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As a member of the European Union, Italy has committed to the maintenance and protection of its forests based
on sustainable forest development and management practices. According to Eurostat, Italy has the seventh larg-
est forest surface available for wood supply in the EU-28, which is equal to 8.086 million hectares. For 2012, the
Italian National Institute of Statistics estimated the total roundwood production of Italy to be 7.7millionm3, from
a harvested forest surface of 61,038 ha. Large parts of the country's forests, mainly located in vulnerable moun-
tainous landscapes that are highly sensitive to environmental changes, are subject to anthropogenic disturbance
driven by wood supply interests. Despite the extensive logging activities and the well-known impacts that such
management practices have on the soil-related forest ecosystems, there is a lack of spatially and temporally ex-
plicit information about the removal of trees. Hence, this study aims to: i) assess the soil loss by water erosion in
Italian forest areas, ii) map forest harvests and iii) evaluate the effects of logging activities in terms of soil loss by
means of comprehensive remote sensing and GIS modelling techniques. The study area covers about
785.6 × 104 ha, which corresponds to the main forest units of the CORINE land cover 2006 database (i.e.
broad-leaved forests, coniferous forests and mixed forests). Annual forest logging activities were mapped using
Landsat imagery. Validation procedures were applied. A revised version of the Universal Soil Loss Equation
(USLE) was used to predict the soil loss potential due to rill and inter-rill processes. To ensure a thoroughmodel-
ling approach, the input parameterswere calculatedusing the originalmethods reported in theUSDAhandbooks.
The derived high-resolution data regarding forest cover change shows that 317,535 ha (4.04% of the total forest
area in Italy) were harvested during the period under review. The predicted long-term annual average soil loss
rate was 0.54 Mg ha−1 yr−1. The average rate of soil loss in forests that remained undisturbed during the
modelled period is equal to 0.33 Mg ha−1 yr−1. Notably, about half of the soil loss (45.3%) was predicted for
the logged areas, even though these cover only about 10.6% of the Italian forests. The identified erosion hotspots
may represent a serious threat for the soil-related forest ecosystems, and are in contrast to the EC Thematic Strat-
egy for Soil Protection and Water Framework Directive.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The topic of land degradation due to soil loss by water erosion has
been extensively studied in Italy. Several soil erosion test sites (Zanchi,
1988; Vacca et al., 2000; Bagarello and Ferro, 2010, among others) and
numerous publications focus on different soil erosion phenomena (e.g.
Marker et al., 2007; Borselli et al., 2008; Della Seta et al., 2009; Torri
et al., 2013). It is surprising that little attention has been paid to the
soil degradation and erosion processes in forests. Academic research
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on soil loss by water erosion in Italian forest areas is almost exclusively
limited to a few studies carried out by the Italian National Research
Council (CNR) based on experimental sites in southern Italy (Iovino
and Puglisi, 1991; Sorriso-Valvo et al., 1995; Porto et al., 2009; Porto
et al., 2014) and some monitoring and modelling exercises (Garfì
et al., 2006; Borrelli et al., 2013a; Borrelli and Schütt, 2014). In fact,
there is only a vague understanding of the soil erosion processes, their
magnitude and their impact on Italian forests.

The international scientific literature reports that forests are gener-
ally unaffected by intense erosion processes (Swanston, 1991). For 18
undisturbed forested watersheds of the USA, Patrick (1976) found soil
loss rates of between 0.02 and 0.04 Mg ha−1 y−1. Reviewing plot mea-
surements in Europe, Cerdan et al. (2006) found an average soil loss rate
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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due to sheet and rill erosion of 0.15 Mg ha−1 y−1. Despite these signifi-
cant findings for undisturbed forests, it is important to recognise that
the low susceptibility of forest lands to erosion and the small amount of
sediment loss from forest soils dramatically change as soon as the area un-
dergoes forestry activities (Swanston and Swanson, 1976; Stott et al.,
2001). Increased soil loss rates associated with forest harvesting were
found in several areas of the world, in particular (but not limited to) the
US, the UK, Japan, New Zealand and Southeast Asia (Swanston and
Swanson, 1976; Derose et al., 1993; Greer et al., 1996; Kitahara et al.,
2000; Stott et al., 2001). For Italy, Borrelli and Schütt (2014) measured
an average soil loss rate of 49Mg ha−1 y−1 during the twelvemonths fol-
lowing a tree harvesting event in the Central Apennines. In the disturbed
mountainous areas of Calabria in the Southern Apennines, high soil loss
rates ranging from 100 to 150Mg ha−1 y−1 were observed during an ex-
perimental investigation by the CNR (Sorriso-Valvo et al., 1995).

Human-accelerated soil loss rates in forests can cause a large num-
ber of on-site effects (Williams, 2003; Morgan, 2005) that significantly
influence the soil-related functions such as carbon storage, biodiversity
aswell as humanneeds for recreation (VanOost et al., 2005a; Ojea et al.,
2012; Gamfeldt et al., 2013;Wall et al., 2013). Increased rates of soil loss
from hillslopes also induce a series of off-site impacts as a result of in-
creased bedload transport (Roberts and Church, 1986). Sediments
transported downstream disturb the ecology of the river network
(Marks and Rutt, 1997) and cause siltation problems in artificial lakes
and reservoirs (Romero-Díaz et al., 2007), which in turn affects the
drinking-water supply and the effectiveness of the hydroelectric plants
(Della Seta et al., 2009).

Eurostat (2013) reports that 66.4% of the Italian forest land (i.e.
forest and other wooded land) is privately owned, and about 42% of
the forest surface is managed as coppice forest (INFC, 2007). The Italian
National Institute of Statistics (Istat, 2015) reports that about 61,038 ha
of coppice forests were harvested in Italy during the year 2012 to meet
the timber demand (Istat, 2014). A significant area of Italian forests,
mostly located in vulnerable mountainous landscapes that are highly
sensitive to environmental changes (Borrelli et al., 2013b), is subject
to anthropogenic disturbance driven by wood supply interests
(Borrelli et al., 2014a).

