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The present study illustrates an original approach for the long-term assessment of soil erosion risk under land-use changes
in a Mediterranean region (Matera, southern Italy). The study has been focused on the implementation of a modified
Universal Soil Loss Equation (USLE) model at three time points (1960, 1990, 2010) with the objective to evaluate the
contribution of each component to model's performance and model outcomes’ reliability. A modified USLE model was

proposed for the assessment of soil erosion risk, based on the simplification of model’s parameters and the use of high
spatial resolution datasets. Spatio-temporal variability in the model's outcomes was analyzed for basic land-use classes.
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Our approach has improved model's flexibility with the use of high spatial resolution layers, producing reliable long-term
estimates of soil loss for the study area.

© 2016 Published by Elsevier Ltd.

1. Introduction

Soil erosion is a key environmental process that reflects specific
soil characteristics, climate regimes, vegetation cover, and land mis-
management depending on natural and anthropogenic factors
(Quinton et al., 2010). Soil erosion is mainly the result of the ac-
tion of water or wind. Anthropogenic causes are linked to multiple
interactions between human activities and land-use (Garcia-Ruiz et
al., 2013). In this sense, soil erosion is closely related to land-use
changes as a result of urbanization, land abandonment, overgrazing,
deforestation and forest fires (Grimm et al., 2002; Nunes et al., 2010,
2011; Mancino et al., 2014). At the European level about 115 million
hectares of rural land are affected by soil erosion (12% of the con-
tinental surface area), with increasingly negative effects on soil pro-
ductivity and on the economic sustainability of agriculture (SOER,
2010). In the Mediterranean region, soil erosion has affected stabil-
ity of environmental systems and socioeconomic resilience of rural
land (Conacher and Sala, 1998; Montanarella, 2007), and thus requires
a thorough implementation of dedicated soil conservation strategies
(Morgan, 2005; Ferrara et al., 2014). Recent studies have stressed
the role of land-use changes in soil erosion dynamics in areas where
changes in vegetation cover are strictly related to the quality and type
of soils (Razafindrabe et al., 2010).

Soil erosion has been also related to socioeconomic processes
such as the abandonment of agricultural practices in marginal areas
(Koulouri and Giourga, 2007). The implementation of agro-environ-
mental measures within the Common Agriculture Policy (CAP) has
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contributed to support agriculture in fertile areas, stimulating the aban-
donment of the traditional farming systems in less favoured areas
(Caraveli, 2000; MacDonald et al., 2000). The relation between land
abandonment and soil erosion has been described as a long-term pat-
tern influenced by spatially-varying conditions related to soil type,
slope, land-use and the adopted agricultural practices (Kosmas et al.,
1997). Land abandonment may produce either positive or negative im-
pacts on soil erosion depending on slope, precipitation regime and in-
tensity regulating the superficial runoff (Liu et al., 2000; Kosmas and
Gerontidis St Marathianou, 2000; Zhou et al., 2006).

Several approaches have been proposed to assess soil erosion risk.
The most widely used is the Universal Soil Loss Equation (USLE),
developed by Wischmeier and Smith (1978) and applied to vastly dif-
ferent territorial contexts characterized by specific climate regime, soil
type and topography. The USLE model estimates the annual soil loss
per unit area on the base of soil, vegetation and climate variables in-
cluding soil erodibility, rainfall intensity, slope length and steepness,
land-use and management (Renard et al., 1991). Vegetation, geology
and land-use are key variables in the USLE model (Nasiri, 2013).
Type and degree of soil cover are closely linked to the capacity of hy-
draulic regulation and erosion protection provided by different vege-
tation cover and forest types; at the same time, land-use and manage-
ment play a key role in soil erosion processes. In particular, forests
provide hydraulic regulation and soil protection contributing to reduce
soil degradation and performing critical functions as biodiversity con-
servation, primary production carbon uptake and storage (Nole et al.,
2009).

In the last years a revision of the USLE model has been proposed
(Renard et al., 1997; Van der Knijff et al., 2000; Nasiri, 2013) by
introducing new parameters that contributed to a refined approach
called RUSLE (e.g. Borrelli et al., 2016) with improved model per-
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formance. The introduction of new algorithms for the evaluation of
model parameters has contributed to improve model flexibility
(Panagos et al., 2015a). Further investigation is required to improve
the long-term efficiency of soil loss estimates (Panagos et al., 2014,
2015b,c,d,e).

