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Abstract: Water erosion and evaluation of the average annual soil loss considering the potential
effects of climate change are the focus of this study, based on the application of two empirical models,
the RUSLE (Revised Universal Soil Loss Equation) and the EPM (Erosion Potential Method), to an
Italian case study. A small mountain basin, the Guerna creek watershed, is located in the Central
Southern Alps (Lombardy, Southern Alps, Bergamo), and it has been affected in the past by flooding
and erosion events, which stressed the hydraulic weaknesses of the study area. Three different future
climate scenarios were built for the middle of this century (from 2041 to 2060) on the basis of CORDEX
data and Representative Concentration Pathways (RCP) set by the IPCC (Intergovernmental Panel on
Climate Change) future scenarios: RCP 2.6, RCP 4.5, and RCP 8.5. As concerns climate, precipitation
and air temperature are the variables used in the empirical models. On the other hand, potential
effects on land use were also considered. Computed soil loss of 87 t/ha/year and 29.3 t/ha/year
was achieved using the RUSLE equation and EPM method respectively, without considering the
potential effects of climate change. The results achieved showed that climate change impacts on water
erosion may not be negligible even by the middle of the current century (the annual average soil loss
could change by 6-10% on a basin scale), and a major role is being played by seasonality in rainfall
peak intensity.
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1. Introduction

Soil erosion by water can occur at high rates in the alpine and pre-alpine environment, due mainly
to its topographic, soil, and climate features. How these rates can change in the future climate
is an important piece of information for developing and planning good management practices.
A change in the climate may affect different factors contributing to the sediment yield and soil loss in
mountainous areas.

Particularly, soil erosion is expected to be influenced by changes in air temperature, precipitation,
and its distribution, which are impacting crop management and land use, plant biomass production,
soil moisture, and the infiltration rate [1]. As a matter of fact, a close link between climate change
and soil erosion can be observed. On the other hand, there are direct and indirect impacts that can
increase or reduce soil erosion. The direct impacts are caused primarily by changes in rainfall amount,
rainfall intensity, and rainfall spatio-temporal distribution. Precipitation patterns in different areas of
the same continent or country can either rise or reduce in the future climate. This is also in line with
the prediction of IPCC (Intergovernmental Panel on Climate Change) [2] for the precipitation changes
worldwide. It is in fact likely to increase with increased rainfall amount, but it is not always dependent
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on the amount of rainfall. This means that soil erosion does not necessarily rise with increased rainfall
amount, since rainfall intensity and its spatial distribution also affect soil loss significantly. In several
studies, the increased frequency of intense rainfall events has been shown to result in an increase
of soil loss, despite the predicted decrease of the amount of rainfall [1,3,4]. Ref [3] discovered that
the impacts of precipitation intensity were greater than those of the number of rainy days. Ref [5]
argued that the combination of changes in rainfall amount and rainfall intensity may have a greater
impact rather than variations in any single factor. On the other hand, temperature rise is related to the
indirect impacts on soil erosion [1,6]. Another important aspect to be considered is the effect of climate
change on land use. One example of assessment of land use change scenarios was made in the Lo
river basin (Vietnam). The land use change that was investigated in this area assumed the conversion
of 20% of forest area into rice and agricultural crops and 15% of forest area into bushed, shrubs,
and meadows. These cover soil variations showed a 28% increase of sediment load; then, it produced
a significant effect on sediment production in the Lo basin [7,8]. Another example of land use impact
on water erosion is given by [9], which predicted the variations of runoff and soil erosion in two
catchments in Portugal during 2071-2100. They found an increase of erosion rates in the watershed
covered by croplands and a reduction of erosion rates in the watershed covered by forest and vineyard
lands. Therefore, afforestation is a method considered to be effective against soil loss under global
change [1]. The last case study is the Carapelle watershed in Puglia (Southern Italy). Four different
Best Management Practice (BMP) scenarios were implemented in the study area; the aim is to quantify
soil erosion and to identify specific BMPs for reducing erosion. The investigation established that the
BMP of reforestation provides the highest specific sediment reduction (ranging from 50% to 99%) and
that winter wheat, which corresponds to the BMP (Best Management Practice) of contour farming,
is the highest producer of sediment yield (between 0 and 63.8 t-ha~!-year™1) [10].

To this day, the climate change impact and the compensatory effects of different factors are still
unclear and difficult to predict accurately. The most helpful and common way to predict soil erosion
under climate change is the use of a modeling chain from climate models to basin hydrological models.
There are different soil erosion models (empirical models, conceptual models, and physically-based
models) that have been extensively used in these kinds of studies and that can be combined with
climate models [11-13]. The RUSLE (Revised Universal Soil Loss) [14] and EPM (Erosion Potential
Method) [15] methods are two of the most used empirical models to estimate soil loss by water erosion.
These methodologies can produce valuable information on soil erosion processes and on their spatial
distribution. They take into account the climatic parameters, topography, land use, and soil features
of the study area and can support climate change impact analysis. Model outputs can be used to
understand the impacts of future climate change. Different downscaling methods, such as statistical
downscaling and dynamic downscaling, have been developed in order to move from the coarse spatial
resolution of climate data to the finer one [16].

Over the years, also the climate scenarios have been developed from simple hypothetical scenarios
to more realistic ones—for example, Special Report on Emissions Scenarios (SRES) families [17] and
Representative Concentration Pathways (RCPs). The former and the latter were set in 2001 and 2013,
respectively, by the Intergovernmental Panel on Climate Change [1]. In particular, concerning the
alpine space, one example is the analysis of soil erosion trends in IPCC A2 and B2 scenarios [18],
which were conducted by [19]. Another case study to be mentioned is [20], which examined the
potential effects of climate change at a hydrological cycle within an Alpine river of Italy considering
temperature and precipitation data generated via the IPCC SRES A1B, A2, and B1 [17].

The general aim of this research is an estimation of water erosion at the catchment scale and a
spatial analysis of soil erosion trends in different IPCC scenarios. The RUSLE [14] and the EPM [15]
methods are used. They are empirical models whose parameters can be estimated by laboratory
investigations and by field observations and experiments. The most important climate variables in the
RUSLE and EPM equations are precipitation and air temperature. The two models were applied to
the study area, the Guerna creek watershed, which is a small mountain basin (A = 30 km?) located in



Geosciences 2020, 10, 386 3of24

the Central Southern Alps (Lombardy, Bergamo). Interest in the Guerna basin arises from the need
to evaluate sediment transport and sediment loss, which is manifested by the managing the body of
Lake Iseo and the Oglio river, and because this watershed is exposed to hydrogeological risk. The two
models were implemented in a Geographical Information System (GIS) supporting the management of
the territorial database used to estimate relevant geomorphological parameters and to create different
thematic maps [21].

