in the studied watershed, according
to pedological and geotechnical classifications, identified as Cambisols, Fluvisols, and
Luvisols. This detailed analysis provided insights into the properties of soils at different
layers, highlighting significant differences, particularly in the Luvisols.

Subsequently, erosion models, RUSLE and SWAT, were applied to assess areas at
higher risk of erosion within the sub-basin. RUSLE indicated annual variations in rainfall
erosivity, with 2013 showing the highest indices, estimating soil loss ranging from 2.73 to
5.69 tha~!l.year~! during the period. Those values reflect a variable sediment production,
identifying that erosion risks were mostly low, with occasional moderate risks. Even
considering the worst hydrological cycle, the studied area will continue to have low to
moderate risk, even considering the climate scenario predictions of [72], who indicated a
30 to 66% water erosion increase by 2070.

The SWAT, although underestimating sediment production compared to RUSLE, was
deemed acceptable regarding statistical analysis using the Nash and Sutcliffe [69] EC calcu-
lation. The simulations demonstrated that changes in land use, particularly the reduction
in annual crops, could significantly reduce sediment production, suggesting that land use
management could be an effective strategy for mitigating erosion. A similar analysis was
conducted by [73], where, in order to validate the model, they used machine learning (ML)
and decision tree algorithms, reaching similar effectiveness with boosted tools. The use of
ML, Internet of Things (IoT), and artificial intelligence (AI) seem to be the future of science
as tools to power up the usual methods. Further research in the here-studied area is being
carried out using ML-IoT-Al interaction to support decisionmakers. In addition, other
variation and deep investigation should be centered around the RUSLE factors specifically.
The authors of [74] approached only the erosivity factor (R) for Europe and calibrated it
according to regional specifications. In addition, the authors of [75] improved the erodibility
factor (K) according to soil texture determination methods, justifying that all other factors
and methodologies can have those adjustments regarding model calibration.

Finally, the data resulted in the development of maps indicating erosion susceptibility
and suitability for construction and material extraction, which revealed areas of varying
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degrees of suitability and highlighted the limitations imposed by the agricultural nature
of the region; these aspects are discussed as the following topic. This study corroborates
others [76,77] that used empirical soil erosion models due to simplicity, and requires few
resources to assess data for decisionmakers’ support.

4.1. Susceptibility Charts

Three areas with erosion risk were identified in the water erosion susceptibility chart
(Figure 12a) and are described below: 5 t.ha~!.year~!for very low erosion risk class (60 to
86%); 5 to 12 t.ha_l.year_lfor low erosion risk class (9 to 28%); and 12 to 50 t.ha_l.year_1
for moderate risk class (3 to 12%). The other classes for the period studied were not very
significant or were nonexistent. For very specific situations, average soil losses of 50 to
100 tons occurred.

Legend
Erosion (:_-f Legend
Susceptibility
Construction Viability
B Very Low
Low B Adequate
Conditioning
Moderate
Not Adequate
. ich -
BN BN TN NN
05 0.25 0 0.5km 05 0.25 0 0.5km
(a) (b) ()

Figure 12. Charts of soil erosion susceptibility (a), construction suitability (b), and materials disponible
for industries (c).

In the construction suitability chart (Figure 12b), three zones were considered: one
green, with good suitability; another orange, conditioned; and red, not suitable. For its con-
struction, algebraic operations were carried out in ArcGIS using the available cartography
(soil type, DEM, slope distribution chart, geotechnical units, irrigation, 10 m protection
strip on natural drainage network with reservoirs, and land occupation). By observing the
map, there are few green areas of the sub-basin, which was expected, because it is a basin
located in an agricultural area, leading to few area options. The construction materials chart
exposes the areas of possible extraction of materials for industry (Figure 12c), especially
around geotechnical and civil construction, indicating three areas with different materials
that are capable of being used due to their characteristics. Those materials were verified
through laboratory analyses, but are basically types of soil, in smaller proportions of gravels
and sands, highlighting the quantity of clays.

4.2. Geotechnical Materials Frameworks

Susceptibility charts developed for the region studied show high material availability
linked to very few areas for construction, justifying the agricultural aspect of the area. Fur-
thermore, those results highlight the potential of the Portuguese countryside’s economical
side in providing raw materials for geotechnical and civil structures, due to the availability



Land 2024, 13, 1613

14 of 17

of gravels, sands, and clays. Their use is very important geotechnically [78], where gravels
are used in base layers to provide stability and drainage [79], filtering and preventing
erosion; sands are used for asphalt, cement, or mortars mixtures [80]; and clays are used
for bricks and core impermeabilization and sealing, preventing leakage and groundwater
contamination [81-83].

Soils as raw materials are very important for earthworks, like roads and highways,
crucial for cities” transportation and access [81]; bridges and tunnels, which enable efficient
travel over obstacles like rivers and mountains; dams and reservoirs for water storage,
flood control, irrigation, and hydroelectric power generation [82]; buildings, which provide
shelter, workplaces, and are essential for urban development [83]; airports, for global
connectivity and economic growth; railways, for mass transportation of people and goods,
reducing road congestion and carbon emissions [84]; water supply systems for public
health, sanitation, and access to clean water; and landfilling for waste management and
environmental protection [85]. Overall, gravel, sands, and clays are indispensable in civil
engineering and construction, forming the backbone of modern infrastructure and playing
a pivotal role in societal development and sustainability [86].

Thus, their importance for society is summarized by economic growth, public health
and safety, connectivity, energy and resources, urbanization, and development. Our re-
search highlights the importance of monitoring and characterizing rural areas through
soil erosion models, looking to provide a sustainable and resilient environmental de-
velopment. This idea is linked to the United Nations Agenda [87] and the Sustainable
Development Goals (SDG), with special focus on SDG3—Good Health and Well-Being,
SDG6—Clean Water and Sanitation, SDG9—Industry, Innovation and Infrastructure, and
SDG12—Responsible Consumption and Production.

5. Conclusions

The results of this study indicate that the SWAT model generates less sediment pro-
duction in comparison with the RUSLE, being considered as more acceptable than SWAT,
although an underestimation of results was present. In addition, the erosion risk class that
predominated in the sub-basin was the one with losses of less than 5 t.ha=!.year~! (60 to
86%), which means a very low risk of erosion, followed by the class with low erosion risk (9
to 28%), and moderate risk (3 to 12%). On the other hand, the SWAT model presented the
highest runoff, annual average, and greater sediment production throughout the evaluated
years.

The application and interpretation of those methods for the studied area could provide
a better understanding of the land. Attaching that knowledge to society necessities, valuable
data are generated to support decision-making agents to improve sustainable and resilient
growth. Further studies could explore more field tests enlarging the studied area, and
work with different erosion models to assess their potential and subsequent use, as soil is a
necessary resource for the preservation of human life.
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