Our study introduces an original and simplified approach based
on the USLE methodology (Wischmeier and Smith, 1978) for the di-
achronic assessment of soil erosion risk in an area of southern Italy
(Matera, Basilicata) as a function of changes in the use of land (Salvati
et al., 2013a; Mancino et al., 2014) driven by land management poli-
cies (Salvati and Ferrara, 2014). The proposed approach is based on a
thorough implementation of three parameters in the USLE model: (i)
the rainfall erosivity factor (R factor) based on average annual rain-
fall, (ii) the Crusting Index (CI) estimating the soil erodibility factor
(K factor), and (iii) the RUSLE3D algorithm proposed by Mitasova
(1996) for the evaluation of the slope length factor (LS factor). Spe-
cific tolerable erosion levels (T) for basic land-use classes were finally
used to evaluate model's results.

Based on the hypothesis that forest expansion at the regional scale
contributes to the mitigation of soil erosion risk and contrasts lo-
cal-scale increases in the erosion rate associated to cropland abandon-
ment and soil mismanagement, the impact of land-use dynamics on
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soil erosion rates was assessed with the objective to evaluate reliabil-
ity of the diachronic soil erosion estimates produced by the modified
USLE model. This model was applied in a dry area of southern Italy
exposed to high risk of soil erosion and tested using data covering an
enough long time interval (1960-2010) to assess model reliability un-
der landscape transformations.

2. Methodology
2.1. Study area

The study area extends 3434 km? in the prefecture of Matera
(Basilicata, southern Italy) and is administered by 31 municipalities
(Fig. 1). The area is characterized by a typical Mediterranean climate
with hot and dry summers and cold-rainy winters. The study area is
subdivided in three main geographical districts: (i) a mountain area in
the north-west part of Matera's prefecture, (ii) a hilly area in the cen-
tral area and (iii) a flat area along the Ionian Sea coast, east of Mat-
era. Clay is the main component of soils in the area, being a relevant
factor of landslides (occurring especially on hilly areas dominated by
blue-grey clay), in combination with place-specific morphological and
structural characteristics. Arable land is the prevailing use of land
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Basilicata Region

Matera Prefecture

Fig. 1. Study area, Matera Prefecture (Basilicata, southern Italy).
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especially in the eastern part of Matera's prefecture. Forests are con-
centrated in the western part of the area.

2.2. Assessing soil erosion risk

Soil erosion risk was assessed over five decades (1960-2010)
through a modified version of the USLE model:

A=R*K*LS*C*P (1)

where: A =Mean annual soil loss (tha ' year '); R = Rainfall ero-
sivity factor (MJ ha ' mm yearfl); K = Soil erodibility factor (t ha h
MI Tmm ™), L= Slope length factor (dimensionless); S = Slope fac-
tor (dimensionless); C=—Cover management factor (dimensionless);
P = erosion control practice factor (dimensionless).

Modifications to the original USLE methodology (Wischmeier and
Smith, 1978) refer to the evaluation of the factors R, K and LS, as de-
scribed below. Due to the lack of long-term information on precipita-
tion erosivity, the R factor has been calculated using the equation pro-
posed by Van der Knijff et al. (1999):

R=13*P, ©)

where P; represents annual precipitation (mm).

The K factor was estimated on the base of soil texture classes
and organic matter content (Table 1S, Supplementary materials) as re-
ported by Wischmeier and Smith (1978); Cook et al. (1985); Van der
Knijff et al. (1999); Stone and Hilborn (2000); de Vente et al. (2006);
Kinell (2007). The soil erodibility factor values reported in Table 1S
were modified combining K factor with the Crusting Index (CI) that
describes the soil tendency to crusting as function of land-use. Soil
crusting reduces water infiltration with a significant increase in sur-
face water runoff and soil erosion risk. According to Grimm et al.
(2003), the crusting factor was calculated as: CK =0.75 K for CI =1,
CK=0.85K for CI=2, CK=K for CI=3, CK=1.15K for CI=4
and finally CK =1.25K for CI=5. The Slope length factor (LS)
was calculated using the RUSLE3D algorithm proposed by Mitasova
(1996), where LS in a certain point » (x, y) of the slope is calculated
as:

LS(p) = (m + 1) [A()/o]™ [sin B/Bo]” 3)

where oy =22.13 m; B, = 5.14°; sin f, = 0.0896 and A, is upslope con-
tributing area per unit contour width (mz/m), B, is the angle of the
slope (deg), o, e P, are respectively the length (22.13 m) and angle
(5.14 deg) of the standard soil plot used for the USLE calibration.
The exponential factors m and n are functions respectively of ero-
sion type and land use. According to the erosion typology in the
study area (sheet flow or rill flow) m and n were fixed to 0.4 and
1 respectively. The value of C for each land-use class (Table 28,
Supplementary materials) was estimated as the C average for each
land-use class (van Vliet et al., 1976; Wischmeier and Smith 1978;
Dissmeyer and Foster 1980; Zachar 1982; Stri et al., 2002; Wall et
al., 2002; Lee and Lee 2006; Stumpf and Auerswald 2006; Adediji
et al., 2010). The erosion control practice factor P has been consid-
ered equal to 1. According to the support practices dataset used for
the assessment of soil loss by water erosion in Europe (Panagos et
al., 2015d), no information on agricultural activity were available for
the study area. Main modifications compared to the original USLE
methodology introduced in this study are as follows: (i) the rainfall

erosivity factor (R factor) evaluation was simplified using the average
annual rainfall; (ii) the soil erodibility factor (K factor) estimation was
refined by introducing the Crusting Index (CI); (iii) the slope length
factor (LS factor) was evaluated using the RUSLE3D algorithm pro-
posed by Mitasova (1996).

In order to evaluate soil erosion risk and potential loss in land
productivity and biodiversity, the Tolerable erosion level (T) was fi-
nally analyzed for basic land-use classes. T is mainly a function of
soil erosion and soil formation rates that, in turn, depend on land
characteristics (McCormack et al., 1982), including land cover type
and climate regime (Morgan, 2005). Morgan (2005) illustrated vari-
ous methodologies to identify soil loss tolerance thresholds, ranging
from 11.2tha ' yr!' (set by the Soil Survey Division Staff, 1993)
to 6tha ' yr ' (set by OECD, 2001). More recently, Verheijen et al.
(2009) identified a tolerable erosion level for Europe ranging from
03 to 1.4tha! yr_l, according to place-specific rates of soil loss
and formation. For the present study we used the methodology pro-
posed by the Italian National Agency of Environmental Protection
(APAT, 2004), in turn following the directives provided by the Eu-
ropean Union Soil Thematic Strategy which define specific T values
based on Corine Land Cover land use classes (Table 2).

2.3. Data analysis

A spatial information system was developed integrating land-use,
climate and soil information at a detailed spatial resolution (30 mz).
Diachronic information on land-use were derived from the 1: 200.000
Land Use Map of Italy dated 1956-1960 (CNR and Directorate
General of Cadastre, 1960) and two Corine Land Cover 1: 100.000
maps respectively dated 1990 and 2006 (EEA, 1990, 2006). The Land
Use Map of Italy provides a fundamental documentation for di-
achronic land-use analysis as it is the first land-use dataset based on
geo-referenced information in Italy. The harmonized land-use nomen-
clature used in this study is reported in Table 3S (Supplementary
materials). Additional input data for model implementation are precip-
itation averages over 20-years time periods (1950-1970, 1980-2000
and 1990-2010). The input climate data have been derived from the
meteorological network of the Regional Environmental Agency
(Agenzia Regionale per I'Ambiente della Basilicata, ARPAB) with
gauging stations covering homogeneously the study area. Meteoro-
logical data at the desired temporal scale were regionalized using a
Spline function provided by a Geographic Information System. The
1:250.000 Soil Map of Basilicata Region (Rosa and Pesce, 2006) pro-
vided the basic information assessing soil texture. Information on soil
organic matter content were derived from the Soil Profile Analytical
Database of Europe (European Soil Bureau Network and the European
Commission, 2004). Slope and aspect were derived from the 20 m
digital terrain model provided by the Italian Ministry of the Envi-
ronment (Ministero dell'’Ambiente e della Tutela del Territorio e del
Mare, 2012). The collected spatial data were converted in raster for-
mat, harmonized and re-sampled at the resolution of 30 m for data
analysis. The long-term data collected in this study are considered the
most reliable and complete information set dealing with soil, climate
and vegetation for Italy (Salvati et al., 2016).