In this analysis, three different climate change scenarios were considered in order to tentatively
assess the impact on the water erosion and soil loss at the small basin scale. CORDEX data [22] were
used. The EURO-CORDEX ensemble is based on the Representative Concentration Pathways (RCP)
scenarios, that define pathways of the additional radiative forcing caused by anthropogenic activity till
the end of the 21st century [23].

2. Material and Methods

2.1. Study Area: The Guerna Catchment

The research was conducted in the Guerna creek catchment (Figure 1, where the catchment border
was reproduced using shapefile on [24]), a small watershed located in the Province of Bergamo (central
Italian Alps). The Guerna river springs from Monte Foppa at 1332 m a.s.l. and it is a right tributary
of the Oglio river. The outlet of the catchment area is located at the confluence of the two rivers,
a few meters downstream of the Sarnico dam (45.66 N, 9.94 E) controlling the water level in Lake Iseo.
Most of the watershed surface belongs to the municipalities of Adrara S. Rocco, Adrara S. Martino,
and Viadanica [21]. The main features of the Guerna creek and its watershed are reported in Table 1.

Table 1. Main features of the Guerna creek basin.

Parameter Value
Basin area [km?2] 31
Wooded, reforested and forested area [km?] 20.5
Grassland [km?] 1.64
Agricultural area [km?] 6.00
Orchard and vineyard [km?] 1.07
Urban area [km?] 1.83
Bare areas [km?] 0.05
Average hillslope of the catchment area [%] 51
Maximum elevation [m a.s.L] 1332
Minimum elevation [m a.s.1.] 185
Length of the main channel (Guerna creek) [km] 12.3
Longitudinal average slope of the main channel (Guerna creek) [m/m] 0.07
Mean annual precipitation at Sarnico station (years 2008-2011) L [mm] 1250.6
Mean annual temperature at Sarnico station (years 2008-2011) 2[°C] 13.9

1 This value was calculated by using available 4-year semi-hourly rainfall records provided by Consorzio
dell'Oglio [25]. 2 This value was calculated by using available 4-year daily temperature records provided
by the regional agency for environmental protection ARPA Lombardia [26].

The Guerna creek was affected in the past by flooding and erosion events, which stressed the
hydraulic weaknesses of the study area. Therefore, this watershed is exposed to hydrogeological risk
because of, for example, poor cleaning of the water courses, abandonment of the territory, or disuse of
agricultural practices (e.g., terracing, crops according to level curves, buffer strips, subsoiling, crop
rotation, and intercropping). Sediment yield by the Guerna watershed is settling at the confluence
with the Oglio River, right downstream of the Sarnico dam, making water management operations
more complex.
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Figure 1. Territorial framework (base map from Google Maps, accessed May 2020): (a) background of
the Italian Alps with identification of Guerna catchment and its surroundings, (b) Northern Italy with
identification of Guerna catchment and its surroundings, (¢) Guerna catchment location).
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The considered time window to estimate the mean annual precipitation and temperature in
Sarnico (Table 1) is relatively short because of the limited semi-hourly rainfall records available that
were used to calculate the R factor as described in Sections 2.2 and 2.4. Nevertheless, the mean monthly
precipitation and temperature values calculated and reported in Figure 2 retract the characteristic
pattern of wet areas of the Southern Alpine range: two main rainfall peaks in late spring and in autumn
with no dry season (as in the Alpine sublitoranean climate [27]), and a secondary peak during late
summer, which is characteristic of the Alpine piedmont areas. For a more detailed report on the local
climatology, see [28].
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Figure 2. Mean monthly precipitation and temperature recorded at Sarnico (from 2008 to 2011).

Ref [21] contains different thematic maps of the Guerna watershed created in a GIS environment
(slope map, lithological map, hydrogeological instability map, and land use map). The lithological
map in [21] reveals the presence of limestones, marly limestones, and flint limestones in most of the
territory. In the Guerna mouth there are gravel, sand, blocks, and ferritization silt. The results of
particle analysis of two soil samples (taken in the northern and in the southern part of the study area)
by wet sieving and sedimentation [21] show the following information (Table 2):

Table 2. Results of the particle analysis.

£; (%) 2
Sample Location of the Study Area Xex (%) 1 ! Soil Texture
Clay Silt Sand
Southern part 46.68 22.90 38.48 38.62 Loam
Northern part 12.19 24.52 36.18 39.31 Loam

1 Skeletal fraction (>2 mm) as a percentage on the total weight. 2 Soil fraction, as a percentage on the weight passing
at 2 mm diameter (according to USDA classification).

The hydrogeological instability map in [21] shows different sites characterized by landslides,
alluvial cone, debris or terrigenous cover, rill erosion, and gully erosion. Nevertheless, most of the area
of the catchment is without visible erosion effects, and it is mainly occupied by undergrowth and crop
fields. Table 1 contains a detailed description of different soil use in the study area, as shown in the
land use map in [21]. Table 1 also includes the average hillslope of the catchment, which was derived
in a GIS environment from the slope map in [21]. This map reveals that lower slope values are mainly
in the southern part of the study area, close to the Guerna mouth.
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2.2. Empirical Models

The two empirical approaches that were adopted here for the computation of sediment loss at the
basin scale are the RUSLE model [14] and the EPM method [15].

Both the RUSLE and EPM methods have limitations and shortcomings. The aim of the RUSLE
methodology is to estimate water erosion in agricultural areas; therefore, the approach is not expected
to be well suitable for erosion assessment in mountain catchments [29]. Moreover, the RUSLE equation
does not consider the sedimentation processes, it tends to over-estimate soil loss, and it is not able
to simulate gully erosion, mass movements, and riverbed erosion. Hence, the application of RUSLE
over the alpine territory could present huge difficulties, due also to data availability problems [19].
The EPM equation describes the complex soil erosion mechanism by merely multiplying different
factors. As a consequence, important aspects of the phenomenon such as sediment deposition and
sediment routing are not taken into account. Additionally, the Gavrilovic model estimates mean
annual erosion, while having very low accuracy on individual flooding events, where most of the
sediment load is transported, especially at Mediterranean catchments [30]. Despite these deficiencies
and shortcomings, the RUSLE and the EPM methodology can produce valuable information on alpine
soil erosion processes and on their distribution. Indeed, they are two of the most used models, and their
objective was the assessment of the soil erosion in relation to climate change; therefore, as suggested
by [19], their analysis should be considered comparative and not absolute [21].