As a member of the European Union, Italy has committed to the
maintenance and protection of its forest lands in order to ensure sus-
tainable forest development and management (MCPFE, 1993). Despite
the extensive logging activities and their significant risks of accelerating
soil erosion processes, current scientific research lacks spatially and
temporally explicit information about these tree harvesting activities
and their impacts on the soil-related forest ecosystem. Therefore, this
study aims to assess the soil loss by water erosion from Italian forests,
and to evaluate the effects of logging operations in terms of soil loss
using variousmodelling techniques. As a first step, annual forest logging
activities were carefully mapped by means of remote sensing and Geo-
graphic Information System (GIS) operations. A revised version of the
Universal Soil Loss Equation (USLE) (Renard et al., 1997) was used to
predict the soil loss rates due to rill and inter-rill processes. To ensure
a sound modelling approach, the input parameters were calculated
based on the original methods reported in the USDA handbooks
(Wischmeier and Smith, 1978; Renard et al., 1997) and spatially de-
scribed by means of advanced special interpolation techniques.

2. Study area

Italy is located in southern Europe, between latitudes 35° and 47°
North and longitudes 6° and 19° East (Fig. 1). About 35% of the territory
is covered by forests (1046.75·104 ha) (INCF, 2005). The study area
covers about 785.6·104 ha, which corresponds to the main forest units
described within the CORINE land cover 2006 database (EEA, 2014),
i.e. broad-leaved forests (547.9·104 ha, 70%), coniferous forests
(128.6·104 ha, 17%) and mixed forests (109.1·104 ha, 13%). These
units include a mosaic of natural and semi-natural forest ecosystems
Please cite this article as: Borrelli, P., et al., Assessment of the impacts
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that are characterised by different climates, biogeographical conditions
and pedo-geological diversity (APAT, 2005; INFC, 2005). The dominat-
ing tree species are Quercus (petraea, robur, petraea, cerris, carpinifolia,
sativa, ilex) Fagus sylvatica, Picea abies and Abies alba (Vacchiano et al.,
2012). The coefficient of woodiness (forest area/land area) (INFC,
2005) is lower in the southern regions (the EU NUTS-2 administrative
units of Apulia (ITF4), Basilicata (ITF5), Calabria (ITF6)) and on the
islands (Sicily (ITG2) and Sardinia (ITG1)) (Table 1). Here, other forms
of wooded land (e.g. shrubs and macchia) make up a substantial part
of the forest area. The most densely wooded regions are Liguria and
Trentino, with a coverage rate of 69.7% and 65.5%, respectively.

3. Material and methods

3.1. Approach overview

The spatio-temporal pattern of rill and inter-rill soil erosion process-
es in Italian forest lands is based on a spatially distributedmodelling ap-
proach (Fig. 2). Prior to the soil erosion modelling phase, the status of
the vegetation and the logged areas were outlined by remote sensing
and GIS operations. As a first step, the impact of a 30-year period of for-
est loggingwas established based on forest change detection techniques
(2002–2011) and a rules-based approach that randomly generated
clear-cut areas (1982–2001). As the second step, the long-term soil
loss rates (Mg ha−1 y−1) were predicted by means of a revised version
of the Universal Soil Loss Equation (USLE).

3.2. Forest monitoring

3.2.1. Mapping of coppice forest clear-cut areas
Cloud-free Landsat satellite imagery composed of 406 selected im-

ages was downloaded via the Global Visualization Viewer (Glovis,
2014) from the Earth Resources Observation and the Science Center
(EROS) of the United States Geological Survey (USGS). The imagery
allowed for optimal study area coverage over a 10-year time period
(2002–2011) using 175 Landsat Thematic Mapper (TM) and 231
Landsat Enhanced Thematic Mapper Plus (ETM+) images.

For Italy, the EROS Landsat images are geometrically adjusted (L1T
standard) to remove any systematic geometric errors related to the
sensor (USGS, 2011). All of these images were pre-processed, includ-
ing image resampling (Williams, 2006), dark object subtraction and
radiometric normalisation (Chavez and Mackinnon, 1994) to im-
prove the accuracy of the procedure of forest change detection
(Hansen et al., 2008; Potapov et al., 2008). A forest/non-forest
mask was generated using the CORINE shapefiles of broad-leaved
forests (3.11), coniferous forests (3.12) and mixed forests (3.13).
Subsequently, the forest areas were carefully examined by means
of an image differencing technique (Singh, 1989) to detect the
clear-cuts that were made between June 2002 and August 2011.
More specifically, the method subtracts the spatially registered Nor-
malized Difference Vegetation Index values (Jensen, 1986) of two
images using a pixel-by-pixel procedure (Borrelli et al., 2013c). As
a result of these operations, the forest logging areas were spatially
and temporally defined in a set of ten annual shapefiles using Envi
4.7 and ArcGIS 10 (Borrelli et al., 2014a for more details). The final out-
come, i.e. the representation of all clear-cut areas larger than 0.45 ha,
went through a rigorous validation and rectification procedure based
on multi-scale onscreen visual interpretation (i.e., 1:20,000, 1:10,000,
and 1:5000) (Borrelli et al., 2014a).

3.2.2. Accuracy assessment of the clear-cut areas
The accuracy of the detected forest clear-cut areas rested on a confu-

sion matrix based on a per-pixel analysis (Aronoff, 1982) to check the
geometric accuracy, and a linear correlation analysis that manipulated
the shapefile in a GIS environment for thematic accuracy. A set of clear-
cut areas provided by an independent research group (Chirici et al.,
of clear-cutting on soil loss by water erosion in Italian forests: First
.1016/j.catena.2016.02.017
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Fig. 1. Study area. Background image: Landsat TMmosaic false colour composite of the bands 7, 4 and 2.
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2011)was used as reference data, while the clear-cut areas resulting from
the monitoring activities of this study represented the classified data.