3. Results and discussion

The investigated time period was partitioned in two intervals char-
acterized by land abandonment scattered over rural areas (1960-1990)
and natural expansion of vegetation resulting in a significant increase
of forest land (1990-2010) concentrated in the upper
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left mountainous and hilly districts (Fig. 2a). Results of our model in-
dicate a decline in soil erosion risk related to changes in the use of
land between 1960 and 1990 (Fig. 2b). Forests expanded by 7.1% be-
tween 1960 and 1990 (nearly 49 kmz); agricultural area expanded by
32.6% (628 km?) and natural grassland decreased by 91% (737 km?)
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during the same time period (Table 1 ). The most relevant changes in
the use of land occurred between 1960 and 1990 and refer to anthro-
pogenic conversion of natural grassland to coniferous forests for soil
protection reasons and to cropland stimulated by the introduction of

Fig. 2. Land-use maps (a) and soil erosion risk maps (b) for Matera province by year.

Table 1
Evaluation of actual erosion as function of land-use type.

1960 1990

2010

Land cover (LC)  Soil erosion, t ha! yr71 LC, % Soil erosion, t ha! yrl LC, %

LC change 1960-1990, %  Soil erosion, t ha! yr71 LC, % LC change 1990-2010, %

Forests 1.22 20.0  0.97 2143 +7.15 0.96 2252 +5.63
Agriculture 20.81 56.03 15.68 7434  +32.67 14.48 71.64 —-3.63
Natural grassland 2.97 23.59 1.03 2.12 -91.01 1.73 2.98 +40.68
Study area 12.61 11.86 10.58

Table 2

Change over time in the surface area of land with tolerable erosion level (T) in the study area, Italy.

Soil loss tolerance (T) t ha ' yr ! CLC Code 1960 1990 2010

total area <T >=T total area <T >=T total area <T >=T

ha % % ha % % ha % %
0.5 311;312; 313; 321; 322; 323; 324; 421 139799 479 52,1 74750 741 259 79754 756 244
1.0 231;331;333 9900 99,0 1,0 16354 652 348 17270 78,7 213
1.5 242; 243 - - - 32519 39,1 60,9 30357 41,9 58,1
2.0 241 224 73,1 269 26890 358 64,2 23430 354 64,6
25 223 23210 26,6 734 14671 280 72,0 14130 223 717
3.0 211;212;221;222 168950 277 723 173563 263 737 172146 269 73,1
Total 342083 38,0 62,0 338747 40,8 592 337087 428 572
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Fig. 3. Temporal patterns of USLE factors a) R, b) LS, ¢) C, d) K.

legislative and economic incentives supporting development programs
for marginal and socially-disadvantaged internal areas. These forms
of landscape modification have progressively reduced since the early
1990s due to the scarce profitability of the primary sector. The conse-
quent land abandonment indirectly stimulated the natural expansion of
forests and natural grassland.

Landscape changes have contributed to reduce soil erosion risk
owing to the positive effects of vegetation cover in the containment
of precipitation energy, rainfall intensity and water-holding capacity.
The decline in soil erosion risk was confirmed for the most recent
time interval (1990-2010). Forests increased by 5.6% (nearly 37 kmz)
as an indirect response to land abandonment (Mancino et al., 2014).
Agricultural land decreased by 3.6%, corresponding to a loss of nearly
92.6 km” of productive land, and natural grassland expanded by 40.6%
(nearly 29.6 kmz). The establishment of national and regional parks
and protected areas in Basilicata region stimulated a generalized im-
provement of forest stands particularly in terms of density, age of
population and biodiversity. The estimated soil erosion risk at the
study site level decreased from 12.61 (t ha”! yearfl) for 1960-11.86
(t ha™! yearfl) for 1990 and to 10.58 (t ha™! yearfl) for 2010. These re-
sults are consistent with evidences provided by Panagos et al. (2015a),
showing an average soil loss of 8.5 tha ' yr ' for Italy, with higher
values for Mediterranean dryland in respect to continental areas.