The RUSLE model is represented by the following equation [14]:

A = RKLSCP 1)

where A is the computed soil loss (tha!-year™), R is the rainfall-runoff erosivity factor
(MJ-mm-ha~!-h~1-year~!), K is the soil erodibility factor (t-ha-h-ha=!-MJ~1-mm™1), LS is the topographic
factor combining slope length L and slope steepness S, C is the cover-management factor, and P is the
supporting practices factor.

The methodology applied in computing the RUSLE factors is the same used in [21] to simulate
the sediment production in the years 2008-2011, using semi-hourly rainfall data that were recorded at
Sarnico station. Therefore, the R factor and the K factor were considered uniform in the study area,
whereas the LS, P, and C factors were calculated considering a spatial variability in the study area.

The R factor was estimated taking into account kinetic energy in a single rainfall and the rainfall
intensity [31,32] during the available 4-year time series (from 2008 to 2011), where every rainstorm was
considered as an erosive event, and several meaningful erosive events were collected. In fact, high
values were obtained for the climatic factor for each year. Therefore, even if the series is short, a set of
meaningful erosive events was sampled. Furthermore, this amount of meaningful erosive events in a
short period stresses the importance of this basin as a hydrogeological risk-prone area. Both [33,34]
created rainfall erosivity maps for a large area (respectively in Italy and in the world). The authors used
data collected in different rainfall stations and, in some cases, the period covered by the time series is
5 years. The R factor was considered constant in the study area because it is a mountain area of limited
extension, and there is only one rain gauge providing the daily rainfall data to estimate this factor.

The K factor was evaluated using equations in [35], which were proposed by [36] and revised
in [37], and the results of the particle analysis reported in Table 2. The values obtained from the analysis
of the soil samples, which were taken at different points of the watershed, were very similar; therefore,
the K factor was considered constant in the area under investigation.

The LS factor was estimated modifying Moore and Burch’s equation [38] and using Nearing’s
formula [39] and considering its spatial variability. The LS factor map was created in a GIS environment
on the basis of the slope map of the flow accumulation map, as described in [21].

Average literature values were used for C and P factors, as described in [22,23].



Geosciences 2020, 10, 386 7 of 24

The EPM method is the following [15]:
Wep = T-H- V72 )

where W;, is the average annual specific production of sediments (m®-km™2-year™!), H is the mean
annual amount of precipitations (mm), T is the temperature coefficient (Equation (3)), and Z is the

coefficient of erosion (Equation (4)).
t
T=,/ 10 +0.1 3)

Z=XaY(o + Vi) (4)

where t represents the mean annual temperature (°C), X, is the land use coefficient, Y is the coefficient
of soil resistance to erosion, ¢ is the coefficient value for the observed erosion processes, and i is the
average land slope (m/m).

The average annual production of erosional sediments in the catchment area Wy [m®-year™]
is the product between surface area A in km? and the weighted averaged annual specific sediment
production Wygp:

Wg = A-Wgp. ®)

The methodology applied in computing the EPM parameters is the same used in [21] to simulate
the sediment production in the years 20082011, using semi-hourly rainfall data and daily temperature
data that were recorded at Sarnico station. Therefore, the mean annual amount of precipitation was
considered uniform over the entire study area. The coefficient of erosion and the temperature coefficient
were calculated in a GIS environment, taking into account a spatial variability in the watershed. Indeed,
the values used to estimate the coefficient of erosion Z have a spatial variability according to [21].
Alinear trend of temperature as a function of altitude was assumed in order to estimate the temperature
coefficient (T).

Different climate change scenarios were considered in order to tentatively assess the impact
on water erosion on a small catchment scale, applying the two empirical models mentioned above.
The computed soil loss (A) in the RUSLE model was estimated by solving Equation (1) but changing
the rainfall erosivity factor (R factor) according to climate change. The R factor represents the climate
erosivity because it defines the total annual erosive potential that is due to climatic effects. Similarly,
according to the Gavrilovic method, the average annual production of erosional sediment (W) was
estimated by solving Equations (2) and (5), but changing the mean annual amount of precipitation (H)
and the temperature coefficient (T) according to climate change. Concerning both empirical methods,
the factors and the parameters that are not involved in the climate change scenarios maintain the same
values adopted in [21]; their main values are reported in Sections 2.4 and 2.5.

2.3. Climate Change Scenarios

Climate change scenarios at the basin scale were built on the basis of CORDEX data, which include
time series of values of different parameters (precipitation, temperature, etc.) at specific grid points [22].
The following options were considered for this study:

e Driving model or Global Climate Model (GCM): a GCM can provide projections of how the
earth’s climate may change in the future, on grid cells of around 1000 by 1000 km, and it is
based on mathematical descriptions of the governing physical processes of the climate system.
A GCM cannot supply an accurate representation of localized extreme events, but it drives the
Regional Climate Model (RCM), incorporating the input domain for an RCM [23]. In this analysis,
the selected GCM was the ICHEC-EC-EARTH [40].

e Regional Climate Model (RCM): The Regional Climate Model (RCM) is driven by the GCM;
it can provide information on much higher spatial resolution because it is applied over a limited
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area. CORDEX data were calculated using RCM together with the dynamical downscaling
technique [22,41]. In this work, the selected RCM was RCA4 (the surface processes of the Rossby
Centre regional atmospheric climate model), described by the report of [42].

e Domain: a domain is a region where the regional downscaling takes place, and there are 14
different CORDEX domains. The European domain (EURO) covers the whole European continent.
In this work, the domain used was EUR-11i, which has a resolution of 0.125 degrees, both in
latitude and in longitude [41].

