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Abstract: Soil erosion is a severe and continuous environmental problem caused mainly by natural
factors, which can be enhanced by anthropogenic activities. The morphological relief with relatively
steep slopes, the dense drainage network, and the Mediterranean climate are some of the factors
that render the Paleochora region (South Chania, Crete, Greece) particularly prone to soil erosion in
cases of intense rainfall events. In this study, we aimed to assess the correlation between soil erosion
rates estimated from the Revised Universal Soil Loss Equation (RUSLE) and the landscape patterns
and to detect the most erosion-prone sub-basins based on an analysis of morphometric parameters,
using geographic information system (GIS) and remote sensing technologies. The assessment of soil
erosion rates was conducted using the RUSLE model. The landscape metrics analysis was carried out
to correlate soil erosion and landscape patterns. The morphometric analysis helped us to prioritize
erosion-prone areas at the sub-basin level. The estimated soil erosion rates were mapped, showing
the spatial distribution of the soil loss for the study area in 2020. For instance, the landscape patterns
seemed to highly impact the soil erosion rates. The morphometric parameter analysis is considered as
a useful tool for delineating areas that are highly vulnerable to soil erosion. The integration of three
approaches showed that there is are robust relationships between soil erosion modeling, landscape
patterns, and morphometry.

Keywords: soil erosion; RUSLE model; landscape pattern; morphometry

1. Introduction

Soil erosion is one of the most important worldwide issues, which is caused mainly
by natural factors (wind, water, and snow) and can be accelerated by anthropogenic
activities [1], exceeding in some cases the amount of soil regeneration [2]. Accordingly, in
some parts of the Mediterranean region, erosion is reaching an irreversible level, while
in other places no more soil is left. In fact, as soil formation is a slow process, any soil
erosion exceeding 1 t ha−1 yr−1 can be considered irreversible within a time span of
50–100 years [3].

A representative example of the Mediterranean region is the island of Crete in Greece.
Due to the intensification of olive culture and improper agricultural management practices
by the olive farmers, significant land degradation and reductions in soil fertility have been
noticed [4]. The above-mentioned inappropriate agricultural management, in combination
with the Mediterranean climate and the topography, can seriously enhance soil erosion.
Hence, spatial and quantitative assessments of soil erosion contribute to soil erosion control
and conservation practices.

Soil erosion is defined by Kouli et al. [3] as the natural process of the transportation
of soil particles across a given surface. Consequently, the soil loses its nutriments, which
leads to poor soil fertility and productivity, significantly affecting the sustainability of
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agricultural land use. The average amounts of soil erosion all over the world are predicted
to be around 12 to 15 t ha−1 yr−1 [5].

The major physical factors that influence soil erosion are climate, topography, and soil
characteristics. Land in the Mediterranean region is very susceptible to erosion due to its
climate, characterized by dry summers, which weakens the soil, and mild to wet winters
with heavy rainfall, which considerably erodes the topsoil, essentially in steep slope areas.

Since soil erosion is a worldwide concern, a number of models have been developed
in the last decades in order to estimate soil erosion rates. Soil erosion modeling delivers
both quantitative and qualitative assessments of the phenomenon regarding the different
conditions [6,7]. The Revised Universal Soil Loss Equation (RUSLE) is the one most widely
used to assess soil erosion rates. In fact, the RUSLE model integrates largely available data
(such as rainfall, topographic maps, and satellites images) and provides consistent results.

The application of the RUSLE model in several catchments in Crete, Greece, showed
consistent results compared to the findings for other Mediterranean catchments with similar
characteristics. Furthermore, the RUSLE results were highly correlated with geomorphic,
tectonic, and hydrolithological characteristics of the catchments [3,8].

Further to the importance of the soil erosion issue, landscape fragmentation has
the same significance in terms of environmental issues; thus, it is required to quantify
the changes in landscape patterns due to soil erosion over time. Accordingly, landscape
metrics represent a useful method to estimate the spatial landscape changes and fragmen-
tation using satellite-based land cover classification. The analyses of the pattern changes
through time enable the correlation between landscape patterns and soil erosion rates to
be determined.

Recent studies have investigated the land cover compositions within catchments to
detect variations in soil erosion and sediment yield. In fact, land cover patterns within a
catchment can have a significant role in assessing the hydrological connectivity processes
and sediment transportation; hence, determining the relationship between land cover
patterns and soil erosion processes is essential for catchment management [9].

Since soil, landscape, and geomorphology are closely related, morphometric analysis
is a useful method for identifying the major morphometric parameters that influence soil
erosion and for defining the most threatened locations.

A recent study by Kumar Pradhan et al. [10] concluded that the morphometric anal-
ysis methodology is advantageous and cost-effective, especially for inaccessible areas
(ungauged basins with limited data) in order to prioritize them regarding their susceptibil-
ity to soil erosion.

With the development of satellite observation technology, satellite remote sensing
data have been extensively used to detect the changes caused by erosion and to estimate
them quantitatively [11].

The main aim of this paper is to evaluate the relationship between soil erosion rates
estimated from the RUSLE model and the landscape patterns and to draw conclusions
regarding the most erosion-prone areas or sub-basins based on morphometric parameter
analysis by combining remote sensing and geographic information system technologies
with in situ data. As such, the specific objectives of this study are as follows:

(a) Estimate soil erosion rates using the Revised Universal Soil Loss Equation (RUSLE);
(b) Correlate soil erosion and landscape pattern using landscape metrics;
(c) Prioritize erosion-prone areas or sub-basins according to the morphometric parame-

ter results.

From this point on, the paper is structured as follows. A brief description of the data
and methods is given in Section 2. Section 3 represents the results of the RUSLE model
for estimating soil erosion rates, the landscape metrics, and the morphometric parameters.
These results are then discussed and used to identify the most susceptible areas to soil
erosion that require further consideration.
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2. Materials and Methods
2.1. Study Area

The island of Crete is located in the southern part of Greece. It is the largest island
in Greece, measuring 8336 km2 [12]. Crete is the most populated Greek island, with
623,065 inhabitants [13]. Consequently, over the last two decades, urban expansion and
touristic activities have been increasing significantly. The topography of Crete consists
mostly of mountainous terrain (with a mean elevation at 460 m). The average slope is about
28%. Soils in Crete are generally not very well developed and shallow [12]. Furthermore,
it is characterized by a dry sub-humid Mediterranean climate (mild with warm and dry
summers and slightly cold and humid winters). The mean annual temperature ranges
between 15 and 20 ◦C, while the mean annual precipitation is estimated to be 750 mm,
varying spatially and temporally. In fact, rainfall intensity increases towards the western
parts of the island during rainy seasons (autumn and winter). Rainfall intensity during
spring is very low and is negligible during the summer.

According to Panagos et al. [12], Crete is mainly covered by natural grasslands and
shrubs (46%) and permanent crops (olives 23%, vines 2.6%, and citrus 0.7%). Heterogeneous
agricultural areas or fields mixed with natural vegetation cover 15.2% of the land, whereas
a small share (0.5%) is covered by greenhouses, arable land (irrigated or not), and pastures.
Forest coverage represents less than 4% of the total area.

The specific study area is situated in the western part of Crete, specifically in the
southwest of the Chania prefecture. It comprises two watersheds in the south of Chania
(Paleochora region), named Pelekaniotis and Kakodikianos, as shown in Figure 1.

Figure 1. Shaded relief map of the study area.

2.2. Data

Different datasets were collected and analyzed to produce the factors of the RUSLE
model. These datasets contained rainfall data, soil and topographical data, satellite imagery,
and land use/land cover data.

The Integrated Multisatellite Retrievals (IMERG) for Global Precipitation Measure-
ment (GPM) dataset for 2020 was downloaded from the National Aeronautics and Space
Administration (NASA). In this study, the GPM_3IMERGDL v06 (D: daily, L: late run)
products were employed, as they are widely used for research purposes and have enhanced
accuracy. In fact, IMERG for GPM (IMERG) is the level 3 GPM algorithm, which integrates
precipitation estimates from all constellation microwave (MW) sensors, IR-based sensors
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onboard geosynchronous satellites, and a monthly precipitation gauge product [14]. The
spatial resolution of IMERG is 0.1◦ × 0.1◦. In total, 4 grids covered the study area.

The LUCAS database includes particle size distributions expressed as percentages
(%) of clay (0.0002–0.002 mm), silt (0.002–0.063 mm), and sand (0.063–0.2 mm), as well as
percentages of organic carbon (%) and coarse material (>2 mm) [15]. It was used to estimate
the soil erodibility factor.

Since terrain morphology is an important factor in erosion, a digital elevation model
(DEM) is essential for estimating various geomorphological parameters such as slope. The
RUSLE requires a DEM as an input in order to quantitatively represent the continuous
variation of topographic features across the landscape. The DEM generated from Radio-
metrically Terrain Corrected (RTC) Advanced Land Observing Satellite-Phased Array-type
L-band Synthetic Aperture Radar (ALOS-PALSAR) data has a spatial resolution of 12.5 m.
The Radiometric Terrain Correction (RTC) corrects the geometric distortions using the
best DEM available for the region of interest (SRTM DEM in this case) and also adjusts
the radiometry in the affected foreshortening and layover regions using the pixel-area
integration approach for radiometric normalization. ALOS-PALSAR DEM products have
been used in the past to provide accurate results for soil erosion [16]. ALOS-PALSAR DEM
data were downloaded from the Alaska Satellite Facility (ASF) and were used to derive
the slope parameters (the slope length–steepness factor (LS-factor) and support practice
factor (P-factor)). Prior to deriving the LS-factor from any space-borne DEM products, its
accuracy must be evaluated [6]. The high accuracy of the ALOS-PALSAR DEM comes from
applying high-quality DEMs (such as SRTM and the National Elevation Dataset (NED)) in
radiometric and geometric corrections of PALSAR imagery [17].