3.2.3. Clear-cuts simulation for the pre-monitoring period
The forest change related to timber harvesting during the decade

from 2002 to 2011 was carefully mapped. Acquisition inconsis-
tencies (EROS database) of Landsat images in Italy for the period
prior to 2001 hampered the temporary extension of this mapping ac-
tivity. To pursue the objective of this study, namely the prediction of
the long-term soil loss by water erosion (Dissmeyer and Foster,
1984) and the forest logging activities in Italian forest lands, an addi-
tional dataset of clear-cut areas was simulated for the period be-
tween 1982 and 2001. This dataset was randomly generated based
on the following assumptions: (i) the decrease in the annual timber
harvest rate in Italy between 1980 and 2000 (−2% per year, Fabbio,
2010; Istat, 2014), (ii) the forest harvesting density and the charac-
teristics of the clear-cut areas observed in the period 2002–2011
and (iii) a defined set of rules (Table 2).
Please cite this article as: Borrelli, P., et al., Assessment of the impacts o
comprehensive monitoring and mo..., Catena (2016), http://dx.doi.org/10
A forest change densitymapwas created to spatially describe thedy-
namics of the clear-cuts and to highlight the forest sectors that were
mainly affected. The map was based on the Kernel Density algorithm
(Silverman, 1986) that is included in the Spatial Analyst toolbox of
ArcGIS 10.2 (ESRI). To enable this, the shapefiles were converted from
polygons to points (creating centroid points of 30 × 30 m of clear-cut
area).

3.2.4. Post-harvest vegetation development
Borrelli et al. (2013a) proposed that the post-harvest vegetation de-

velopment in soil erosion modelling should be expressed as a time se-
quence in order to provide a USLE C factor which represents realistic
vegetation conditions. Filed observations in central (Borrelli and
Schütt, 2014) and southern Italy (Garfì et al., 2006) suggested that the
harvested vegetation regains the coverage function of a moderately
dense forest four years after the clear-cut. Trend analyses of Landsat
Normalized Difference Vegetation Index (NDVI) andMODIS EVI vegeta-
tion indices (VIs) were performed to observe the properties of the
f clear-cutting on soil loss by water erosion in Italian forests: First
.1016/j.catena.2016.02.017
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Table 1
Italian forestland statistics by NUTS-2 2013 administrative units (INFC, 2007).

NUTS-2 Forest Other wooded
lands

Total forest
coverage

ID Name [ha]

ITC1 Piedmont 870,594 69,522 940,116
ITC2 Valle d'Aosta 98,439 7489 105,928
ITC4 Lombardy 606,045 59,657 665,703
ITH1 South Tyrol 336,689 35,485 372,174
ITH2 Trentino 375,402 32,129 407,531
ITH3 Veneto 397,889 48,967 446,856
ITH4 Friuli V.G. 323,832 33,392 357,224
ITC3 Liguria 339,107 36,027 375,134
ITH5 Emilia Romagna 563,263 45,555 608,818
ITI1 Tuscany 1,015,728 135,811 1,151,539
ITI2 Umbria 371,574 18,681 390,255
ITI3 Marche 291,394 16,682 308,076
ITI4 Lazio 543,884 61,974 605,859
ITF1 Abruzzi 391,492 47,099 438,590
ITF2 Molise 132,562 16,079 148,641
ITF3 Campania 384,395 60,879 445,274
ITF4 Apulia 145,889 33,151 179,040
ITF5 Basilicata 263,098 93,329 356,426
ITF6 Calabria 468,151 144,781 612,931
ITG1 Sicily 256,303 81,868 338,171
ITG2 Sardinia 583,472 629,778 1,213,250

National coverage 8,759,200 1,708,333 10,467,533

Table 2
Set of rules defined to simulate the long-term clear-cut potential of an area.

Rule Description

i) Random clear-cut areas were generated solely inside the forest area under
investigation (Corine land cover 2006 database. Units: Broad-leaved forests,
coniferous forests and mixed forests)

ii) Buffer areas were generated around the mapped clear-cut areas to avoid
overlapping with the simulated ones.

iii) The size of the random clear-cut areas was set to 3 ha (consistent with the
average of the mapped clear-cut areas).

iv) The simulation area was subset to follow the topographical characteristics
(i.e., elevation range and slope) observed on the mapped clear-cut areas.

v) An overlap of clear-cut areas was no permitted.
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forest, the disturbances and the post-disturbance recovery processes in
order to verifywhether or not the post-harvest vegetation development
and the USLE C factor assessed in the local observations were represen-
tative of the general national conditions.

Two independent satellite imagery time-series covering the period
from 2002 to 2011 were created: i) ten years of 16-days combined
MODIS Enhanced Vegetation Index (EVI, Huete et al., 2002) (MODIS —
Moderate Resolution Imaging Spectroradiometer Terra) and ii) ten
growing season Landsat ET/ETM+ NDVI. The centroids of the polygon
shapefiles which represented the wood harvests during 2005 were
generated (corresponding to themidterm of our time-series). Subse-
quently, the values of the vegetation indices (VIs) were imported
into the attribute table of each centroid. The centroids with information
Fig. 2.Workflow — Assessment of vegetation cover, tree har

Please cite this article as: Borrelli, P., et al., Assessment of the impacts
comprehensive monitoring and mo..., Catena (2016), http://dx.doi.org/10
gaps, for instance due to cloud disturbances or Landsat 7 Scan Line
Corrector-Off malfunctions, were removed. To minimise the effect of
mixed pixels resulting from a ‘mixture’ of the two land uses (forest
and harvesting area), the centroids underwent further filtering proce-
dures. Finally, two sets of centroids were employed (MODIS n = 510;
Landsat n = 250) for the trend analysis in order to consider the differ-
ent spatial resolutions of the sensors (pixel area:MODIS 6.5 ha; Landsat
0.09 ha).