On the basis of the selection described above, three different climate scenarios (or climate
projections) were considered for the middle of the century, according to the Representative Concentration
Pathways (RCP) set by IPCC [2]: RCP 2.6 (from 2041 to 2060), RCP 4.5 (from 2041 to 2060), and RCP
8.5 (from 2041 to 2060). These scenarios are the representations of various possible future states of
the climate system, based on both numerical model simulations that describe the complex processes
and interactions affecting the climate system and information about anthropogenic climate forcing
(socio-economic, technological, demographic factors and environmental development). The factors
of anthropogenic activity are characterized in climate models as equivalent changes in greenhouse
gas concentrations. Therefore, RCP scenarios in the EURO-CORDEX ensemble define pathways of
the additional radiative forcing (in W/m?) caused by anthropogenic activity until the end of the 21st
century (the value in 1750 is considered as a reference). RCP 8.5 represents very high greenhouse gas
emission radiative forcing (8.5 W/m?), which continues to rise even after 2100. RCP 4.5 (radiative
forcing value of 4.5 W/m?) is a stabilization scenario, because forcing will stabilize at their given value
around the end of the century. RCP 2.6 (radiative forcing value of 2.6 W/m?) represents an aggressive
mitigation scenario with a considerable negative future emission [23]. Finally, another stabilization
scenario (RCP 6.0 with radiative forcing value of 6.0 W/m?) does exist, but it was not considered in this
study because it is very similar to RCP 4.5.

In this research, the historical scenario (from 1986 to 2005) in the CORDEX dataset was also
considered. The historical simulation had to be investigated, since this type of experiment is not
synchronized with the observed climate.

By comparing historical and future simulations, relative values of future precipitation and
temperature can be used to build future local climate scenarios starting from observed data (from 2008
to 2011 at Sarnico).

2.4. The Impact of Climate Change: Application of RUSLE Model

Monthly precipitation from 2041 to 2060 (considering different climate scenarios) is provided for
each point of the grid used in the modeling chain selected for the study. Figure 3 shows as yellow dots
the “RCM grid points”. The green arrow indicates point A, which is the relevant point belonging to the
Guerna watershed in the grid: precipitation data for different climate change scenarios, corresponding
to this point, were considered to evaluate climate change effects.
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Figure 3. Regional Climate Model (RCM) grid points over the case study area.

By comparing monthly precipitation historical simulations and future projections (RCP 2.6,
RCP 4.5, RCP 8.5) shown in Figure 4, a correction factor (J) was derived for each month of the year,
which was then applied to the observed precipitation in order to account for the expected change
semi-hourly. Precipitation observations were provided by “Consorzio dell’'Oglio” [25]; they were used
in [21] and they are also described in Section 2.1. The correction factor in Table 3 was determined by
the following equation:

(hfuture_scenario ) i—month

(6)

Ji-month =
(hhistorical_scenario ) i—month

where (hfyture scenario)i—month 31d (Nhistorical_scenario )i—month @€ the mean monthly precipitation values
shown in Figure 4 for different scenarios.
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Figure 4. Precipitation results of historical and future climate simulations in the Guerna catchment.
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Table 3. Monthly correction factor for precipitation and erosivity index in Sarnico.

Ji-month Coefficient [-] Erosivity Index Re [MJ-mm-h~1-ha=1]
RCP 2.6 RCP 4.5 RCP 8.5 Current RCP 2.6 RCP 4.5 RCP 8.5
Month A . . . . . .
Scenario Scenario Scenario Climate Scenario Scenario Scenario
January 1.29 0.85 0.83 20.6 36 14.7 13.9
February 1.59 1.44 1.64 439 123.4 98.1 131
March 0.95 1.12 1.29 31.3 28 39.9 55.3
April 0.96 0.99 0.81 86.1 78.1 84.8 549
May 1.37 1.16 1.18 177.7 3739 249.9 261.2
June 1.23 0.84 0.74 312.3 510.8 209.1 153.8
July 0.74 0.73 0.72 457.1 223.7 220.9 207.5
August 1.12 0.34 0.72 394.2 510.9 33.2 181.9
September 0.85 0.76 1.11 468.9 323 243.1 597.8
October 0.82 0.90 1.23 98.1 63.2 77 .4 157
November 0.92 0.79 1.17 189.1 155.8 138.7 271.9
December 0.78 0.88 1.03 56.8 33 43.1 61

The multiplicative coefficient Ji-month Was applied to the observed half an hour rainfall data from
2008 to 2011 to project the 4-year-long time series into the future.

Then, a new value for the R factor was computed with the modified precipitation time series.
According to analyzed CORDEX outputs, yearly precipitation is reduced for RCP 4.5. Moreover, the
multiplication coefficients concerning the months with highest erosivity index (June, July, August, and
September) are much lower than 1 for RCP 4.5 (see Table 3); they are lower than 1 (on average) also for
RCP 8.5, while their value is lower than 1 only for July and September for RCP 2.6. The R factor value
set in [21] was 2336 MJ-mm-ha™! ~h_1-year_1.

The other factors (K factor, LS factor, C factor, and P factor) required for the implementation of
the RUSLE model, as described in Paragraph 2.2, were not modified with respect to values set in [21].
Therefore, the K value was 0.038 t-ha-h-ha -MJ~1-mm™!, and the maximum, minimum, and mean
values of LS factor were respectively 41.78, 0.027, and 14.09. C and P factor values were as follows
(Table 4).
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Table 4. C factor values and P factor values. C: cover-management factor, P: supporting practices factor.

Land Use C Factor P Factor
Wooded, reforested and forested area 0.002 1
Grassland 0.07 1
Agricultural area 0.45 1
Orchard and vineyard 0.37 0.45
Urban area 0.003 1
Bare areas 0.36 1

2.5. The Impact of Climate Change: Application of EPM Model

In this model, both precipitation and temperature information are relevant: monthly precipitation
and monthly air temperature from 2041 to 2060 (considering different climate scenarios) can be extracted
from the CORDEX dataset for each point of the RCM grid. As for the RUSLE method, precipitation data
for different climate change scenarios were considered only for the grid point inside the boundaries of
the basin. Temperature data corresponding to grid point B (indicated by the orange arrow in Figure 3)
were useful to estimate the temperature coefficient (T) for the future climate, as it is further explained.

Just as in the case of the RUSLE model application (Section 2.4), the multiplicative Ji-month
coefficient was applied to the same observed climate data (from 2008 to 2011) that are described
in Section 2.1 and that were also reported and used in [21] to estimate the mean annual amount of
precipitation (H). These data were used to evaluate the precipitation regime in order to build local
climate change scenarios.