The Sentinel-2 level 2A data were accessed on Google Earth Engine (GEE) provided
by the European Space Agency (ESA). Level 2A is an ortho-image bottom-of-atmosphere
(BOA)-corrected reflectance product according to the Sentinel-2 User Handbook [18]. The
“ee.ImageCollection” GEE function was used to filter the time series data for the summer
period of 2020 in order to avoid cloud cover.

Good Agricultural and Environmental Conditions (GAEC) promote the prevention of
erosive farming practices (ploughing and planting up and down the slope) in mountainous
areas and insist on the maintenance of landscape features, such as stone walls and terraces.
In Greece, the farming practice for areas exceeding 10% slope is the cultivation along or
diagonal to the contour (cross slope contour farming) in order to conserve rainwater and
to reduce soil losses [19]. In Crete, the main conservation support practices are contour
farming, stone walls, and grass margins [1]; thus, these three types of support practices
were considered to estimate the P-factor. The following table (Table 1) summarizes the
input dataset required for RUSLE model.

Table 1. Input datasets used in the Revised Universal Soil Loss Equation (RUSLE).

Factors Datasets Data Source Spatial/Temporal
Resolution

Rainfall erosivity GPM_3IMERGDL
v06 Giovanni, NASA 0.1◦ × 0.1◦ Daily

Soil erodibility

Soil structure European Soil
Database (ESDB)

-

Soil properties LUCAS topsoil
database

Slope length and
steepness ALOS PALSAR DEM Alaska Satellite

Facility (ASF) 12.5 m

Cover management Sentinel-2 images “Copernicus”
program 10 m

Support practice LUCAS observation Eurostat 2018
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For landscape metrics analysis, the land cover maps for the years 2010 and 2020
were derived from satellite imagery. For the year 2010, Landast-5 TM Collection 1 Tier
1-calibrated top-of-atmosphere (TOA) reflectance images were accessed on Google Earth
EngineS (GEE) provided by USGS. These images were classified into different Corine Land
Cover (level 3) classes. For the year 2020, the classified land cover map already derived
for the cover management factor (C-factor) in RUSLE model were used to estimate the
landscape metrics.

Concerning morphometric parameters analysis, ALOS PALSAR DEM was used to
derive the basic morphometric parameters. The linear, shape, and relief parameters were
extracted from the basic parameters.

2.3. RUSLE Model
2.3.1. Model Description

The RUSLE model predicts average annual erosion by water as a product of six
parameters or factors (rainfall erosivity factor, soil erodibility factor, slope length and slope
steepness factors, cover management factor, support practice factor) and is expressed as:

A = R K LS C P (1)

where A is the soil loss (t/ha/year), R is the rainfall–runoff erosivity factor (MJ mm/(ha h yr)),
K is the soil erodibility factor (t ha h/(ha MJ mm)), LS is the slope length and steepness
factor (dimensionless), C is the cover management factor (dimensionless), and P is the
conservation support practice factor (dimensionless).

The R-factor is one of the key factors that influences water-prone erosion. It is ex-
pressed as a function of the rainfall amount and intensity. Basically, rainfall data are
extracted from in situ measurements (meteorological gauge stations). Such data should be
interpolated to gain a continuous spatial distribution and variability of rainfall. Despite
their good accuracy, it is sometimes difficult to acquire data from inaccessible locations;
thus, satellite data could be a potential alternative to derive rainfall data. In fact, many
space-based mission were launched to monitor precipitation, such as the Tropical Rainfall
Measurement Mission (TRMM) and the Global Precipitation Measurement (GPM) mission.

The K-factor is the erodibility factor, which indicates the intrinsic susceptibility of
soil to water and runoff erosion. It depends mainly on the texture and structure of the
soil. In fact, the RUSLE model takes into account the physical properties, such as the
primary particle size distribution, organic matter, soil structure, and permeability, as the
key factors affecting the erodibility of a soil. Initially, these properties were determined
using laboratory-based methods [6]. At the European level, Panagos et al. [20] assessed
soil erodibility based on properties (such as texture, organic carbon) that were available
from the Land Use–Cover Area Frame Survey (LUCAS) topsoil data.

The LS-factor refers to the slope length (L) and the slope steepness (S). L reflects the
distance from the point of origin of overland flow to the point where deposition begins.
S represents the slope gradient to designate flat, moderate, and steep slopes. Both slope
length and steepness are proportional to erosion. Consequently, increases in L and S lead
to higher runoff velocities and higher soil loss rates [1]. These topographic parameters are
so sensitive to soil loss that a minor miscalculation could lead to inaccurate assessment
of the overall soil erosion rates. Although this topographic factor is one of the principal
factors for the RUSLE model, ground-based measurement data are usually unavailable. As
an alternative to ground-based measurement, the LS-factor can be estimated using digital
elevation models (DEMs) using geographic information system software [1,21].

The C-factor estimation distinguishes between arable lands and non-arable lands (all
other land uses). Artificial areas, wetlands, water bodies, bare rocks, beaches, and glaciers
are not included in the C-factor estimation [22]. The C-factor is defined as the ratio of soil
loss under specific cover and management conditions to soil loss affecting an identical bare
soil area [23]. It reflects the impacts of cropping and other management practices on the
intensity of erosion. Traditionally, this factor was retrieved from field surveys; however,
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remote-sensing-based methods, such as land use/land cover (LULC) classifications; and
spectral indices such as the Normalized Difference Vegetation Index (NDVI), Soil-Adjusted
Vegetation Index (SAVI), and others, have been proven to be informative in deriving the
C-factor [6].

The P-factor is the ratio of soil loss following a specific support practice to the corre-
sponding soil loss after up and down cultivation [24]. It expresses the overall effects of
different support practices, such as contour farming, stone walls, and terracing, on soil
loss at a specific site. Those practices influence water erosion by changing the flow pattern
or direction of surface runoff and by decreasing the volume and rate of runoff. The value
of the P-factor is reduced when implementing these supporting conservation practices.
Typical values range from 0 to 1. In fact, the lower the P-factor value, the more effective the
support practice is at attenuating soil erosion [19,25]; however, a value of 1 is assigned to
areas where there are no supporting conservation practices.

2.3.2. Implementation of RUSLE Model
Rainfall Erosivity (R) Factor

The R-factor for any given period is obtained by summing for each rainstorm the
product of total storm energy (E) and the maximum 30 min intensity (I30) according to the
standard equations used by Renard and Freimund [26]. Since detailed rainstorm data are
rarely available at standard meteorological stations, daily, monthly, and annual rainfall
amounts are often used to estimate the R-factor for the RUSLE.

Furthermore, de Santos Loureiro and de Azevedo Coutinho [27] developed a simple
threshold-type regression model that uses daily rainfall data to estimate monthly rainfall
erosivity. Their equation was then calibrated and validated for Crete by Grillakis et al. [28].
The equation considers the monthly rainfall for days with rain greater than 10 mm, as well
as the number of the days of month with rainfall greater than 10 mm, as follows:

R =
1
n

n

∑
j=1

mj

∑
k=1

(7.5× R10 − 150× D10)k,j (2)

where R10 is the total rainfall within a month (mm), only for the days with rainfall >10.0 mm
(otherwise, set to zero); D10 is the number of days with rainfall > 10.0 mm; n is the number
of days covered by the rainfall data; k is the individual erosive events for each month j; and
mj is the total number of erosive events for each month.

The spatial resolution of the downloaded GPM_3IMERGDL v06 (D: Daily, L: Late run)
products is 0.1◦ × 0.1◦. Consequently, these datasets were downscaled to 10 × 10 m. In
their studies, Alexakis and Tanis [29] and Zhan et al. [30] downscaled the TRMM and GPM
datasets, respectively, assuming that the precipitation and other environmental factors
(vegetation, topography, albedo, and drought) are strongly related. The downscaling
process can be expressed by:

P = f (Xi) + ε (3)

where P is downscaled precipitation, Xi represents environmental variables, and ε is
the residual.

The general approach is to establish a correlation function (f ) between precipitation
and environmental variables at coarse resolution and then to use the fine-resolution envi-
ronmental variable as inputs of (f ) to predict precipitation at fine resolution. Consequently,
the downscaled precipitation data are estimated through the equation below:

Pdownsclaed = Pestimated + Presidual (4)

where Pdownscale is the downscaled precipitation, Pestimated is the high spatial resolution
precipitation estimated from various environmental factors, and Presidual is the residual
between estimated precipitation and GPM.
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For the west part of Crete, Alexakis and Tanis [29] concluded that the multiple linear
regression (MLR) approach performed slightly better than artificial neural network analysis;
hence, in this study, the MLR methodology was used for downscaling purposes. With this
aim, DEM and NDVI were tested as explanatory variables in the MLR-based downscaling
algorithms to downscale GPM monthly precipitation from 10 km × 10 km to 10 m × 10 m
over the study area. The downscaling process was performed following certain analysis
steps described previously by Alexakis and Tanis [29].