3.3. Soil erosion modelling — Conceptual schema of the USLE model

The evaluation of the long-term average soil loss bywater erosion in
the Italian forests was carried out using a modified version of the USLE
model (Dissmeyer and Foster, 1984) in a GIS environment. USLE be-
longs to the class of detachment-limited models. Accordingly, the flow
can theoretically transport an infinite quantity of sediment, but the
amount of sediment actually available to be transported is limited by
the soil detachment capacity, which is represented by the rainfall ero-
sivity factor of the model. The soil loss in terms of tonnes per hectare
and year due to inter-rill and rill erosion processes is calculated accord-
ing toWischmeier and Smith (1978), based on the followingmultiplica-
tive equation:

A ¼ R � K � L � S � C � P ð1Þ
vesting and soil loss potential for the Italian forestland.

of clear-cutting on soil loss by water erosion in Italian forests: First
.1016/j.catena.2016.02.017
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where: A [Mg haˉ1 yrˉ1] is the long-termaverage soil loss rate, R [MJmm
hˉ1 haˉ1 yrˉ1] is the rainfall erosivity factor, K [Mg hMJˉ1mmˉ1] is the soil
erodibility factor, L [dimensionless] is the slope length factor, S [dimen-
sionless] is the slope steepness factor, C [dimensionless] is the land
cover and management factor, P [dimensionless] is the soil support
practices or erosion prevention practices factor (Renard et al., 1991).

Rainfall erosivity (370 electronic rain gauges) and soil erodibility
(Panagos et al., 2014) were spatially described by means of a relevant
number of statistical data and advanced interpolation techniques. For
most of the rain gauges, continuous 30-min pluviograph data collected
over ten years (2002–2011) were employed. Both factors were calcu-
lated using the methods reported in the USLE and USLE forest hand-
books (Wischmeier and Smith, 1978; Dissmeyer and Foster, 1984).
The topographic conditions of the forest land were obtained using a
25-m spatial resolution Digital Terrain Model (DTM). Remotely sensed
data were employed to describe the spatial variability of the tree crown
conditions and percentage of bare soil. This information was elaborated
to estimate the C factor according to guidelines proposed by Dissmeyer
Fig. 3. Forest harvesting avera
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and Foster (1984) to run theUSLE for forested areas. The impacts attrib-
utable to forest-logging activities were taken into account. The P-factor
values were calculated based on data received through the observation
of 500 clear-cut areas that were randomly distributed across the coun-
try. A complete description of the methodology is given in the supple-
mentary materials.

4. Results

4.1. Map of the Italian coppice forest clear-cuts

Themapping operations of human-induced forest changes covered a
wooded surface of 785.6·104 ha for the period from June 2002 to August
2011 (total areamonitored: 7858·104 ha). The remote sensingmonitor-
ing analyses showed that an estimated 317,535 ha (125,272 clear-cut
areas), or 4.04% of the monitored areas within the Italian forest lands,
were affected by tree harvesting (Fig. 3). The annual rates of forest har-
vesting range from 0.3% (2008) to 0.5% (2002) (×31,750 ha; standard
ged by 2.5 × 2.5 km grid.

f clear-cutting on soil loss by water erosion in Italian forests: First
.1016/j.catena.2016.02.017
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deviation (σ) 3357 ha). The greatestwoodland changes occurred during
2002, involving a forest area of 36,933 ha (Table 3). With regard to the
type of forest exploitation, the broad-leaved forest was the predomi-
nantly harvested forest type (293,171 ha; 92.3%) followed bymixed for-
ests (7979 ha; 2.5%) and coniferous forests (16,385 ha; 5.2%).

Statistical operations in an ArcMap 10 environment revealed that
about 93,539 ha, equal to 29.5% of the total detected forest changes, oc-
curred in protected areas (i.e. Sites of Community Importance (SCI) and
Special Protection Areas (SPA), as well as national and regional parks).
At a regional level (EUNUTS2 level), Umbria (ITI2), Lazio (ITI4) and Tus-
cany (ITI1) were the most exploited wood extraction areas (11.2%,
10.5% and 8.2%, respectively). Despite their dense woods, Lombardy
(ITC4), Liguria (ITC3) and Abruzzo (ITF1), by contrast, had the lowest
clear-cut areas, accounting for 1.9%, 1.7% and 1.9%, respectively.
Coppice-tree harvesting was found to be very low in Valle d'Aosta
(ITC2), Friuli-Venezia Giulia (ITH4) and Trentino-South Tyrol (ITH1).

Most of the harvested areas were located in the mountains and hilly
sectors of the Peninsula. About 35% of the clear-cut areas occurred on
hillslopes with slope gradients ranging from moderate to steep
(N20°). Here, the combination of steep slopes and high levels of precip-
itation compared to the national average (Panagos et al., 2015a;
Panagos et al., 2015b) easily induces processes of soil degradation due
to erosion (Sorriso-Valvo et al., 1995; Borrelli and Schütt, 2014).

Interestingly, it was found that clear-cut areas appeared in areas de-
clared by the EU as Sites of Community Importance (SCI) and Special
Protection Areas (SPAs) in the Natura 2000 network, as well as in na-
tional and regional parks. About 93,539 ha of forests were harvested
in areas subject to natural protection, which is equal to 3% of the forest-
ed Natura 2000 area. A NUTS-2-level comparison showed that Umbria
(ITI2) (9.3), Molise (ITF2) (8.1), Lazio (ITI4) (7.5%) and Campania
(ITF3) (5.1%) had the highest forest change rates in the Natura 2000
areas.

4.2. Accuracy assessment

The thematic accuracy analysis showed that 75.5% (n 1140; x̄1x̄ ha; s
2 ha) of visually identified clear-cut areas (larger than 0.45 ha) were
also present in our algorithm-derived clear-cut database. By contrast,
369 clear-cut areas (x̄1.4 ha; s 1.77 ha) detected by visual interpretation
were not detected by the algorithmic study. The geometric calculations
were carried out on a per-pixel basis for the 1140 clear-cut areas detect-
ed by both studies. The overall classification accuracy of the algorithm-
derived clear-cut areas was 0.997, with a Kappa Index of Agreement
(KIA) of 0.77.

4.3. Post-harvest vegetation development

Themethod employed to estimate the post-harvest USLE C factor as-
sumes that, regarding the functional effectiveness of soil protection, a
harvested coppice forest regains the coverage function of a moderately
Table 3
Descriptive statistics of the forest harvesting by year.