The temperature coefficient (T) was calculated by applying Equation (3), taking into account
its spatial variability, as reported in [21] for the actual climate. Sarnico temperature values are also
described in Section 2.1. A linear decrease of temperature as a function of altitude was assumed.

Using monthly temperature data from 2041 to 2061 (for RCP 2.6, RCP 4.5, and RCP 8.5 scenarios)
and from 1986 to 2005 (for the historical scenario) referring to point A (hy = 433.8 m a.s.l. in the
CORDEX database experiment) (see Figures 3 and 5) monthly temperature difference At were computed
(Table 5):

Ati-month = (ti_momh)RCP scenario (ti_momh)historical scenario” @)

h

[ S o)

M Historical scenario
RCP 2.6 scenatio

BRCP 4.5 scenario

BRCP 8.5 scenario

OO o ———.

November .

January Sl

March
August

Temperature [°C]
e el e = T = )
[ T 0 TR S S " [ - S QR CN o S+ I s T S N
-
—
February e
e e B
.
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Figure 5. Mean monthly temperature at point A provided by the CORDEX experiment.
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Table 5. Monthly temperature difference between future and historical scenarios.

Temperature Difference At [°C] at Point A

Month RCP 2.6 RCP 4.5 RCP 8.5

Scenario Scenario Scenario
January 1.36 1.00 191
February 116 1.62 2.30
March 1.13 1.07 2.37
April 1.43 1.20 1.90
May 0.78 1.70 1.72
June 0.84 2.22 3.71
July 1.22 2.48 2.71
August 0.97 2.99 2.61
September 1.48 2.37 1.79
October 1.49 1.74 2.15
November 0.65 0.91 1.38
December 0.19 1.32 2.24

Then, the slope of the regression line (vs. elevation), for each month and considering each RCP
future scenario, was computed:

Sl— . (tA)i—month B (tB)i—month 8
OP€;_month — (hA) _ (hB) ( )

where t is the mean monthly temperature at grid point A and at point B.

The grid point B location is indicated in Figure 3 (hg = 796.6 m a.s.l. in the CORDEX database).
The mean monthly temperatures at point A (t5) and at point B (tg), provided by the CORDEX
experiment, are shown respectively in Figures 5 and 6.

W Historical scenario
RCP 2.6 scenario

BRCP 4.5 scenario

BRCP 85 scenario

Temperature [°C]
— —_ =
[ ST =T G B s " B e T S TR S Y
—
.
Nl —
1\ 2\
I -
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" | |‘
. |
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Figure 6. Mean monthly temperature at point B provided by the CORDEX experiment.

Since the elevation of point A is known, Equation (9) can finally be used to find the monthly
temperature t in the current climate at that point:

(t A)i—month = (Slopei—month) (hA - hSarn.) + (tSarn.)i—month‘ (9)
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Slope;_, o is the slope of the straight line equation for each month, using temperature data
from 2008 to 2011 provided by ARPA LOMBARDIA [26] at Sarnico station and at Ranzanico station,

similarly to [21]. The results are shown in Figure 7.
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Figure 7. Mean monthly temperatures at point A in the current climate.

Information obtained from previous steps (the temperature difference At, the slope of the straight
line equation for each month Slope;_ ., and the monthly observed temperature t at point A) were
used to create a monthly temperature map (tpmap ccC)i-month With a spatial variability for each month
and for each RCP scenario, according to the following equation:

(tMAP_CC)i—month = (Slopeifmonth) (DEM - hA) + (tA + E)

i—-month

(10)

where DEM is the Digital Elevation Model, whose spatial resolution is 5 m x 5 m. The DEM map
of the Guerna catchment is reported in [21], and Table 1 contains its maximum and minimum value.
This map shows the higher and lower altitude values respectively in the northern and in the southern
part of the study area.

The 12 monthly temperature maps were used to create a mean annual temperature map
(tMAP_CC)mean anuual (With a spatial variability and considering each scenario of climate change)
solving the following equation:

1 w12
(tMAP_CC)mean annual = 75 Z 1 (tMAP_CC)i_month- (11)

The mean annual temperature map (tMAP_CC)mean annual Was finally used to solve Equation (3) in
a GIS environment.

It should be recorded that the H value set in [21] without considering climate change scenarios
was 1250.55 mm/year and the maximum, minimum, and the mean value of the T coefficient (taking
into account its spatial variation in the study area) set in [21], without considering climate change
scenarios was respectively 1.22, 1.01, and 1.14.

The value of the coefficient of erosion (Z) was not changed with respect to the value reported in [21].
Table 6 shows the maximum, minimum and mean value of the Z coefficient and of the coefficients
used in Equation (4) to estimate it. These coefficient values were obtained by maps reported [21].
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Table 6. Coefficient values.

Coefficient Maximum Value Minimum Value Mean Value
Xa (land use coefficient) 0.90 0.13 0.29
Y (coefficient of soil resistance to erosion) 2.00 0.90 1.22
¢ (coefficient value for the observed erosion processes) 0.90 0.15 0.30
Z (coefficient of erosion) 2.96 0.00 0.33

As shown in Table 1 and in the land use map in [21], most of the catchment area is occupied by
wooded forests, to which X, = 0.125 was assigned. As described in Section 2.1 and reported in [21],
the lithological map reveals the presence of limestone in most of the territory, to which Y = 1.20 was
assigned. The hydrogeological instability map described in Section 2.1 and reported in [21] shows that
most of the area of the catchment is without visible erosion effects; to this area, ¢ = 0.15 was attributed.

2.6. The Effect of Climate Change on Land Use

The paragraphs above describe how to compute soil loss also considering the effects of climate
change, by solving Equations (1) and (2) respectively for the RUSLE and EPM method. As regards the
RUSLE method, the computed soil loss (A) was calculated by changing only the rainfall erosivity factor
(R factor) according to climate change. On the other hand, considering the EPM equation, the average
annual production of erosional sediment (W) was estimated by changing both the mean annual
amount of precipitation (H) and the temperature coefficient (T), considering the impact of climate
change. Therefore, in both cases, the future variations of the cover management factor were omitted.