In order to achieve the MLR analysis, the least squares method was applied to de-
termine the coefficients using the XLSTAT add-in for Microsoft Excel. This is a standard
approach in regression analysis based on minimizing the sum of the squares of the residuals
between the observed response and the fitted response. The typical form of the model is:

P = ax + b (5)

where P is the daily precipitation, x is the DEM, a is the DEM slope, and b is the intercept.
The daily ground precipitation data for 2020 extracted from 5 stations in Chania prefec-

ture were used to validate the downscaled products. In order to evaluate the downscaling
method quantitatively, three different statistical methods were calculated, namely the root
mean square error (RMSE), the bias, and the coefficient of determination (R2):

RMSE =

√
∑n

i=1(Pi −Oi)
2

n
(6)

Bias = ∑n
i=1 Pi

∑n
i=1 Oi

− 1 (7)

R2 =
∑n

i=1
[(

Pi − P
)(

Oi −O
)]√

∑n
i=1
(

Pi − P
)2
√

∑n
i=1
(
Oi −O

)2
(8)

where Pi is the downscaled precipitation and P is the mean precipitation, Oi is the ground-
observed precipitation and Ō is the mean ground-observed precipitation, and n is the
number of observations.

The daily temporal-resolution precipitation measurements were also used to derive
the R-factor by applying Equation (2). In this study, the R-factor was estimated at the
point level (precipitation stations). The predicted R-values were then extrapolated to the
catchment level using ordinary kriging-based interpolation in the ArcGIS environment.

Soil Erodibility (K) Factor

The most commonly used equation to estimate the K-factor (t ha h ha−1 MJ−1 mm−1)
was proposed by Wischmeier and Smith [24] and reported in the study by Panagos
et al. [15]:

K =
[(

2.1M1.14 (12−OM) 10−4 + 3.25 (s− 2) + 2.5 (p− 3)
)

/100
]
× 0.1317 (9)

where M is the textural factor, with M =
(

msilt + mv f s

)
× (100−mc); mc (%) is the clay

fraction content (<0.002 mm), msilt (%) is the silt fraction content (0.002–0.063 mm), mvfs (%)
is the very fine sand fraction content (0.063–0.1 mm), OM (%) is the organic matter content,
s is the soil structure class, and p is the permeability class.

The suggested erodibility equation can only be recommended if the organic matter
content is known and the silt content is below 70%. Panagos et al. [15] mentioned that if
both criteria are met, this equation is more precise than other equations.

Additionally, in the literature, the sand fraction is classified into five classes: very fine,
fine, medium, coarse, and very coarse. The very fine sand structure (0.05–0.1 mm) as a
sub-factor (mvfs) in Equation (9) is estimated as 20% of the sand fraction (0.063–2.0 mm);
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this information is available in the LUCAS topsoil database. In the European Soil Database,
soil structure is categorized as humic, poor, normal, or good, as shown in Table 2.

Table 2. Soil structure according to the European Soil Database.

Structure Class Description Granular Size European Soil Database

1 Very fine granular 1–2 mm Good

2 Fine granular 2–5 mm Normal

3 Medium or coarse granular 5–10 mm Poor

4 Blocky, platy, or massive >10 mm Humic

This dataset was used to determine the structure class values needed for K-factor calcu-
lation. In this study, and according to the ESDB, the soil structure was good, corresponding
to a very fine granular soil structure; thus, the structure class was 1.

In order to determine the permeability class values, the percentage of the soil content
(sand, silt, and clay) were plotted in the textural triangle diagram to define the soil tex-
ture. According to this classification, the corresponding permeability class was assigned
(Table 3).

Table 3. Soil permeability.

Permeability Class Description Texture

1 Fast and very fast Sand
2 Moderate fast Loamy sand, sandy loam
3 Moderate Loam, silty loam
4 Moderate slow Sandy clay loam, clay loam
5 Slow Silty clay loam, sand clay
6 Very slow Silty clay, clay

In this study, the soil texture was silty clay loam corresponding to permeability class 5.
Once the K-values were calculated for every LUCAS point, they were interpolated to a map
using the inverse distance weighting (IDW) method. The IDW is based on the assumption
that the soil erodibility at an unsampled point is a distance weighting average of soil
erodibility values of the nearby sampling points.

Slope Length–Steepness (LS) Factor

To extract the LS-factor, many algorithms are already built into GIS software pro-
grams, such as the System for Automated Geoscientific Analyses SAGA GIS [31]. In fact,
SAGA provides numerous combinations of algorithms to derive the topographic data
and preprocessing algorithms to fill sinks or for sink removal. In this study, the LS cal-
culation was executed using the original equation proposed by Desmet and Govers [32],
which incorporates a multiple flow algorithm and contributes to a precise estimation of
flow accumulation.

Many researchers worldwide use algorithms proposed by Desmet and Govers [32]
based on the DEM resolution and unit contributing area (UCA). These algorithms allow
the model to be adapted to varied reliefs and include the influence of flow concentration.

The calculation methodology for the LS-factor was applied to each pixel in the DEM.
The L factor is expressed according to the equation proposed by Desmet and Govers [32].

Li,j−in =

(
Ai,j−in + D2)m+1 − Am+1

i,j−in

Dm+2 × xm
i,j × 22.13m (10)

where Li,j-in is the slope length for grid cell (i,j), Ai,j-in is the contributing area at the inlet of
the grid cell with coordinates (i,j) (m2), D is the grid cell size (m), m is the length exponent
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of the USLE L-factor, xi,j is the summation of the sine and cosine of the aspect direction
(αi,j) of the grid pixel xi,j = sin αi,j + cos αi,j, and 22.13 is the length of the USLE unit plot
in meters.

In attempts to calculate the upslope contributing area (Ai,j-in) for each pixel, several
algorithms have been developed and are reported in the literature. The exponent (m)
was implemented according to the algorithm proposed by McCool et al. [33], where
the slope length is a function of the rill-to-interrill (β) erosion ratio, as expressed in the
following equation:

m = β/(β + 1) (11)

where β varies according to the slope gradient [33]. The β value is obtained as:

β =
sin θ

0.0896[
0.56 + 3(sin θ)0.8

] (12)

where θ is the slope in degrees.
The calculation of the S-factor proposed by Wischmeier and Smith [24] was adjusted

in the RUSLE model for a better representation of the slope steepness factor, which takes
into account the ratio of the rill and interrill erosion:

S = 10.8 sin θ + 0.03, θ < 9% (13)

S = 16.8 sin θ − 0.5, θ ≥ 9% (14)

where θ is the slope angle.

Cover Management (C) Factor

Remote-sensing-based methods such as land use/land cover (LULC) classification and
spectral indices such as the Normalized Difference Vegetation Index (NDVI), Soil-Adjusted
Vegetation Index (SAVI), and others, have been proven to be informative in deriving the
C-factor.

LULC classification is one of the most used methods to derive the C-factor. In fact,
after determining the LULC classes from the remotely sensed data, corresponding C-factor
values were assigned from the literature. Generally, the C-factor ranges between 0 and
1; areas with sparse vegetation tend to have higher C values due to the effect that low
vegetation cover has on erosion, while areas with dense vegetation have values close to
0 due to limited soil erosion [34].

Machine learning algorithms, such as Classification and Regression Trees (CART),
Support Vector Machine (SVM), Minimum Distance (MD), and Random Forest (RF), have
been proven to be relevant classifiers for land cover [35].

Spectral indices and their derivations (such as Fractional Vegetation Cover (FVC)
derived from NDVI) were also used to evaluate the fraction of vegetation and its influence
on C-factor values. In fact, they have the ability to enhance the spectral contribution of
different vegetation cover types. Consequently, several empirical relations were established
to correlate NDVI values to C-factor values. Commonly, NDVI is directly correlated to the
C-factor by an exponential regression [36] or a linear regression [37].

The main aim is to derive the most relevant C-factor map from these methods. To do
so, the above-mentioned classifiers were run followed by an accuracy assessment based
on Google Earth free data to choose the best classification algorithm. Moreover, spectral
indices were used to derive C-factor values. In order to define the most reasonable values,
the resulting C-factor values obtained from different methods were compared between
each other.

The satellite data (Sentinel-2 level 2A assets) were accessed on Google Earth Engine
(GEE) provided by the European Space Agency (ESA). Images were filtered by a cloud
cover percentage of less than 10%.
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Corine was used to create a label dataset for training. GEE trains this dataset to
recognize patterns in the image by selecting pixels that represent patterns or land cover
features that it recognizes. Bands 4, 3, and 2 of Sentinel-2 images were combined to display
false color composite images for better visualization of land cover. The land cover classes
were compared to the Corine Land Cover (CLC) map. In order to overcome the problem of
isolated pixels on the classified images, a post-classification process is recommended [38].
In this study, statistical filtering (majority filter process) was conducted, whereby isolated
pixels were grouped into the closest value of the majority of their contiguous neighbor-
ing pixels.

Concerning the classification accuracy assessment, Google Earth is a powerful source
of high spatial resolution data that can be used for investigation and preliminary studies
with suitable accuracy and low cost. In this study, the accuracy assessment for the classified
image was based on Google Earth imagery.

A set of 150 points were randomly generated and identified in Google earth, then
the overall accuracy and Kappa statistics were estimated. In fact, the overall accuracy
represents the probability that a pixel will be correctly classified, while the Kappa coeffi-
cient expresses the proportionate reduction in error generated by a classification process
compared with the error of a completely random classification [39].