The spatio-temporal variability in the parameters used for the eval-
uation of the USLE model was also analyzed; trends in R, LS, C
and CK factors were shown in Fig. 3 and reflect a remarkable corre-

lation between soil erosion risk and land-use changes. In accordance
with the results proposed by Panagos et al. (2015a), the main parame-
ters contributing to soil erosion risk are the slope length factor (LS)
and the land Cover management factor (C). Rainfall erosivity shows
a continuous increase over the study period (Fig. 3a), confirming that
the decrease in soil erosion risk is the result of land-use changes, re-
flected in the decline of the C factor. The LS factor showed a sig-
nificant reduction between 1960 and 1990 for agricultural land-use
classes. The increase of the LS factor for natural grassland (Fig. 3b)
between 1960 and 1990 reflects the expansion of cropland over lower
slopes. However, the increase of the LS factor for natural grassland
did not affect soil erosion at the spatial level of study area due to the
restricted surface of grassland.

The simplified parameterization of the R factor based on the av-
erage annual rainfall may underestimate the erosivity factor due to
heavy rains. However, the outcome of our model (946.3) is consis-
tent with the R factor estimated by Panagos et al. (2015b) for Europe
based on rainfall erosivity (967.2). The main difference between the
two approaches refers to the use of a different R factor range, possi-
bly representing a more accurate spatial variability of R factor. The
slight increase of the C factor for forests (Fig. 3c) results from the
expansion of schlerophyllous vegetation, mainly due to expansion of
natural vegetation following land abandonment, and to human-driven
degradation of broad-leaved forests progressively transformed into
schlerophyllous vegetation and shrubland. Changes in the CK factor
(soil erodibility factor K combined with the Crusting Index CI) were
also related to land-use changes (Fig. 3d). The CK factor increased
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for natural grassland as a result of the expansion of intensive agricul-
ture into areas with high soil quality. As a consequence, the relict soils
covered by natural grasslands displayed structurally low levels of soil
organic matter. By removing the CI, the largest modifications in the
K factor were observed for natural grassland and cropland; forests and
areas with forest recolonization showed only moderate differences in
the K factor by removing the corresponding CI value.

The lowest level of soil erosion was observed in areas with the
highest level of forest cover. Based on the soil loss tolerance (T), a
reduction of the surface area characterized by T values over tolerable
levels for the different land-use classes was observed over the study
period (62% in 1960: 2122 km?, 59.2% in 1990: 2006 km” and 57.2%
in 2010: 1928 km?). The largest decline was observed in areas with
forests and natural grassland (0.5 t ha ' yr ' T threshold), confirming
the key role of these classes in the containment of soil erosion risk.
For areas characterized by T values from 1 to 2, the results show an
increase of the areas with T over the limits, mainly between 1960 and
1990. However the moderate extent of these areas, covering nearly
100 km?, did not affect the soil loss tolerance at the level of study area.

4. Conclusions

This study proposes a modified USLE model to incorporate the
impact of long-term landscape dynamics on soil erosion. The spa-
tio-temporal analysis of the main parameters contributing to model's
performance indicates the key role of Slope Length factor (LS) and the
Cover management factor (C), in full accordance with the evidence
provided by Panagos et al. (2015a). Our results pointed out the key
role of vegetation cover — particularly forests — in the mitigation of
soil erosion risk. Forests revealed especially important in the conser-
vation of marginal rural land characterized by steep slopes and frag-
mented land cover (Bajocco et al., 2012; Salvati et al., 2013b). The
proposed methodological approach and the simplified model's speci-
fication for selected USLE parameters, contribute to increase model
flexibility in presence of high spatial resolution datasets (Panagos et
al., 2015a). Finally, the present study confirms the USLE model adapt-
ability to spatial information with different quality and resolution.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.ecolind.2016.07.040.
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