Year Harvested area Clear-cut areas

[ha] [n]

2002 36,933 14,866
2003 32,712 13,307
2004 29,811 11,548
2005 30,159 11,822
2006 30,885 12,117
2007 29,051 12,470
2008 24,737 8278
2009 34,626 13,568
2010 34,182 14,131
2011 34,439 13,165
Total 317,535 125,272

Please cite this article as: Borrelli, P., et al., Assessment of the impacts
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dense forest (i.e. a C of 0.009) four years after the clear-cut. Trend anal-
yses of the Landsat NDVI andMODIS EVIwere performed to ensure that
the experiences gained from the experimental sites on the post-harvest
vegetation development, and thus the derived C factor, were represen-
tative of the broader national conditions.

Fig. 4a provides an example of the post-harvest vegetation develop-
ment, while Fig. 4b shows a line chart derived from the Landsat NDVI
values of 250 clear-cut areas acquired during the growing season
(2004–2009). The information in both of these figures is consistent
with the post-harvest USLE C factor used for the modelling of this
study. The undisturbed forests show an average NDVI value of 0.74.
This value decreases by 34.1% during the first year after harvesting.
Thereafter, the pre- versus post-harvest delta was 10.2% during the sec-
ond year, 8.2% during the third year and 1.7% during the fourth year
after the cut. The NDVI shows quasi pre-harvesting values from the
49th month onwards. Similar dynamics of the post-harvest vegetation
development were observed in the 16-day combined MODIS EVI time-
series (Fig. 4c). In general, the EVI data offered a more extensive over-
view of the VI dynamics for the entire year.

4.4. Long-term Italian forest logging

A 20-year period of forest logging was simulated following the in-
sights gained from the mapping activities (2002 to 2011). A set of
about 250,000 clear-cut areas was simulated, which is equal to a land
surface of about 517,176 ha. Accordingly, the total logging area for the
30-year period totalled about 834,711 ha (ca. 10.6% of the monitored
forest), and 317,535 ha for the period 2002–2011.

4.5. Soil loss by water erosion

The modelling approach provided a prediction of the soil loss by
water erosion for each of the 126million cells into which the Italian for-
ests were subdivided (25 × 25 m cell-size). The predicted long-term
average soil loss rate was 0.54 Mg ha−1 yr−1 (σ 0.92 Mg ha−1 yr−1).

Fig. 5 shows the soil loss rates subdivided into five classes set to
highlight soil erosion dynamics in forestlands. Modelling the data
based on the more traditional seven-class approach (Borrelli et al.,
2014b), about 88.4% and 8.8% of the study area were found to fall into
the very low (0–1 Mg ha−1 yr−1) and low (1–3Mg ha−1 yr−1) erosion
classes 1 and 2, respectively. From this it follows that the soil loss rates
in large parts of Italian forest land did not exceed 3Mg ha−1 yr−1. Mod-
erate (class 3, 3–5Mgha−1 yr−1) andhigh (class 4, 5–10Mgha−1 yr−1)
erosion values were simulated for 2.1% and 0.6% of the study area, re-
spectively. The remaining area (0.1%) (classes 5–7) exceeded the toler-
able soil loss threshold (T) specified for Mediterranean environments
(10 Mg ha−1 yr−1). Beyond this threshold, a progressive decrease in
the soil's ability to sustain vegetation and livestock can be observed.
These high-impact and severe forms of erosion are primarily located
along the Apennines, where forest logging and sparsely vegetated
areas on steep slopes cause intense soil mobilisation.

The average soil loss rate in forests that remained undisturbed during
themodellingperiod isequal to0.33Mgha−1yr−1 (σ0.32Mgha−1yr−1).
About 54.7% of the total long-term soil loss was predicted in the undis-
turbed forests. The logged areas account for 45.3% of the predicted soil
loss (quantitatively equal to30.789x106Mgyr−1 and2.31Mgha−1 yr−1,
with aσ of 1.87Mgha−1 yr−1). Notably, about half of the soil loss (45.3%)
was predicted for the logged areas, although these covered only about
10.6% of Italian forest land area.

The average soil loss rate during the first four years after the vegeta-
tion disturbance was 13.9 Mg ha−1 yr−1 (34.4% predicted in the
mapped areas and 65.6% predicted in the simulated area). Here, the
time in years after the clear-cut appears to be the primary factor that in-
fluences the level of the predicted soil erosion values. The low soil loss
rates of densely covered forest land increase to an average value of
25.66 Mg ha−1 yr−1 during the first twelve months after the clear-cut.
of clear-cutting on soil loss by water erosion in Italian forests: First
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Fig. 4. Post-harvest vegetation development. (a) Landsat false-colour time-series (bands 4/3/2) for the period from Summer 2004 (i) to Summer 2009 (iv) (Path 192 Row 30— Tuscany).
(b) Average Landsat NDVI time-series for 250 clear-cut areas spread across the country. (c) Average MODIS EVI 16-day time-series extracted by the JRC Phenolo model for 510 clear-cut
areas spread across the country (the continuous line indicates the moving average). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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The soil loss rates remain high during the second year after the cut, with
an average value of 17.59 Mg ha−1 yr−1, but start to decrease steadily
during the third year after the clear-cut (average of 11 Mg ha−1 yr−1).
Please cite this article as: Borrelli, P., et al., Assessment of the impacts o
comprehensive monitoring and mo..., Catena (2016), http://dx.doi.org/10
The sediment budget analysis revealed that around 37.1% of the total
soil loss due to accelerated soil erosion processes in disturbed forests oc-
curs during the first 12 months after the tree harvesting.
f clear-cutting on soil loss by water erosion in Italian forests: First
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Fig. 5. Average long-term soil loss potential modelled assuming the absence (left) and presence (right) of forest harvesting activities.
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At a regional (NUTS 2) level, the highest average soil loss rate can be
found in Valle d'Aosta (ITC2) (1.07 Mg ha−1 yr−1), followed by Friuli
Venezia Giulia (ITH4) (0.56 Mg ha−1 yr−1), Piedmont (ITC1)
(0.53 Mg ha−1 yr−1) and Lombardy (ITC4) (0.49 Mg ha−1 yr−1). The
lowest average soil loss rates appeared in Apulia (0.11 Mg ha−1 yr−1),
Molise (ITF2) (0.15 Mg ha−1 yr−1) and Sardinia (ITG2)
(0.16 Mg ha−1 yr−1).