Once the classification was validated, the following C-factor values were assigned to
each specific land cover type according to Panagos et al. [22] (Table 4).

Table 4. Assigned C-factor values from literature [22].

Corine
C-Factor

Code Label

212 Permanently irrigated land 0.1307

223 Olive groves 0.2094

231 Pasture 0.1132

242 Complex cultivation patterns 0.1476

243 Land principally occupied by agriculture with
significant areas of natural vegetation 0.1307

311 Broadleaf forest 0.0014

313 Mixed forest 0.0014

321 Natural grassland 0.0014

323 Sclerophyllous vegetation 0.0014

324 Transitional woodland–shrubs 0.026

333 Sparsely vegetated areas 0.3062

The NDVI is a commonly used spectral index that calculates the spectral reflectance
difference between red and near-infrared bands of a satellite image according to the
following equation:

NDVI =
(NIR− RED)

(NIR + RED)
(15)

where NIR is the near-infrared band and RED is the red band of the satellite image.
The NDVI index ranges from −1 to +1, with the highest values attributed to areas

with greater vegetation cover [40].
Many empirical equations have been set up to correlate NDVI values to C-factor values.

The C-factor can be derived using the equation proposed by van der Knijff et al. [36], C(vk),
which was based on the positive correlation between the NDVI and C-factor in Europe:

C(vk) = e[−α( NDVI
β−NDVI )] (16)
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where α and β are parameters related to the shape of the curve that associates NDVI
with the C-factor. Furthermore, van der Knijff et al. [36] assumed that for European
climate conditions, an α-value of 2 and a β-value of 1 seem to be best representative of the
equation parameters.

Durigon et al. [37] suggested another equation based on NDVI rescaling, named the
denominated rescaled C-factor (C(r)). They found that this equation was more suitable for
deriving C-factor values under tropical climate conditions.

C(r) =
−NDVI + 1

2
(17)

Furthermore, an improved vegetation-index-based method is available for evaluating
the fractional vegetation cover. It efficiently distinguishes between areas of dense vegetation
cover and sparsely vegetated areas.

FVC(%) =
NDVI − NDVIsoil

NDVIveg − NDVIsoil
× 100 (18)

where NDVI is the vegetation index of each pixel, NDVIsoil corresponds to the vegetation
index of a “pure” soil pixel, and NDVIveg corresponds to the vegetation index of a “pure”
vegetation pixel.

It is necessary to determine the NDVI values for “pure” soil and vegetation pixels,
respectively. Zhang et al. [41] mentioned that the NDVIsoil value is around zero for a
bare surface; however, this can vary depending on soil conditions (such as soil moisture,
roughness, type, and color); thus, this value can be extracted based on the image data.
Regarding the NDVIveg value, this corresponds to the maximum value for all vegetation
pixels. Similar to NDVIsoil, the NDVIveg value can change depending on the vegetation
type, the seasonal change of the canopy, and other conditions.

In order to estimate these values, Jing et al. [42] proposed an approach based on
the derived histogram of the NDVI data of the image. In fact, the NDVI value that
accounted for 1% of pixels of the histogram was set as NDVIsoil, while the NDVI value that
accounted for 99% of the pixels was set as NDVIveg. The NDVI histogram is plotted in the
following figure.

In this study, NDVIsoil was estimated as 0.102 and NDVIveg was estimated as 0.875.
Once the FVC map is derived, Jing et al. [42] recommended that pixels with negative values
be adjusted to 0 and that pixels with values greater than 100 be adjusted to 100.

As cited by Li et al. [43], the following equations represent the empirical relation
between the C-factor and the fractional vegetation cover for China:

C(FVC) =


1, FVC = 0

0.6508− 0.343 log FVC, 0 < FVC < 78.3%
0, FVC ≥ 78.3%

(19)

Support Practices (P) Factor

In Crete, the main conservation support practices are contour farming (Pcf), stone
walls (Psw), and grass margins (Pgm) [1]; thus, these three types of support practices were
considered to estimate the P-factor according to the following equation:

P = Pc f × Psw × Pgm (20)

where Pcf, Psw, and Pgm are the P-factor values for contour farming, stone walls, and grass
margins, respectively.

Contouring is a specific support practice applied only in croplands. The contour
farming efficiency is influenced by the topographic slope. Wischmeier and Smith [24]
assumed that contouring seems to be most effective on slopes ranging between 3 and
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8 percent. As such, according to the slope gradient, respective P-factor values were
assigned (Table 5).

Table 5. P-factor values for contour farming practices for different slope gradients [19].

Slope (%) Pcf

1–2 0.60

3–5 0.50

6–8 0.50

9–12 0.60

13–16 0.70

17–20 0.80

21–25 0.90

>25 0.95

Commonly, stone walls and grass margins cause reductions in soil erosion rates by
decreasing the velocity of the overland flow and sediment transport, respectively [1]. Dry
stone walls are extensive landscape features in the Mediterranean preventing soil erosion,
especially in hilly areas. In Greece, the density of stone walls exceeds 8% [19]. Grass
margins are strips of principally uncultivated land with vegetation dominated by grasses
or herbs. They are mainly located at the borders of fields, between cropped areas or
neighboring roads and pathways [19]. Table 6 represents the density values of stone walls
and grass margins along a transect (LUCAS database) and assigned P-factor (Psw is the
stone walls sub-factor and Pgm is the grass margins sub-factor) values for Europe.

Table 6. P-factor values for the stone walls sub-factor (Psw) and grass margins sub-factor (Pgm) for
the LUCAS database [19].

No of Features (SW or GM) % Sw Psw % Gm Pgm

0 0 1 0 1

1 83.33 0.707 100 0.853

2 0 0.577 0 0.789

3 16.66 0.5 0 0.750

4 0 0.448 0 0.724

5 0 0.408 0 0.704

6 0 0.378 0 0.689

7 0 0.354 0 0.677

8 0 0.334 0 0.667

>8 0 0.317 0 0.66

In order to evaluate the effects of these features on a study area, spatial interpolation
process should be executed. According to the objective of the study, which was to define
the spatial patterns of stone walls and grass margins, and by referring to previous studies,
the kriging approach was used for spatial interpolation. In fact, this method provides a
spatially homogeneous surface with a constant variance and mean [19]. In this study, the
ordinary kriging was based on 12 observation points for the radius setting.

As mentioned earlier and according to Equation (1), 5 different factors were organized
in GIS raster grids with 10 m spatial resolution and then overlaid in the GIS environment.
The final soil loss map was produced using the GISus-M plug-in module for ArcMap.
This is an add-in for ArcGIS Desktop, which was built using an integrated development
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environment (IDE) and programmed in C# with Microsoft Visual Studio 2010. The tool
allows the construction of the databases and automatically performs the calculations in
order to build the layers, which are the spatial maps of information used in the RUSLE.
Finally, it calculates the potential soil erosion rates over the area of interest.

2.4. Landscape Metrics Analysis

The use of landscape metrics is a utile method for estimating the relationships between
spatial patterns and spatial processes [44]. The analyses of the pattern changes through
time enable the correlation between landscape patterns and the soil loss rates. In order to
investigate the relationship between the landscape metrics for land cover and the watershed
soil erosion, landscape metrics were calculated at the class level using FRAGSTAT software
(version 4.2.1) for the years 2010 and 2020.

The most commonly used metrics are Number of Patches (NP), Patch Density (PD),
Edge Density (ED), Largest Patch Index (LPI), Percentage of Landscape (%PLAND), Eu-
clidean Nearest Neighbor Distance Area-Weighted Mean (ENN_AM), and Splitting Index
(SPLIT) metrics. These selected metrics have been frequently used in previous studies in
order to assess the links between land cover patterns and soil erosion [45,46].

• Number of Patches is the number of patches per unit area:

NP =
n

∑
i=1

Pi (21)

where Pi is a patch of type i.

• Patch Density is the number of patches of a corresponding patch type (class) per
unit area:

PD =
( n

A

)
× 10, 000× 100 (22)

where A is the area of a certain landscape type (m2), n is the number of patches, and
10,000 × 100 is the number of patches per 100 hectares.

The higher the PD, the higher the degree of landscape fragmentation.

• Edge Density is the total length of all edge segments per hectare for the considered
landscape:

ED =
E
A
× 10, 000 (23)

where E is the total length of an edge in a landscape (m) and A is the total landscape
area (m2).

• Largest Patch Index is the percentage of the landscape in the largest patch (%):

LPI =
max

(
aij
)

A
× 100 (24)

where aij is the area of patch ij and A is the total landscape area.
LPI is almost 0 when the largest patch in the landscape is too small; however, it equals

100 when the whole landscape consists of a single patch. In other words, the largest patch
covers 100% of the landscape.

• Percentage of Landscape measures the extent percentage of each land cover class
comprised of a particular patch type:

PLANDi =
∑n

j=1 aij

A
× 100 (25)

where aij is the area of patch j for the ith land cover class and A is the total landscape area.
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PLAND is almost zero when the corresponding land cover class is occasionally present
in the landscape and approaches 100 when only a single patch of the corresponding land
cover type still exists.

• Euclidean Nearest Neighbor Distance Area-Weighted Mean (ENN_AM) is the shortest
straight-line distance (m) between a focal patch and its nearest neighbor of the same
class.

• Splitting Index is the number of patches obtained by subdividing the landscape into
equal-sized patches based on the effective mesh size.