Nevertheless, the land use over time in the Guerna catchment was analyzed in order to understand
the changes that have taken place over the past years. This operation was implemented by the
comparison between the land use map in 1954 and the land use map in 2015; both maps were made
available by “Geoportale della Lombardia” [24].

The analysis established that most of the Guerna catchment area is covered by forest (broadleaved
forests, coniferous forests, mixed forests dominated by coppice formations, riparian forests) and bushes
(with the significative presence of high and arboreal shrub species), both in 1954 and in 2015 (Figure 8).
In particular, the most recurrent type of tree that remains in the forest in time is the broadleaved tree.

N

A

(c)

Forests and
bushes in 1954

[ Torests and
bushes in 2015

Forests and bushes
in 1954 and 2015

Forests and bushes —
in 2015

Figure 8. Forests and bushes in the Guerna catchment: (a) in 1954, (b) in 2015, and (c) overlapping them.

Finally, the analysis of precipitation and temperature in the past in the study area was performed
in order to relate the detected change in land use to the monitored climate changes. The variability of
these parameters is the most important element that can affect land cover, in particular its vegetation.
The annual precipitation trend (from 1960 to 2016 [25,26]) and temperature trend (from 1973 to
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2016 [26,43]) available at Sarnico were investigated. It was found that there was not a large variability
of these climatic parameters over the years, in comparison with climate change scenarios.

For these reasons and to remain in security, in the study area, the impact of climate change on
land use was neglected.

3. Results

3.1. The Impact of Climate Change According to the RUSLE Model

Projected rainfall data obtained in accordance with the procedure described in Section 2.4 were
used in order to estimate a new R factor value for each scenario:

e  RCP 2.6 scenario: R factor = 2460 MJ-mm/(ha-h-year)
e  RCP 4.5 scenario: R factor = 1453 MJ-mm/(ha-h-year)
e  RCP 8.5 scenario: R factor = 2147 MJ-mm/(ha-h-year)

The computed soil loss A was calculated by solving Equation (1) and considering the three
different future scenarios (Figure 9). The mean value (A_mean) and the total value (A t) in the Guerna
catchment of computed soil loss in future scenarios are shown in Table 7.

Soil loss
[t/(ha - year)]
<2
2
5
15
30
40
50
80
100
500
700
800
900
950
> 950

1 2km

RCP 2.6 RCP 4.5 RCP 8.5

Figure 9. Guerna catchment: map of computed soil loss (A) considering future scenarios RCP 2.6, RCP
4.5, RCP 8.5 and using RUSLE method. RCP: Representative Concentration Pathways.

Table 7. Computed soil loss (Revised Universal Soil Loss Equation (RUSLE) method) considering
different future scenarios.

. A_mean A_tot
Future Scenario [t/(ha-Year)] [t/(Yean)]
RCP 2.6 91.7 283,427.5
RCP 4.5 54.2 167,406.6
RCP 8.5 80.0 247,365.4

3.2. The Impact of Climate Change According to the EPM Model

Projected rainfall data, derived in accordance with the procedure described in Section 2.5,
were used in order to estimate a new mean annual amount of precipitation (H) for each scenario.
The results are shown below and in Figure 10 (reporting monthly mean values):
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e RCP 2.6 scenario: H = 1300.2 mm/(year)
e RCP 4.5 scenario: H = 1101.1 mm/(year)
e RCP 8.5 scenario: H = 1299.6 mm/(year).

250.0

200.0
E
E 1500
B
= BRCP 2.6
=
5 1000 BRCP 4.5
2
- BRCP 85

50.0 h I

0.0

é“‘ S S
PR \ 6\
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Figure 10. Mean monthly amount of precipitation considering the impact of climate change (Erosion
Potential Method, or EPM) at Sarnico station.

The mean annual temperature map (tMAP CC)mean annual Was determined, in accordance with the
procedure described in Section 2.5, by considering each of the future scenarios (RCP 2.6, RCP 4.5,

and RCP 8.5). These maps were used in order to solve Equation (3) and create the maps of the
temperature coefficient (T) shown in Figure 11.

e

RCP 2.6 RCP 45 RCP 8.5

Temperature Coeflicient - T

Figure 11. Guerna catchment: map of temperature coefficient (T) considering future scenarios RCP 2.6,
RCP 4.5, and RCP 8.5.

The mean value in the Guerna catchment of the temperature coefficient (T) for the future scenarios
are the following:

e RCP 2.6 scenario: T =1.15
e RCP 4.5 scenario: T=1.18
e RCP 8.5scenario: T =1.21.

The map of the average annual production of erosional sediment W was calculated by solving

Equations (2) and (5), considering the three different future scenarios (Figure 12). In Equation (5), A is
the DEM cell area (A = 0.000025 km?2).
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Soil loss
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Figure 12. Guerna catchment: map of average annual production of erosional sediment (W)
[m3/(ce11~year)] considering future scenarios RCP 2.6, RCP 4.5, RCP 8.5, and using the EPM model.

The mean value (Wg_mean) and the total value (W _tot) in the Guerna catchment of computed soil
loss in future scenarios are shown in Table 8.

Table 8. Production of erosional sediment (EPM model) considering different future scenarios.

W W
F . g_mean g_tot
uture Scenario |5/ eoll.Yean)]  [m%/(Year)]
RCP 2.6 0.029 36,358.0
RCP 45 0.025 31,516.0
RCP 8.5 0.030 37,881.5

3.3. Comparison with the Scenario without Climate Change

Table 9 summarizes the results obtained for the current and the future climate.

Table 9. Summary of the results.

Without Considering Climate Change Scenario
Method Climate Change Scenario RCP26 RCP45 RCP85
RUSLE [t/year] 269,141 283,428 167,407 247,365
EPM [m?/year] 34,193 36,358 31,516 37,882

Tables 10 and 11 list the results achieved by the statistical treatment of the data obtained for
different climate change scenarios (also represented in Figures 9 and 12) and including the scenario
without climate change.
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Table 10. Results of the statistical trend of the data in the Guerna catchment, considering different
scenarios and using the RUSLE model.

RUSLE Results (A) [t/(ha-Year)]

Scenario
Maximum Value Mean Standard Deviation
Without climate change 1706.9 87.1 203.3
RCP 2.6 1797.5 91.7 214.1
RCP 4.5 1061.7 54.2 126.4
RCP 8.5 1568.8 80.0 186.8

Table 11. Results of the statistical trend of the data in the Guerna catchment, considering different
scenarios and using the EPM model.