The average soil loss rate predicted in theNatura 2000wooded areas
was 1.99 Mg ha−1 yr−1 (152,800 Mg yr−1). An additional USLE model
run for disturbed forest lands, which assumed the absence of forest har-
vesting activities, resulted in an average soil loss of 0.18 Mg ha−1 yr−1

(14,000 Mg yr−1). In comparison with the forest-harvesting condition,
the soil loss rate generated by the no-forest harvesting scenario was
ten times lower, with larger decreases occurring in Liguria (ITC3), Vene-
to (ITH3), Abruzzo (ITF1) and Tuscany (ITI1).
5. Discussion

Italian forest land is an important ecosystem in terms of biodiversity,
timber and carbon storage and recreational aspects (INFC, 2005, 2007).
Like all of the other Member States of the European Union, Italy is com-
mitted to the maintenance and protection of its forests (Forestry
Strategy, 1998; EU Forest Action Plan, 2006). Despite the ongoing inten-
sive exploitation of Italian forest resources (Eurostat, 2014; Istat, 2014)
and its documented impacts (Porto et al., 2009; Borrelli et al., 2013a;
Marcantonio et al., 2013), researchers still lack a well-grounded knowl-
edge about the effects that the forest management practices have on
soils and their related functions. This lack of knowledge is an obstacle
to the formation of scientifically proven recommendations, and thus
prevents national and European institutions from taking actions to mit-
igate land degradation.

The remote-sensing and GIS-based analysis presented in this study
was designed to move a step further towards filling this knowledge
gap. It aimed to identify the areas that are prone to soil erosion, under-
stand themagnitude of the natural constricting forces, and evaluate the
effects of the current wood-logging system in order to provide national
Please cite this article as: Borrelli, P., et al., Assessment of the impacts
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and European decision makers with scientifically proven and effective
recommendations.

5.1. Forest monitoring

To enable themodelling of soil erosion, both the forest status and the
forest harvest events were carefully mapped. The methodology provid-
ed a consistent and spatially precise indication of the annual forest cover
changes at the national scale across time using an eleven-year Landsat
time-series (2002–2011). With a minimum mapping unit of 0.45 ha
(five 30 × 30 m Landsat pixels), the study outcomes are in line with
the international forestry monitoring standards (Vidal et al., 2008).
The thorough semi-automatic rectification procedures, including a
multi-scale (i.e. 1:20,000, 1:10,000, and 1:5000) on-screen visual inter-
pretation analysis of the results based on aerial orthophotos, allowed for
the effective selection of forest logging areas (Borrelli et al., 2014a).
False indications of forest logging that often appear in automatic map-
ping processes (Roy and Boschetti, 2009) were filtered out to ensure
thorough mapping of the area. More than 120,000 individual clear-cut
areasweremapped across an overallmonitored surface of about 78mil-
lion hectares with a good thematic (75.5%) and geometric accuracy
(KIA = 0.77).

The analysis of the forest management statistics provided by the
Italian National Institute of Statistics (Istat, 2014) (Table 4) showed
that: i) the study area covers about 75% of the total national wooded
land, ii) 66% of Italian wooded land is privately owned, iii) 42% of the
forest surface is currently managed as coppice forest, iv) the average
logging surface in Italy is 1.03 ha, v) 33.9% of harvested trees come
from public areas, with an average logging surface of 2.8 ha, and vi)
66.1% of harvested trees come fromprivate forests, with an average log-
ging surface of 0.8 ha.

A comparison of this information with the study results shows that,
despite the fact that 75% of the national wooded surface was investigat-
ed, the mapped clear-cut areas cover only about 35.2% of the total har-
vested surface reported in the national statistics. The presence of
potentially unmapped clear-cut areas due to Landsat data gaps was re-
duced to a minimum by the methods employed (Borrelli et al., 2013c),
of clear-cutting on soil loss by water erosion in Italian forests: First
.1016/j.catena.2016.02.017
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Table 4
Descriptive statistics of the forest harvest reported by the National Institute of Statistics
(Istat, 2014).

Year Private forest Public forest

Harvest
surface [ha]

Number
of cuts

Average
[ha]

Harvest
surface [ha]

Number
of cuts

Average
[ha]

2002 29,118 8856 3.29 62,684 86,460 0.73
2003 34,558 8706 3.97 65,631 86,026 0.76
2004 32,030 9067 3.53 66,032 87,337 0.76
2005 29,772 8587 3.47 64,600 78,171 0.83
2006 30,824 10,702 2.88 64,347 78,862 0.82
2007 27,754 8420 3.30 63,634 79,360 0.80
2008 29,395 8251 3.56 54,618 69,058 0.79
2009 30,562 7685 3.98 58,763 72,960 0.81
2010 38,359 30,421 1.26 45,337 47,794 0.95
2011 23,774 8766 2.71 50,024 73,710 0.68
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which left an unmapped area of only about 5% of the studied area (2%
due to ETM+gaps and 3%due to cloud cover). The accuracy assessment
and further analyses ensured that about 75% of the clear-cut areas of
more than 0.5 ha were detected. It proved to be difficult to accurately
detect clear-cut areas of between 0.5 and 1.5 ha (ca. 20% of the total
mapped harvests) using Landsat imagery. Given their small sizes, such
harvests were generally underestimated, and are recognised as the pri-
mary source of the 25% of harvests omitted. A further analysis showed
that a large part of the difference between the mapped surface and
the statistical data was due to themarked occurrence of harvests in pri-
vate forests (about two-thirds of the total), which show small clear-cut
areas (×0.8 ha). Small clear-cuts are generally preferred by private
owners because, according to the autonomous regional policies in
most Italian administrative regions, the only requirement for harvesting
coppice areas smaller than 0.5–3 ha is the submission of a simple decla-
ration by the forest owner to the Italian State Forest Service (Corpo
Forestale dello Stato). According to the statistical data available, one
can suppose that the 64.8% difference (584,281 ha) between the data
of Istat (2014) and this study can be explained as follows:

▪ 25% (225,454 ha) is due to the omission error of the proposed
methods;

▪ 5% (45,091 ha) is potentially due to the unmapped forest falling
within Landsat data gaps;

▪ 10 to 20% (90,182 to 180,363 ha) is due to the clear-cuts that could
not been mapped as they are smaller than 0.5 ha;

▪ The remaining 15 to 25% (135,272 to 225,454 ha) is due to the log-
ging activities carried out on other wooded lands that were not in-
vestigated in this study (displayed by the CORINE 2006 database as
321, 322, 323 and 324).