These metrics indicate the degrees of fragmentation for different land cover types and
change images. According to these metrics, the multiple linear regression (MLR) approach
was used in order to correlate soil erosion loss and landscape patterns.

2.5. Morphometric Parameters Analysis

Morphometric analysis is an efficient methodology for assessing the drainage network,
stream gradient, and shape of basin. Morphometric parameters are categorized as basic, lin-
ear, relief, and shape parameters. The basic parameters mainly include the basin area, basin
length, numbers and lengths of streams of each order, basin perimeter, and the bifurcation
ratio derived from drainage networks and sub-basin polygons. All of these morphometric
parameters were extracted from ALOS PALSAR DEM (12.5 m spatial resolution) for the
study area. The other parameters (linear, shape, and relief) were extracted from the basic
parameters. The equations used for the analysis of various morphometric parameters are
shown in Table 7.

Table 7. Morphometric parameters.

Parameters Description/Equation Unit

Basic
parameters

Area (A) Area of the watershed km2

Basin perimeter (P) The length of the watershed boundary Km

Basin length (Lb) Distance between the watershed outlet and the farthest point on the watershed Km

Stream order (u) Hierarchical ranking Dimensionless

Number of stream (Nu) Number of the stream segments of aparticular order

Stream length (Lu) Total length of the stream segments of a particular order Km

Linear
parameters

Bifrucation ratio (Rb) Ratio of the number of streams of a given order u to the number of
streams of higher order u + 1 Rb = Nu/Nu+1 Dimensionless

Drainage density (Dd) Ratio of the total length of the streams of all orders in the basin to
the area of the basin Dd = L/A km−1

Stream frequency (Fu) Total number of streams of all orders per unit area of the basin Fu = ∑ Nu
A Streams.km−2

Texture ratio (T) Ratio of the total number of streams of all orders to the perimeter
of the basin T = ∑ Nu

P km−1

Length of overland flow (Lo) Length of the water flow over the ground before it combines with
the main stream Lo = 1/2Dd Km

Shape
parameters

Form factor (Rf) Ratio of basin area A to the square of length of the basin Lb R f = A/Lb2 M

Shape factor (Bs) Ratio of the square of the length of the basin Lb to the basin area A Bs = Lb2/A Dimensionless

Elongation ratio (Re) Ratio between the diameter of a circle with the same area as that of
the basin to the length of the basin Re = 1.128

√
A/Lb Dimensionless

Compactness coefficient (Cc) Ratio between the basin perimeter and the area of a circle to the
same area of that basin Cc = P

2
√

πA
Dimensionless

Circularity ratio (Rc) Ratio of the basin area to the area of circle having an equal
perimeter as the perimeter of the basin Rc = 4 π A

P2 Dimensionless

The following flowchart (Figure 2) summarizes the framework of the paper.
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Figure 2. Flowchart of the research methodology.

3. Results and Discussion
3.1. RUSLE Model

In this study, the RUSLE model was integrated with GIS and remote sensing tech-
niques to conduct cell-by-cell calculations of the mean annual soil loss rate (t ha−1 year−1),
and to identify and map soil erosion risk areas in the Paleochora region. Raster maps
of each RUSLE parameter derived from different data source were produced and are
discussed as follows.

3.1.1. Rainfall Erosivity (R) Factor
Satellite-Based Rainfall Erosivity (R) Factor

After applying the validation process, the MLR analysis revealed a significant relation-
ship only between GPM and DEM, with p values less than 0.05 for all the months; however,
there was a weak correlation between GPM and NDVI, meaning all MLR models were
significant and valid. Using the regression equations, the whole downscaling methodology
was executed. An example of the results is shown in the following figure (Figure 3).

The RMSE values for the MLR method ranged from 0 to almost 56. Regarding bias,
many values were negative, which can be explained by an underestimation of the precipita-
tion. The coefficient of determination (R2) values ranged between 0.64 and 0.98. These were
higher for March, April, and December and lower for January, October, and November.

Once the downscaling process was accomplished, the R-factor was estimated accord-
ing to Equation (2). The spatial pattern for the annual rainfall erosivity for Paleochora for
2020 at 10 m spatial resolution is shown in the following figure (Figure 4).

The map shows that the southern part of the study area (coastal area) has low R values
(from approximately 108 to 500 MJ mm ha−1 h−1 y−1); however, high R-values (from
around 900 to 1200 MJ mm ha−1 h−1 y−1) are estimated in the north-eastern part of the
study area, which correspond to the highest altitude (corresponding to a high precipitation
amount). In fact, the rainfall erosivity is higher in the area with high altitude and its adjoin-
ing areas, significantly enhancing the risk of soil erosion; thus, as the topography varies
from steep to flat relief, the erosivity declines from 1286.11 to 108.41 MJ mm ha−1 h−1 yr−1,
with a mean annual value of 501.8 MJ mm ha−1 h−1 yr−1.



Appl. Sci. 2021, 11, 5684 16 of 38

Figure 3. Regression-derived precipitation in the Paleochora region: (a) the IMERG precipitation values at 0.1◦ resolution;
(b) the estimated precipitation at 10m resolution; (c) the interpolated residuals at 10 m resolution; (d) the downscaled
precipitation at 10 m resolution.
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Figure 4. R-factor map calculated from downscaled IMERG daily data.

According to Panagos et al. [12], the mean annual R-factor for Crete was assessed
to be 777 MJ mm ha−1 h−1 yr−1 as applied in the G2 erosion model. In the same
context, Panagos et al. [47] estimated the mean annual R-factor in Crete Island to be
846 MJ mm ha−1 h−1 yr−1 and Grillakis et al. [28] found that the average R-factor for Crete
island was estimated at 1818 MJ mm ha−1 h−1 year−1.

Compared to the studies by Panagos et al. [47,48] in Europe and Greece, respectively,
the spatial distribution pattern for the R-factor was in accordance with the proposed pattern
maps; however, the R-factor values corresponding to Paleochora catchments were larger
than the estimated R- factor values in this study.

Ground-Based Rainfall Erosivity (R) Factor

The R-factor values estimated from the 5 meteorological stations, which from the west
to the east of Chania were denoted as Elos, Paleochora, Kandanos, Sebronas, and Samaria
(Figure 5), varied between 131.25 and 958.857 MJ mm ha−1 h−1 y−1 (Table 8), with a mean
value of 432.879 MJ mm ha−1 h−1 y−1 and with a relatively high standard deviation of
331.04 MJ mm ha−1 h−1 y−1, which can be explained by the topography variations.
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Figure 5. Shaded relief map of Chania (western part of Crete Island) showing the locations and
spatial distribution of the meteorological (rain gauges) stations used in the current research.

Table 8. R-factor values for the precipitation stations.

Station Name R-Factor (MJ mm/ha h yr)

Elos 288.429
Paleochora 545.625
Kandanos 240.214
Sebronas 131.25
Samaria 958.875

The following map (Figure 6) shows the spatial pattern of the annual erosivity re-
sulting from the extrapolation of the R-values. The R-factor values range from 240.248 to
545.536 MJ mm ha−1 h−1 y−1, with a mean value of 347.734 MJ mm ha−1 h−1 y−1.

The R-factor values derived from GPM data ranged between 108.41 MJ mm ha−1 h−1 yr−1

to 1286.11 MJ mm ha−1 h−1 yr−1; however, the R-factor values derived from rain gauge data
had larger minimum and smaller maximum values, ranging from 240.248 MJ mm ha−1 h−1 yr−1

to 545.536 MJ mm ha−1 h−1 yr−1. The variation between the R-factor map derived from
GPM data and in situ data can be explained by the difference in the data used to derive
R-factor values (satellite-based data vs. ground-based data). Additionally, the GPM rainfall
product has a tendency to overestimate low precipitation and underestimate intense pre-
cipitation [49]. Nevertheless, GPM proved to be a better alternative in estimating rainfall
compared to rain gauge interpolation in areas where gauges are sparse.
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Figure 6. R-factor map derived from rain gauge data.

3.1.2. Soil Erodibility (K) Factor

The following map (Figure 7) represents the spatial distribution of the soil erodibility
(K-factor).

Figure 7. K-factor map.

The K-factor values ranged between 0.0168 and 0.0174 t ha h ha−1 MJ−1 mm−1, with
a mean value of almost 0.017 t ha h ha−1 MJ−1 mm−1 and a standard deviation of 0.00015.
K-values tended to increase from southwest to northeast. Commonly, soils high in clay
have low K-values at about 0.05 to 0.15 t ha h ha−1 MJ−1 mm−1. This soil category is
resistant to detachment.

In addition, organic matter reduces erodibility because it reduces the susceptibility of
the soil to detachment and increases infiltration, which reduce runoff and erosion.

At the European level, the mean K-factor value was estimated to be 0.032 t ha h ha−1

MJ−1 mm−1 [15]. At the country level, according to the study by Panagos et al. [20], the
mean value of K-factor for Greece was 0.0298 t ha h ha−1 MJ−1 mm−1. At the catchment
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level, K-factor values ranged between 0.009 and around 0.04 t ha h ha−1 MJ−1 mm−1 in the
northern central and northwestern parts of Chania, Crete [3,50].

3.1.3. Slope Length–Steepness (LS) Factor

The derived LS-factor map is shown in the following figure (Figure 8).

Figure 8. LS-factor map.