EPM Results (W) [m3/(Cell-Year)]

Scenario
Maximum Value Mean Standard Deviation
Without climate change 0.606 0.028 0.040
RCP 2.6 0.664 0.029 0.043
RCP 4.5 0.574 0.025 0.037
RCP 8.5 0.686 0.031 0.045

By considering an average specific weight of 2.65 t/m? [44], soil loss computed by the RUSLE
equation for the Guerna watershed is between two and three times higher than its evaluation according
to the EPM method both in the current and in the future scenarios, as shown in Table 12.

Table 12. Summary of the results considering a specific weight of 2.65 t/m3.

Without Considering Climate Change Scenario
Method . .
Climate Change Scenario RCP 2.6 RCP 4.5 RCP 8.5
RUSLE [t/year] 269,141 283,428 167,407 247,365
EPM [t/year] 90,612 96,349 83,517 100,386

4. Discussions

Ref [19] conducted a study to estimate actual erosion over the whole alpine space and a spatial
analysis of soil erosion trends in different IPCC scenarios. The main objective was the assessment of soil
erosion in relation to climate change. The RUSLE equation was applied to the whole alpine space and
it produced, with a spatial resolution of 100 m, the map of actual soil erosion and the maps defining
soil erosion rates in IPCC A2 and B2 scenarios 2070-2100. From a comparison between actual and
soil losses in A2 and B2 scenarios, it came out that the model did not present relevant rises in erosion
rates [19]. In addition, considering the application of the RUSLE equation in the Guerna watershed
and the three climate change scenarios, the model did not report relevant increases. In particular,
the RCP 2.6 and RCP 8.5 scenarios show respectively a low growth and a low reduction of entity of
soil losses, while the RCP 4.5 scenario shows a strong reduction in soil loss (Table 9).

Ref [45] investigated the future climate change scenarios of soil erosion in Val Camonica and Lake
Iseo, which is one valley of the Italian Alps extending for about 1800 km?, and it is adjacent to the
Guerna catchment. In this case study, simulations were done with the D-RUSLE (Dynamic Revised
Universal Soil Loss Equation) model [46,47], which, in comparison with the RUSLE model, accounts
also for snow cover and land cover dynamics. The results of this study show that the mean annual
erosion rate in future scenarios can increase or decrease, and this fact depends on climatic parameters
(precipitation and temperature). Generally, rainfall amount and intensities usually increase the erosion
rate. These elements are consistent with the findings of our study area.

Refs [45,48] analyzed the RCM'’s projection for the Alpine region at the end of the 21st century,
and they found that the projected temperature always increases, but the annual precipitation trend is
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variable because it can increase or decrease; in particular, the expected changes are an increase in winter
precipitation and a decrease in summer precipitation. These trends are confirmed also considering the
climate change scenarios analyzed in our work (Tables 3 and 5).

Moreover, as [45] also claims, it must be pointed out that although rainfall amounts and intensities
usually increase the erosion rate, it is rather difficult to compare our results with existing literature
because different studies have substantial differences (for example, working scale, topographic and
land use features, the models used both to estimate soil erosion and to project climate changes).

Considering the Guerna catchment, the mean amount of precipitation H for the RCP 2.6 and RCP
8.5 scenarios is higher than the H value estimated without considering climate change, but it is lower
than that for the RCP 4.5 scenario (see [21] and Section 3.2). This result is in line with the prediction
of IPCC [2], according to which precipitation patterns can either rise or reduce in the future climate.
The soil loss calculated using the EPM method for the RCP 2.6 and RCP 8.5 scenarios is larger than the
value estimated without considering climate change, but it is smaller for the RCP 4.5 scenario (Table 9).
Indeed, soil erosion is likely to increase with the increased rainfall amount. However, applying the
RUSLE equation, the computed soil loss is higher than the value estimated without considering climate
change only for the RCP 2.6 scenario (Table 9). The reason for this result can be found in the R factor
value, which is larger than the value estimated without considering climate change only for the RCP
2.6 scenario (see [21] and Section 3.1). Indeed, the R factor also takes into account the kinetic energy in
a single rainfall event and the rainfall intensity that affects soil loss greatly. Ref [49] demonstrated,
through experiments using a rainfall simulator, the importance of rainfall kinetic energy for a better
understanding of erosion processes.

Temperature is predicted to rise in all future scenarios considered in the Guerna watershed
(see [21] and Section 3.2). This is in accordance with other case studies (in North America, Asia
and Europe), which are summarized in [1], and the undisputable global warming trend [2], as a
consequence of higher CO, emissions that are related to anthropogenic or socio-economic factors [1].
When atmospheric CO, concentration increases, as it happens in the future climate scenarios analyzed,
the temperature also increases, and it leads to changes, for example in soil moisture, evapotranspiration
rates, infiltration capacity of the soil, and runoff. For these reasons, soil erosion is affected indirectly by
raising the temperature [1,50].