5.2. Soil erosion

5.2.1. Modelling approach
The soil erosion modelling exercise was carried out following the

methods proposed for USLE (Wischmeier and Smith, 1978) including
subsequent improvements (Dissmeyer and Foster, 1984; Renard et al.,
1997). The best available spatial information for Italy was used to create
the set of spatial (LS, K and P factor) and temporal (R and C factor)
model input variables. When a complex geomorphic process such as
soil loss is modelled, the employment of qualitatively and spatially ade-
quate input data is an essential precondition for achieving reliable and
robust model outcomes (van Rompaey et al., 2003; van Oost et al.,
2005b). The high spatial resolution DEM (25 × 25 m cell size) allowed
us to also take into account smaller-scale relief features in this
national-scale study. This is extremely important in order to accurately
derive the local topographical and hydrological features (Zhang et al.,
2008) that play a major role in the erosive process (Mitas and
Please cite this article as: Borrelli, P., et al., Assessment of the impacts o
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Mitasova, 1998). The soil erodibility (K) was spatially defined at a reso-
lution of 500m, a scale suitable for the spatial variations of this environ-
mental factor (McBratney et al., 2003). 370 meteorological stations
were used to calculate the sub-hourly rainfall erosivity data (covering
the forest change monitoring period 2002–2011). For the first time,
the rainfall erosivity dynamicsweremeasured across the entire country
following the original methods reported in the USDA handbooks. This
represents a major improvement compared to previous studies (e.g.
Van der Knijff et al., 1999, Grimm et al., 2003) that modelled USLE-
based soil loss at the Italian scale using rainfall erosivity computed
from rainfall volumes instead of rainfall intensity (Diodato and
Bellocchi, 2010; Diodato and Soriano, 2014). With regard to the land
cover and management factor (C), the scheme proposed by Dissmeyer
and Foster (1984) was followed. The P factor (soil conservation prac-
tices) was statistically approximated based on information acquired
by visual interpretation of the aerial images. Unlike previous large-
scale studies (e.g. Van der Knijff et al., 1999; Grimm et al., 2003;
Bosco, personal communication) where the C and P factors were kept
constant for the entire forest land or were approximated with high
uncertainty (De Jong, 1994), a novel approach that aimed to spatially
describe the different forest canopy cover conditions was tested
here. As for the different agricultural plant types (Wischmeier and
Smith, 1978; Panagos et al., 2015c), different tree species and forest
conditions involve different degrees of soil protection and soil loss rates
(Dissmeyer and Foster, 1984). For the Italian forests, a significant spatial
influence of the C factor was observed, ranging from 0.0005 to 0.007
(x̅ = 0.0015, σ = 0.0005).

5.2.2. Soil erosion susceptibility of Italian forests
The average soil loss in forests which remained undisturbed during

themodelling period shows that Italian forests are moderately effective
(0.33 Mg ha−1 yr−1) in reducing soil erosion compared to other
European and American forests (Hood et al., 2002; Cerdan et al.,
2010). The modelling results are higher than the average value mea-
sured through plot experiments in both Mediterranean Europe
(0.18 Mg ha−1 yr−1 measured in 552 plot-months; Cerdan et al.,
2010) and other European regions (0.003 Mg ha−1 yr−1 measured in
60 plot-months; Cerdan et al., 2010). However, this situation is in line
with the higher sediment yield values generally measured in Italian for-
ested watersheds (Bazzoffi et al., 1996; de Vente et al., 2006). The high
soil loss rates reflect the heterogeneity and propensity of the landscape
to erosion,where in some areas the annual average rainfall erosivity can
be as high as ca. 6000 MJ mm ha−1 h−1 yr−1 (σ= 1286 MJ mm ha−1-

h−1 yr−1) and the forest slopes can exceed 25% (62.2% of the study area,
of which 25.5% of the slopes are greater than 45%). The erosive power of
rainfall in Italian forests is 2.5 times higher than the average for
European forests (697.6 MJ mm ha−1 h−1 y−1) and almost twice the
average of the Mediterranean countries. In addition, the topographical
factor (LS) of the Italian forests is the highest in Europe (6.5 [dimension-
less]) and is considerably higher than in other Mediterranean European
countries (Greece 5.9; Spain 4; France 2.9; Croatia 2.9). The average C-
factor value of Italian forests is 0.00154, 35% higher than the average
European forest C factor (0.00116). There are no significant differences
between the soil erodibility factors (K) of Italian (0.022 Mg h−1 MJ−1-

mm−1) and European forest soils (0.024Mg h−1 MJ−1 mm−1). Overall,
the magnitude of natural triggering forces makes the Italian forests the
most susceptible to erosion in Europe.

5.2.3. USLE soil loss prediction
Higher soil loss rates were generally observed along the Apennines,

the Alps and the surrounding hilly areas, while lower values were pre-
dicted for the Apulian plateau, the Po valley, along the Tyrrhenian
coast and the Italian islands (Fig. 5). The highest soil loss rates occurred
in mountainous areas in the north of the country with a high incidence
of steep slopes and where the rain hits the ground with high energy
(e.g. Valle d'Aosta (ITC2), Friuli Venezia Giulia (ITH4), north-western
f clear-cutting on soil loss by water erosion in Italian forests: First
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Lombardy (ITC4), north-eastern Piedmont (ITC1) and eastern Liguria
(ITC3)).