As the slope gradient is the main component affecting the LS-factor, flat areas have
low LS-values, while areas with steep slope gradients have higher LS-values, which render
these areas extremely susceptible to erosion. Additionally, LS-values are also greater along
the flow path and increase abruptly at areas of flow concentration. The mean LS-factor
value for the whole study area was 8.72, with a range of 0 to 222.

Both catchments were characterized by relatively high LS-factor values, consistent
with the high elevation values (around 1300 m) and the greatest extent of the catchments
(around 148 km2). In the northwestern part of Chania, Kouli et al. [3] found similar K-values
for catchments with similar characteristics.

3.1.4. Cover Management (C) Factor

This factor can be assessed in different ways depending on the availability of the
data. Remote-sensing-based methods such as land use/land cover (LULC) classification
and spectral indices such as the Normalized Difference Vegetation Index (NDVI) and its
derivation the Fractional Vegetation Cover (FVC) have been proven to be informative in
deriving the C-factor.

Regardless of the classification algorithm, the resulting classified images showed
spectral confusion in some thematic classes, such as for young olive groves (Corine class
no. 223) with Sclerophyllous vegetation (Corine class no. 323) and for Sclerophyllous
vegetation (Corine class no. 323) with broadleaf forest areas (Corine class no. 311).

The RF classifier showed the highest overall accuracy (~86%) and Kappa statistics
(~78%) among the classifiers. Consequently, all of the selected Sentinel-2 images were
classified separately, since every image was acquired on a different date using the RF
classifier. The final land cover map (Figure 9) showed an overall accuracy of about 95%
and Kappa statistics of about 93%. The Kappa coefficient values ranged between 81% and
100%, means there was an almost perfect agreement between the classification and the
reference data.
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Figure 9. Classified LULC map for Paleochora (2020).

After determining the LULC classes from the remotely sensed data, corresponding
C-factor values were assigned from literature. The C-factor map derived from the land
cover classification (Figure 10) showed that forested areas had the lowest C-factor values,
while agriculture areas had higher values.

Figure 10. C(literature)-factor map.
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Regarding the NDVI, several empirical relations were established to correlate NDVI
values to C-factor values. Commonly, NDVI is directly correlated to the C-factor by
an exponential regression [36] or a linear regression [37]. C(vk)-factor and C(r)-factor
maps (Figures 11 and 12, respectively) derived from the NDVI index seemed to have
approximately the same trend for the value distribution. These maps showed almost
similar values for forested areas (almost zero) and agricultural areas (ranging between
~0.15 and ~0.2) in comparison to the C-factor map derived from supervised classification;
however, C(vk)-factor and C(r)-factor values were incredibly high in some areas, such as
the “natural grassland” areas. As such, C(vk)-values and C(r)-values for those areas were
replaced by CLIT-values from the literature, as recommended by Rubianca et al. [25].

Figure 11. C(vk)-factor map.

Figure 12. C(r)-factor map.
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Similar to the C-factor map derived from the NDVI, the C(FVC)-values assigned to the
“natural grassland” were overestimated; thus, these values were substituted for C-values
from the literature (Figure 13).

Figure 13. C(FVC)-factor map.

The comparison of the different methods (classification and NDVI) used to obtain
C-factor showed that C-values derived from NDVI were overestimated in comparison to
C-values from the literature; however, C-values derived from FVC seemed to be more
reliable compared to C-values from the literature.

Another problem with NDVI and its sub-product (FVC) is the high values assigned
to the “natural grassland”. This can be explained by the fact that they are considered as
moderate vegetation so their NDVI is quite low (~0.2 to ~0.3). Consequently, they will have
high C-values. This type of land cover has a significant impact on the C-factor as well. The
effect of grassland on soil conservation is much better than that of agricultural land, as
confirmed by C-values from the literature.

On the other hand, the rescaled C-factor equation was originally proposed for tropical
climatic conditions and FVC equations were originally suggested for Chinese catchments.
Since these zone have different climatic conditions and land covers to the Mediterranean
study area, this could also influence the results.

3.1.5. Support Practices (P) Factor

The contour sub-factor (Pcf) was estimated based on the slope derived from the DEM,
for which the mean Pcf was 0.88. The stone walls (Psw) and the grass margin (Pgm) sub-
factors were estimated based on the interpolated stone walls and grass margin dataset, for
which the mean Psw was 0.67 and the mean Pgm was 0.85.

The mean P-factor value, combining the 3 sub-factors, was estimated to be 0.82. The de-
rived P-factor map (Figure 14) showed that the areas where erosion management practices
were conducted were specifically in Corine-cultivated land. The P-factor values ranged
between 0.22 and 0.57, with lower values indicating that support practice management
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reduced erosion; however, the P-factor value was considered as 1 (no practices) for areas
covered by forest.

Figure 14. P-factor values for Paleochora.

In several studies, because of a lack of data, the P-factor was set to 1, yet in several
studies the P-factor was estimated using image classification or LUCAS data [4,19]. A
study conducted at the European level showed that in Greece the mean P-factor values is
about 0.95.

3.1.6. RUSLE Model

Soil loss values were calculated by overlaying five grid rasters (a grid raster represent-
ing R-factor values, a grid raster representing K-factor values, a grid raster representing
LS-factor values, a grid raster representing C-factor values, and a grid raster representing
P-factor values).

The final maps produced show the spatial distribution of annual soil loss within the
study area at 10 m pixel resolution according to each scenario:

• Scenario 1: A soil loss map was produced with R-factor values derived from satellite
data and C-factor values assigned from literature data (Figure 15);

• Scenario 2 and 3: Two soil loss maps were produced with R-factor values derived
from satellite data and C-factor values derived from NDVI (exponential (NDVI-vk)
and linear (NDVI-r) equation) data (Figures 16 and 17, respectively);

• Scenario 4: A soil loss map was produced with R-factor values derived from satellite
data and C-factor values derived from FVC data (Figure 18).
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Figure 15. Soil loss map produced using R from the Global Precipitation Measurements (GPM) and
C from the literature data.

Figure 16. Soil loss map produced using R from the Global Precipitation Measurements (GPM) and
C from NDVI(vk) data.
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Figure 17. Soil loss map produced using R from the Global Precipitation Measurements (GPM) and
C from NDVI(r) data.

Figure 18. Soil loss map produced using R from the Global Precipitation Measurements (GPM) and
C from NDVI-derived Fractional Vegetation Cover(FVC) data.

According to scenarios 1, 2, 3, and 4, the maximum estimated soil losses were 417, 704,
614, and 649 t ha−1 year−1, with mean values of 2.59, 4.63, 10.01, and 2.41 t ha−1 year−1,
respectively.

The results for the RUSLE model were in relative agreement with previous studies.
In fact, at the European level, the mean annual soil loss rate is about 2.46 t ha−1 [51].
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According to the work by Panagos et al. [12], the mean annual soil loss rate in Crete was
found to be 8.123 t ha−1 yr−1. A soil erosion map of the northern central part of Chania,
Crete, showed that soil erosion in cultivated areas was commonly greater than soil erosion
in uncultivated areas, with a mean annual erosion rate of 4.85 t ha−1 yr−1 [50]; however, the
variations in the mean values can be explained be the different methods used in extracting
the factors and the assessment scale.

The spatial distribution of the soil erosion rates was evaluated for different land cover
classes, which were mainly agricultural, forest, natural grassland and pasture, shrubland,
and sparsely vegetated areas (Table 9 and Figure 19).

Table 9. Soil erosion rates in terms of land cover.

Land Cover Class
Mean Annual Soil Loss (t ha−1 Year−1)

Scenario 1 Scenario 2 Scenario 3 Scenario 4

Agricultural areas 5.882 5.642 6.873 5.253
Forest 0.145 1.452 8.932 0.835

Natural grassland and pasture 3.064 5.241 5.809 2.896
Shrubland 0.912 4.950 11.381 2.491

Sparsely vegetated areas 37.927 4.693 4.142 0.864

Figure 19. Bar diagram showing soil erosion rates in terms of land cover.

According to scenario 1, the mean erosion rate for sparsely vegetated areas was
the highest, followed by agricultural, natural grassland and pasture, shrubland, and
forest areas.

According to scenario 2, the mean erosion rate for agricultural areas was the highest,
followed by natural grassland and pasture, shrubland, sparsely vegetated, and forest areas.

According to scenario 3, the mean erosion rate for sparsely vegetated areas was the
lowest and higher values were assigned to natural grassland and pasture, agricultural
areas, forest, and shrubland areas.

According to scenario 4, the mean erosion rates for sparsely vegetated and forest areas
were the lowest and higher values were assigned to shrubland, natural grassland and
pasture, and agricultural areas.

In their study, Panagos et al. [12] estimated the spatial distribution of soil erosion rates
per land cover and land use class based on the Corine Land Cover dataset. According to
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their assessment, the mean annual soil loss rate was found to be 8.123 t ha−1. The mean
erosion rate for sparsely vegetated areas was the highest, followed by natural grassland
and pasture, shrubland, agricultural areas, and forest areas.

Consequently, both scenario 3 and scenario 4, which presented low values for sparsely
vegetated areas, were excluded.

A cell-by-cell analysis of the soil loss map showed that the highest soil loss values were
positively correlated with the steepest slopes. This finding was confirmed with reference to
the study by Kouli et al. [3] in Chania, Crete; however, in this study, the correlation was
higher for scenario 2 than scenario 1, meaning scenario 2 was considered to provide the
most reliable results for soil loss estimation.