Concerning the effect of climate change on land use, the future variations of the cover management
factor were neglected because of the evolution of land use over time and the results of the analysis
on precipitation and temperature trends. In fact, as regards the evolution of land cover over the
years, Figure 8 shows that the areas occupied by forests and bushes are very similar in 1954 and in
2015. In fact, the green areas (“Forests and bushes in year 2015”) in Figure 8c are the areas covered
by forests and bushes only in 2015. From the analysis of the land use map (“Uso del suolo storico
(1954)”), it emerged that in 1954, those areas were primarily occupied by grasslands and by sparse
vegetation arable lands, vineyards, and chestnut trees. The orange areas (“Forests and bushes in 1954”)
in Figure 8c are the areas covered by forests and bushes only in 1954. From the analysis of the land
use map (DUSAF 5.0—“Uso del suolo 2015”), it was found that in 2015, those areas were occupied by
farms, residential areas, industrial establishments, road networks, and sport facilities and by a minor
part of grasslands, vineyards, olive trees, and arable lands. The green areas and the orange areas in
Figure 8c cover respectively about 3.4 and 1.5 km?. Thereby, it can be stated that there was an increase
of around 1.9 km? of forests and bushes in 2015, compared with 1954. The brown areas (“Forests and
bushes in 1954 and in 2015”) in Figure 8c that cover most of the Guerna catchment show the places
covered by forests and bushes both in 1954 and in 2015. Therefore, in the Guerna watershed, the land
use map analysis showed an approximate 6% increase in forests in the last decades, further protecting
the soil from water erosion. As resulting from the C factor values and land use coefficient (X,) values
respectively in the RUSLE and EPM equations reported in [21] and described in Sections 2.4 and 2.5,
the presence of forests and bushes that cover most of the study area (see Figure 8) mitigates water
erosion more than grasslands, agricultural areas, orchards, and vineyards. The water erosion in urban
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areas (residential areas, industrial establishments, road networks, etc.) is very low, as is the value of
the C factor in the RUSLE model. However, orchards and vineyards can reduce water erosion also
because of their P factor value (see P factor values in [21] and in Section 2.4). Ref [51] analyzed the
spatial variability of erosion rates in the small watersheds of the Three-Gorge Reservoir drainage area
in China. Taking also into consideration the land use map, they found that the areas of crop land are
characterized by higher erosion rates while wooded areas present very low erosion rates. Ref [19]
conducted a study to estimate the actual erosion using the RUSLE method over the whole alpine space.
They analyzed soil erosion trends in IPCC A2 and B2 scenarios [18]. Even in this study, the factors K,
LS, and C coincided with the ones used for erosion estimation that does not consider climate change
(actual erosion estimation). In that regard, they claimed, first, that soil erosion trends in the alpine
region are primarily due to changes in rainfall patters. However, they argued that a better estimation
of soil losses in climate change scenarios could be achieved by considering future variations of the
cover management factor [19]. The Guerna basin is located in an alpine region and then, in accordance
with [19], only the rainfall and temperature regime were considered to evaluate the effects of climate
change on water erosion.

Finally, in order to better justify the use of the same cover management factor in future scenarios,
the analysis of observed precipitation and temperature trends over the years in the study area was
performed using available data as described in Section 2.6. The analysis showed that precipitation
is an annual changeable parameter, above and below its mean value (1089 mm), from 1960 to 2016
at Sarnico station; its maximum and minimum registered values are respectively 1745 and 628 mm.
This trend is very similar to the trend of the future scenarios that were considered on the basis of
CORDEX data, and the observed variability over the years does not exceed the variability of the future
scenarios, where the largest difference between the maximum and the minimum value of precipitation
is 985 mm. Concerning temperature, the analysis of observed data at Sarnico over the years showed
a gradual increase. The minimum and the maximum annual values were registered respectively in
the past (11.4 °C) and in recent years (14.9 °C); the mean annual measured value over the years is
13.1 °C. In addition, future scenarios on the basis of CORDEX data reveal an increasing of temperature
(see Table 5), and the value of the annual temperature difference is not meaningful compared to the
difference of the observed temperature.

These considerations lead to the conclusion that, considering the effects of climate changes,
the future variations of the cover management factor in the Guerna watershed can be omitted. Indeed,
in the last 60 years, there have not been significant transformations in land use, except for a small
increase in forests and bushes that slightly reduced water erosion. In addition, it was found that there
was not a large variability of precipitation and temperature over the years, in comparison with climate
change scenarios. Therefore, keeping the same cover management factor in future scenarios improves
security, since the introduced approximation is expected to eventually overestimate water erosion.

5. Conclusions

The general aim of this research was to analyze soil erosion trends in a small alpine basin,
considering different IPCC (Intergovernmental Panel on Climate Change) future scenarios: RCP 2.6,
RCP 4.5, and RCP 8.5.

In this research, the RUSLE [14] and the EPM [15] empirical methods were used to analyze soil
erosion and estimate soil loss for the Guerna catchment, a small mountain basin located in Northern
Italy. The most important climate variables in these models are precipitation and air temperature.
The EPM method accounts for a more complete description of the meteorological forcing, since both
precipitation and air temperature are included in the equation, while the RUSLE method accounts for
climatic features only through precipitation but considers also the effect of soil particle size distribution.

Concerning the RUSLE model, the rainfall erosivity factor (R factor) was modified to consider the
effects of climate change in line with IPCC scenarios. The other factors (K factor, LS factor, C factor,
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and P factor) requested for the implementation of the RUSLE model had no changes, compared to the
case without climate change reported in [21].

Concerning the EPM method, the mean annual amount of precipitation (H) and the temperature
coefficient (T) were modified in order to assess the impact of climate in accordance with IPCC scenarios.
The coefficient of erosion (Z) has not undergone any modifications compared with the scenario without
climate change described in [21].

In accordance to [19] and with the analysis of land use evolution shown in Sections 2.6 and 3.3,
only rainfall and temperature regime were considered to evaluate the effects of climate change on
water erosion; the future variations of the cover management factor were omitted, improving security.
Moreover, in order to better justify the use of the same cover management factor in future scenarios,
the analysis of observed precipitation and temperature trend in the past was performed, and it
was found that there was not a large variability of precipitation and temperature over the years, in
comparison with climate change scenarios on the basis of CORDEX data.

The results showed that the climate change impacts on water erosion may not be negligible even
by the middle of this century. According to the EPM method and RCP 2.6, RCP 4.5, and RCP 8.5,
the annual average soil loss could change by 6-10% on a basin scale. It was also emphasized that soil
erosion rates may increase or decrease under climate change, depending on a combination of different
elements. The seasonality in peak rainfall intensity is finally playing a major role. Indeed, in the
Guerna catchment, the soil loss calculated using the EPM method for RCP 2.6 and RCP 8.5 scenarios is
larger than the value estimated without considering climate change, but it is smaller for the RCP 4.5
scenario, because soil erosion is likely to increase with the increased rainfall amount that occurs only
considering the RCP 2.6 and RCP 8.5 scenarios. The EPM method does not take into account rainfall
intensity in a single rainfall event. By applying the RUSLE equation, the computed soil loss is higher
than the value estimated without considering climate change only for the RCP 2.6 scenario, and the
reason for this result is the R factor value, which takes into account the rainfall intensity in a single
rainfall event.

Concerning temperature, only the EPM model considers this parameter that is predicted to rise in
all future scenarios.

Empirical models still provide a useful analysis tool when detailed information is missing.
Nevertheless, field measurements and the knowledge of the future land use variations in the study
area could further increase the accuracy and reliability of the whole methodology. Despite current
limitations, this study complements the existing literature on the effects of climate change on soil erosion.
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