Considering only the harvested areas, the soil loss rates, although ac-
celerated, followed the general dynamics described above, highlighting
the dominant role of the magnitude of natural triggering forces. In
absolute terms, however, the highest human-induced soil loss by
water erosion occurred in the most intensely harvested administrative
regions (NUTS-2), i.e. Tuscany (275.7 × 104 Mg yr−1), Lazio
(166.2 × 104 Mg yr−1), Umbria (141.8 × 104 Mg yr−1) and Calabria
(112.8 × 104 Mg yr−1) (Table 5). The low soil loss rates of the undis-
turbed forests (0.33 Mg ha−1 yr−1) rose to an average value of
2.31 Mg ha−1 yr−1 in the clear-cut areas (13.9 Mg ha−1 yr−1 during
the first four years after harvesting). Most of the soil erosion took
place during the first twelve months after harvesting (25.66 Mg ha−1-

yr−1), when the development of grass vegetation was still reduced.
Therefore, soil loss rates peaked during the first year after harvesting
and then gradually decreased by year two, following the dynamics ob-
served in the field (Garfì et al., 2006; Borrelli and Schütt, 2014). This
was in accordance with both the modelling approaches based on the
USLE model (Hood et al., 2002) and the field observations carried out
of forest lands in other regions (Lal, 1996; Edeso et al., 1999; Kitahara
et al., 2000; Callegari et al., 2001). The post-harvest vegetation develop-
ment observed using Landsat and MODIS time-series confirmed the
congruence between the vegetation indices and the release of the
modelled sediment.

Notably, a recorded forest disturbance involving about 10.6% of the
simulated area resulted in about 45.3% of the total soil loss. Following
the forest monitoring analysis reported in Section 5.1, about 40 to 50%
of harvests that occurred in the study area were not detected, and con-
sequentlywere notmodelled, due to limits of the Landsat imagery to ac-
curately detect small clear-cut areas (Borrelli et al., 2013c). A large
forest surface that, if considered in themodelling operations, would fur-
ther exacerbate the soil loss predictions. A simple statistical approach
was used to estimate the total soil loss from forest areas considering
that: i) the total harvested surface is provided by the national statistics
(Istat, 2015), ii) the average soil loss rates predicted for the undisturbed
(0.33 Mg ha−1 yr−1) and disturbed forest (2.31 Mg ha−1 yr−1) are
known, and iii) in a first approximation, the unmapped harvests can
be assumed to be adjacent or near to the mapped harvests, and to
show similar erosion dynamics. Following this hypothesis, the
total soil loss in the forests would increase by 14.9% (equal to
10.1 × 103 Mg yr−1). The disturbed forest area would amount to
15.4%, which would be responsible for about 55.9% of the total soil loss.
Table 5
Descriptive statistics of the soil loss in the clear-cut areas of the Italian regions (NUTS-2).

Region name
NUTS-2 Simulation area Soil loss rate Soil loss

[code] [ha] Mg ha−1 yr−1 Mg yr−1

Piedmont ITC1 5305 3.2 270,818
Valle d'Aosta ITC2 17 8.1 2289
Liguria ITC3 5739 3.5 318,339
Lombardy ITC4 14,259 1.0 222,817
Abruzzo ITF1 6038 1.9 187,448
Molise ITF2 8845 1.1 161,099
Campania ITF3 25,125 2.1 858,568
Puglia ITF4 3960 0.6 37,326
Basilicata ITF5 14,885 1.0 236,501
Calabria ITF6 25,583 2.8 1,128,802
Sicilia ITG1 2517 1.3 52,771
Sardegna ITG2 3033 1.1 53,765
Trentino-Alto Adige ITH1/2 2087 2.6 86,320
Veneto ITH3 1981 3.2 100,460
Friuli-Venezia Giulia ITH4 583 5.9 54,716
Emilia-Romagna ITD5 19,305 1.8 547,782
Toscana ITI1 84,549 2.0 2,757,715
Umbria ITI2 35,833 2.5 1,418,815
Marche ITE3 8079 3.3 424,662
Lazio ITI4 49,387 2.1 1,662,250
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6. Conclusions

The Member States of the European Union have committed to the
maintenance and protection of their forests (Forestry Strategy, 1998;
EU Forest Action Plan, 2006) and to implement adequate measures to
meet water quality targets in freshwater bodies (European Water
Framework Directive, 2000/60/EC). In this context, soil erosion, espe-
cially when accelerated, can represent a serious threat to both soil-
related forest ecosystems and aquatic ecosystems. The results of the
5th Ministerial Conference on the Protection of Forests in Europe
(MCPFE, 2007) reported satisfactory conditions and the sustainable
management of European forests. However, the MCPFE (2007) also re-
ported that tree harvesting and forest operation damages are a source of
severe economic losses, and can lead to deteriorations in the health and
vitality of ecosystems in specific areas. So far, the monitoring of the
status of the forest soils has been limited to ground-based surveys.
The continuous and complete monitoring of forests is not economically
feasible. As a consequence, traditional monitoring practices cannot be
used to develop comprehensive knowledge about the environmental
impacts of forestry practices such as clear-cutting. Therefore, a well-
calibrated model would provide a promising alternative diagnostic
tool to quantitatively assess the soil loss dynamics in European forests
in order tomonitor forest harvesting developments. The remote sensing
monitoring analyses carried out in this study showed that 317,535 ha
(125,272 clear-cut areas) of forest lands were subjected to tree harvest-
ing, of which 29.5% were located within protected areas (Natura 2000).
Modelled outcomes showed that the predicted soil loss by water
erosion from the harvested forest (equal to 10.6% of the simulated
area) potentially produced mobilised soil particles equal to 45% of the
amount mobilised in the total forest land area. This study, which com-
bined a high-resolution USLEmodel with remote sensing and interpola-
tion techniques, shows that such a method (which undoubtedly can be
further refined and developed) can provide more cost-effective and
comprehensive monitoring of soil erosion processes in forests.
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