Soil loss values were calculated by overlaying five grid rasters (a grid raster repre-
senting R-factor values estimated from rain gauge data, a grid raster representing K-factor
values, a grid raster representing LS-factor values, a grid raster representing C-factor
values, and a grid raster representing P-factor values).

The final maps produced to show the spatial distribution of annual soil loss within
the study area at 10 m pixel resolution were as follows:

• Scenario 5: A soil loss map was produced with R-factor values derived from in situ
data and C-factor values assigned from literature data (Figure 20);

• Scenario 6: A soil loss map was produced with R-factor values derived from in situ
data and C-factor values derived from NDVI (exponential (NDVI-vk)) data (Figure 21).

Figure 20. Soil loss map with R-factor values derived from in situ data and C-factor values derived
from literature data.
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Figure 21. Soil loss map with R-factor values derived from in situ data and C-factor values derived
NDVI(vk) data.

According to scenario 5, the estimated soil loss ranged from 0 to 279 t ha−1 year−1,
with a mean value of 1.95 t ha−1 year−1.

According to scenario 6, the estimated soil loss ranged from 0 to 583 t ha−1 year−1,
with a mean value of 3.24 t ha−1 year−1.

Table 10 lists the values for the mean annual soil loss with R-factor values derived
from GPM data and rain gauge data and C-factor values derived from literature and NDVI
data, respectively.

Table 10. Mean annual soil loss rates for scenarios 1, 2, 5, and 6.

Scenario 1 Scenario 2 Scenario 5 Scenario 6

R-Factor Derived from GPM Data R-Factor Derived from Rain Gauge Data

C-Factor Derived
from Literature

C-Factor Derived
from NDVI (vk)

C-Factor Derived
from Literature

C-Factor Derived
from NDVI (vk)

Mean annual
soil erosion

(t ha−1 year−1)
2.59 4.63 1.95 3.24

The annual soil erosion rates obtained using R-factor values derived from rain gauge
data were slightly underestimated in comparison with those obtained using R-factor values
derived from GPM data. This underestimation was due to the differences in the data used
to derive R-factor values (satellite-based data vs. ground-based data).

3.2. Landscape Metrics Analysis

Land-cover maps for 2010 and 2020 were derived using the random forest classifier
(using 20 trees). Corine Land Cover level 3 classes were aggregated to the following
6 classes (urban, cropland, grassland, woodland and forest, heathland and shrub, sparsely
vegetated areas) to simplify the analysis of change.
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The classification results were subsequently validated using Google earth imagery,
with accuracies exceeding 75% for the two dates with Kappa statistics of 68% and 64% for
2010 and 2020, respectively. After classification, change-detection analysis was carried out.

The classified images are shown in Figure 22. The selected metrics were calculated at
the class level using an 8 × 8 m cell neighborhood rule in FRAGSTAT. Table 11 illustrates
the values for the calculated landscape metrics.

Figure 22. Classified LULC maps of Paleochora for 2010 (left) and 2020 (right).

Table 11. Results for the landscape metrics.

Land Cover Classes
Total Area NP PD ED

2010 2020 2010 2020 2010 2020 2010 2020

1 Urban 71.28 97.74 140 243 0.93 1.61 2.79 4.56

2 Cropland 3218.58 4673.43 2259 3887 15.04 25.89 100.45 157.88

3 Woodland and forest 247.41 377.37 480 837 3.19 5.57 10.23 20.18

4 Grassland 2947.68 2768.31 1458 3336 9.71 22.22 61.47 95.58

5 Heathland and shrub 8527.05 7077.69 1253 3977 8.34 26.49 142.23 202.5

6 Sparsely vegetated areas 18.72 46 0.3 1.12

Land Cover Classes
LPI ENN_AM PLAND SPLIT

2010 2020 2010 2020 2010 2020 2010 2020

1 Urban 0.15 0.14 140 243 0.47 0.65 337133.02 231397.27

2 Cropland 8.21 18.56 2259 3887 21.44 31.12 110.97 26.40

3 Woodland and forest 0.12 0.43 480 837 1.64 2.51 51675.1 41194.35

4 Grassland 4.1 2.81 1458 3336 19.63 18.43 312.88 444.27

5 Heathland and shrub 49.18 20.64 1253 3977 56.8 47.14 4.12 20.22

6 Sparsely vegetated areas 0.039 46 0.12 4719625.27

NP: Number of Patches; PD: Patch Density; ED: Edge Density; LPI: Largest Patch Index; ENN_AM: Euclidean Nearest Neighbor Distance
Area-Weighted Mean; PLAND: Percentage of Landscape; SPLIT: Split index.
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Land cover classes across the two dates (2010 and 2020) showed that heathland and
shrub (5) was the dominant class in the study area according to PLAND metric values.
For 2010, although the NP value for the heathland and shrub class (5) was lower than the
NP values for the cropland (2) and grassland (4) classes, the LPI, ED, and TA values were
higher than for the other classes. These values showed that compact and related patches
were concentrated in this class; however, the values for the area-edge metrics decreased
from 2010 to 2020.

Urban areas (1) were independently identified as the most passive class in terms of PD,
NP, and PLAND values for the two dates, as their patches were too small and dispersed.
In fact, the ENN_AM, which is weighted with respect to the patch size, determines the
neighborhood relations of the patches in terms of proximity. According to this metric,
patches belonging to urban areas (1) were too far from each other (showing the highest
ENN_AM values); however, there was a slight expansion in urban areas between 2010
and 2020.

Both cropland (2) and grassland (4) classes showed quite high values for NP and
PD. When considered along with the low values for LPI, these results suggest that these
classes are undergoing fragmentation over time. Additionally, cropland (2) and grassland
(4) classes, which had the highest LSI values, have complex structures; however, in terms
of their ED values, they were lower than the heathland and shrub class (5). This showed
that patches from the cropland (2) and grassland (4) classes had started to lose their core
properties and their edge relations had been weakened.

The woodland and forest class (3) was identified as the class with the highest class
fragmentation. Even though the NP values were much higher compared to the urban areas
class (1), which covered the smallest surface area in the study area, the woodland and forest
class (3) had lower LPI values (0.12 and 0.43 for 2010 and 2020, respectively). These values
showed that the patches in the woodland and forest class (3) are small, underdeveloped,
and according to the SPLIT and ENN_AM values, they are scattered and not connected.

The sparsely vegetated areas class (6) was only identified in 2020. It had the lowest
PLAND and LPI metric values. It was the smallest class in terms of area, patch density, and
patch number.

The overall assessment of the metrics showed that the heathland and shrub class
(5) dominated the landscape—its patches are both large and dense. Both cropland (2) and
grassland (4) classes were scattered in the region as unconnected small units. Woodland
and forest (3) classes were scattered and disjointed. The urban areas class (1) had the lowest
values in terms of area, patch density, and patch number. The sparsely vegetated areas
class (6) was only mapped in 2020. The invaded grassland (4) and heathland and shrub
(5) classes decreased from 2010 to 2020, giving way to the invasion of the sparsely vegetated
areas class (6).

Multiple linear regression (MLR) methodology was applied in order to both spa-
tially and quantitively correlate (Table 12) the soil erosion rate (dependent variable) with
landscape metrics (independent variables).

Table 12. Landscape metrics and mean soil erosion rate for 2020 for each land cover class.

Land Cover Classes

Mean Soil Erosion Rate
Scenario No. Landscape Metrics (2020)

1 2 5 6 PD ED LPI ENN_AM PLAND SPLIT

Cropland 6 4.73 4.34 4.014 25.9 157.9 18.6 61.64 31.12 26.4

Woodland and forest 0.67 2.06 0.61 2.6 5.57 20.18 0.43 81.42 2.51 41194.35

Grassland 3.06 5.24 1.16 2.89 22.2 95.58 2.81 63.47 18.43 444.27

Heathland and shrub 0.1 6.62 0.06 4.33 26.5 202.5 20.6 60.44 47.14 20.22
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The following table (Table 13) summarizes the results from the MLR modeling, which
were obtained on the basis of the data set and the MLR modeling approach that was applied
to determine the relationships between landscape metrics and the mean soil erosion rate
per land cover class.

Table 13. Correlation between landscape metrics values and mean soil erosion.

MLR
Landscape Metrics

Correlation
PD ED LPI ENN_AM PLAND SPLIT

Scenario 1
R2 0.45 0.34 0.18 0.92 0.3 0.97 ENN_AM

SPLITp value 0.2 0.3 0.47 0.009 0.33 0.001

Scenario 2
R2 0.4 0.5 0.38 0.028 0.56 0

No correlation
p value 0.24 0.17 0.26 0.78 0.14 0.99

Scenario 5
R2 0.42 0.31 0.15 0.9 0.28 0.95 ENN_AM

SPLITp value 0.23 0.32 0.51 0.014 0.35 0.004

Scenario 6
R2 0.8 0.95 0.93 0.5 0.93 0.43 PD, ED, LPI,

PLANDp value 0.039 0.004 0.006 0.14 0.008 0.22

NP: Number of Patches; PD: Patch Density; ED: Edge Density; LPI: Largest Patch Index; ENN_AM: Euclidean Nearest Neighbor Distance
Area-Weighted Mean; PLAND: Percentage of Landscape; SPLIT: Split index; Values in bold are significant at p < 0.05.

The mean soil erosion rate per land cover class for the RUSLE model implemented
with R-factor values derived from in situ data and C-factor values derived from NDVI data
(Scenario 6) with the landscape metrics analysis for the year 2020 exhibited highly positive
correlations with most of the landscape metrics; thus, higher PD intensifies soil erosion and
lower PD causes more erosion. In fact, for cropland (2) and woodland and forest (3) classes,
the PD increased between 2010 and 2020 by almost 50%. Although these classes were
undergoing expansion, they were highly fragmented and their patches were scattered and
disconnected. This finding was confirmed by the results of the study by Huang et al. [52].
Their results showed that the overall level of soil erosion declined between 2010 and 2020,
while the estimated PD metric values for the same period decreased by almost 50%.

Over one decade, between 2010 and 2020, the PD values of grassland (4) and heathland
and shrub (5) classes increased, indicating that PN increased and LPI decreased. Ouyang
et al. [53] explained that grassland patches mitigate soil erosion mainly at the edge of the
patch, not across the whole patch area.

Consequently, it seems that the landscape pattern influences soil erosion. In fact,
higher interspersion (SPLIT metric) and patch numbers (NP metric) for land cover classes
proved to significantly accelerate soil erosion.

3.3. Morphometric Parameters Analysis

Watersheds and sub-watersheds can be prioritized on the basis of morphometric
parameters. For prioritization of sub-watersheds in water resources management, the
morphometric analysis uses certain very crucial linear and shape morphometric parameters.
Linear parameters such as the drainage density, stream frequency, bifurcation ratio, and
texture ratio have direct relationships with erodibility, whereas shape parameters such
as the elongation ratio, circulatory ratio, form factor, and compactness ratio have inverse
relationships with erodibility [54,55].

Greater values for linear parameters enhance the runoff potential and the erodibility;
hence, each sub-watershed was ranked depending on the values of different geomorpho-
logical parameters. The highest value for the linear parameters was given a rating of 1, the
next highest value was given a rating of 2, and so on, as these geomorphological parameters
generally show positive correlations with soil erosion. The lowest value was rated last in
the series of numbers.
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In contrast, for shape parameters, the lowest value was given a rating of 1, the next
lowest value was given a rating of 2, and so on, as these parameters show negative
correlations with soil erosion.

The prioritization of both the catchments was carried out by calculating the compound
factor values. The compound factor (Cf) was calculated by adding up all ranks of linear
and shape parameters and then dividing this number by the number of all parameters
(which here was 10) (Table 14). The highest prioritized rank was assigned to the catchment
with the lowest compound factor, and vice versa.

Table 14. Prioritization of catchments based on morphometric parameters.

Linear Parameters Shape Parameters
Compound Factor Priority

Rb Dd Fu T Lo Rf Bs Re Cc Rc

Kakodikianos 2 2 2 2 1 1 2 1 2 1 1.6 2
Pelekaniotis 1 1 1 1 2 2 1 2 1 2 1.4 1

According to the ranking, the Pelekaniotis catchment seemed to be more prone to soil
erosion than the Kakodikianos catchment. Table 15 summarizes the mean soil erosion rates
for each catchment under the different RUSLE scenarios.

Table 15. Mean soil erosion rates for each catchment.

Mean Soil Erosion Rate (2020)

Kakodikianos Pelekaniotis

Scenario 1 R-GPM, C-lit 2.92 2.19
Scenario 2 R-GPM, C-ndvi 4.72 4.52
Scenario 5 R-in situ, C-lit 1.8 2.14
Scenario 6 R-in situ, C-ndvi 2.54 4.06

The prioritization ranking based on morphometric parameters was positively cor-
related with both scenarios 5 and 6; however, for scenarios 1 and 2, it was negatively
correlated (Tables 15 and 16).

Table 16. Priority based on soil loss estimation and morphometric parameter analysis.

Catchment

Priority Based On

Soil Loss Estimation
Morphometric Parameters

Scenario 1 Scenario 2 Scenario 5 Scenario 6

Kakodikianos 1 1 2 2 2
Pelekaniotis 2 2 1 1 1

The same prioritization procedure was likewise conducted at the sub-catchment
scale to detect the areas that were highly vulnerable to soil erosion according to the
morphometric parameters. Kakodikianos catchment was divided into 52 sub-catchments,
while Pelekaniotis catchment was split into 73 sub-catchments. All sub-catchments were
clustered into following three priority classes based on the range of compound factor (Cf)
values and according to the natural breaks method (Figure 23): high priority (31.78–52.77),
moderate priority (52.78–71.55), and low priority (71.56–95.55).

According to the above-mentioned classification based on morphometric parameters,
36% of the sub-catchments were classified as high priority, 26.4% of the sub-catchments
were classified as moderate priority, and 37.6% of the sub-catchments were classified as
low priority.
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Figure 23. Priority levels of the sub-catchments based on morphometric parameters.

On the other hand, the priority levels of the sub-catchments based on mean soil erosion
rates are illustrated in the following figure (Figure 24). Three soil erosion classes, namely
low, medium, and high, were categorized based on the natural breaks method. The highest
priority indicates the greatest degree of erosion in a particular sub-catchment, meaning it
requires soil conservation practices.

The integration of the results from the morphometric analysis method and the RUSLE
was achieved by overlaying the produced maps in order to identify the common sub-
catchments falling under each priority category (Table 17).

Table 17. Percentage of common sub-catchments falling under each priority category.

Scenario 1 Scenario 2 Scenario 5 Scenario 6

Priority (%)

High 4.8 6.4 0.8 6.4

Moderate 8.8 11.2 7.2 26

Low 16.8 29.6 21.6 19

Total (%) 30.4 47.2 29.6 51

Based on the linear and shape morphometric parameter analysis, the prioritization
results at the catchment scale showed that Pelekaniotis catchment was more prone to soil
erosion than Kakodikianos catchment. This finding seemed to be consistent with the result
from the RUSLE model implemented with R-factor values derived from in situ data and
C-factor values derived from literature and NDVI data, respectively (scenarios 2 and 6).

At the sub-catchment scale, the morphometric parameters analysis demonstrated
that 36% of the sub-catchments were ranked as high priority, meaning high erosion risk.
Through integration of the results of the morphometric analysis and RUSLE implemented
with C-factor values derived from NDVI and R-factor values derived from GPM and in
situ data, respectively, 6% of the sub-catchments were classified as high priority. These
sub-catchments were located in relatively steep slope areas (averaging around 41%). The
evaluation of the morphometric parameters at the sub-catchment scale is more advanta-
geous, since this detects the most soil erosion-prone areas that require the implementation
of soil and water conservation practices.
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Figure 24. Priority levels of the sub-catchments based on mean soil erosion: (a) scenario 1; (b) scenario 2; (c) scenario 5;
(d) scenario 6.

4. Conclusions

Soil erosion is a universal concern that mainly impacts the environment and different
habitats. It is crucial to assess soil erosion rates and map the spatial distribution of soil
erosion in order to plan conservation and management practices.

The current study proved that the RUSLE model can be efficiently applied at the
catchment scale to estimate soil erosion rates through the integration of GIS and remote
sensing techniques. The highest soil loss rates were found in sparsely vegetated areas. The
high erosion values depicted for natural grassland and pasture areas can be attributed
to the increasing levels of livestock and inappropriate grazing practices, which further
intensify the soil degradation.

The RUSLE can, therefore, be replicated in other catchments in Chania in particular
and in Crete island in general for the estimation and delimitation of erosion-prone areas.

Although relatively modest data are required for the RUSLE, the soil erosion rates are
often overestimated for low rainfall events, while they are underestimated for high rainfall
events [56]. This variation can be explained by the fact that runoff is incorporated within
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the R-factor. Additionally, the RUSLE assesses soil loss only for sheet and rill erosion, but it
does not account other types of erosion (gully erosion, channel erosion, bank erosion, or
extreme events such as landslides) [25,57].

The landscape metric analysis showed that most of the estimated landscape metrics
had a significant correlation with the soil erosion rate, which was assessed using the RUSLE,
with R-factor values derived from in situ data and C-factor values derived from NDVI data.
It can be concluded that the landscape pattern has a positive impact on soil erosion.

Regarding the morphometric parameter analysis, the prioritization results at the
catchment scale seemed to be consistent with the result for the RUSLE implemented with
R-factor values derived from in situ data and C-factor values derived from literature
and NDVI data, respectively. At the sub-catchment scale, the morphometric parameter
analysis seemed to be consistent with the results for the RUSLE implemented using C-factor
values derived from NDVI data and R-factor values derived from GPM and in situ data,
respectively.

The overall evaluation of the three approaches (RUSLE model, landscape metrics,
and morphometric parameters) showed that the RUSLE model implemented with R-factor
values derived from in situ data and C-factor values derived from NDVI data, was the most
relevant scenario, which was correlated with both the landscape metric and morphometric
parameter analyses. In this scenario, the mean soil erosion rate in the study area was about
3.24 t ha−1 year−1.

The current study revealed the fact that the integrated three-fold approach of soil
erosion modeling, landscape fragmentation study, and estimation of morphometric param-
eters can complement each other in the efficient monitoring of soil loss at the catchment
scale. In most of the relevant studies, the researchers implemented the specific approaches
separately. In our study, we highlighted the fact that the simultaneous application of
these different approaches in the GIS environment can offer a new option for soil erosion
modelers, who usually focus only on applying empirical models and not on investigating
the land use and morphological regimes within the study areas. In addition, this approach
is considered to be extremely useful in cases where in situ soil loss data are not available,
because landscape and morphometric approaches can effectively support the final results,
as estimated from models such as the RUSLE.
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