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Abstract: Agricultural intensification and soil mismanagement have been recognized among the
main causes of soil erosion in Mediterranean climate areas such as the Arbia stream basin (Tuscany,
Italy). This study aims at predicting soil loss from agricultural fields as it is essential for providing
reliable information for prioritizing soil conservation measures. Thus, measured soil loss from
243 agricultural fields within the Arbia stream basin during the period 2007-2010 were used to
calibrate and validate the ArcSWAT 2012 model at hydrological response units (HRU) scale. Analysis
of variance with post-hoc Tukey honest significant test was used to assess significant measured soil
loss differences between slope steepness classes and land covers. Soil loss estimation was always
“very good” for irrigated field crops, olive groves, and vineyards, “good” for unirrigated field crops,
and “unsatisfactory” for broad-leaved forest. The model succeeded in the quantitative assessment
of erosive processes at HRU scales. Its application to the whole Arbia stream basin estimated that
31% of the total surface is subjected to higher erosion levels. This approach might help facilitate the
identification of priority areas that need the implementation of conservation measures.

Keywords: soil loss; land use; slope steepness; ArcSWAT2012; hydrologic modelling; field-scale
validation; agricultural land

1. Introduction

Agricultural intensification, soil mismanagement, and heavy rains following dry periods have
been recognized among the predominant causes of soil erosion exacerbation in areas characterized by
Mediterranean climate [1-3]. The Arbia stream basin (Tuscany, Italy), which lies within the “Crete
Senesi” area [4,5], is a representative example reflecting this situation.

As soil is considered a limited resource that requires a long time to be recovered [6], effective
sustainable soil management is extremely important. Several studies have investigated the risk
of soil erosion on different spatial levels [1,7] with the objective of providing scientific support for
decision-makers to adopt correct land-management measures. An essential condition to support land
management is the availability of a simulation model that can reliably simulate hydrological dynamics
at various scales because field monitoring is demanding in terms of costs and human resources [7,8].
This gap can be addressed by using models to analyze the effect of land use/cover, pedo-morphology,
and climate on hydrological processes.

The Soil and Water Assessment Tool (SWAT) [9] is a model used worldwide to estimate flow
dynamics and soil erosion of basins with dimensions varying from hectares to regional scale [10].
This model can be used to simulate a large variety of hydrologic processes such as water runoff
and soil loss at several geographical scales. Nevertheless, the SWAT model can be reliably applied
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to the evaluation of the impact of agricultural practices provided that model parameterization is
determined and validated by field studies [11]. Indeed, there are very few published works dedicated
to the validation of soil loss estimates, because such a validation is very challenging [12]. For this
reason, the reliability of a simulation model in estimating soil loss simulation is commonly assessed by
a validation that is performed at the outlet of the basin [13]. Nevertheless, the so-called outlet-based
validation can result in an underestimation of soil loss, because deposition can occur along the path
towards the catchment outlets [14,15]. Therefore, model performance evaluation at the field scale level
is needed.

This study aims to evaluate the effectiveness of ArcSWAT2012 in estimating soil loss from
agricultural fields in basins with complex topography and different land use and its potential
application in providing reliable information for prioritizing soil conservation measures. The model
was tested in the Arbia stream basin to estimate both water runoff and soil loss from agricultural fields.
Model validation was assessed by comparing daily estimated and measured runoff at the gauging
station and by comparing estimated and measured annual soil losses from 243 agricultural fields
within the Arbia stream basin. Finally, the validated model was used to produce erosion risk maps of
the study area.

2. Materials and Methods

2.1. Characteristics of the Arbia Stream Basin

The Arbia stream basin is located in central Tuscany (Italy) between latitudes 43.13° and 43.50°
North and between longitudes 11.27° and 11.65° East (Figure 1). The basin has an area of 765 km?
with elevations ranging between 134 and 780 m a.s.1,, at the gauging station and at the highest part
of the basin, respectively. The Arbia stream flows in a north to southerly direction for about 57 km
and with an average stream flow of approximately 3.5 m3s~!. The climate is Mediterranean with m
annual rainfall of about 750 mm, a maximum of 93 mm in October and a minimum of 31 mm in July.
Similar to other areas in central Tuscany, rainfall mainly occurs in autumn and spring [16,17]. July is
the hottest month (22 °C) and January the coldest (5 °C).
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Figure 1. Graphical representation of the study area. Map of Tuscany, in which Arbia stream basin
and the position of the meteorological stations are highlighted (Left). The Arbia stream basin with
the sub-basin delineation, the position of the hydrometric station and the fields for soil erosion
measurement (Right).

The soil map of Tuscany [18] was used to identify the soil characteristics in the Arbia stream
basin (Figure 2). Clay loam soils, originating from both the Eocene calcareous marl (Endoskeleti
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Calcaric Cambisols and Calcaric Regosols) [19] and from layers of clays intercalated by gypsum lens
(Hypercalcic Calcisols), predominate the northern part of the basin. Silty clay loam soils, generated
from clay schist and marly limestone (Calcari Endostagnic Cambisols), exist as a transversal band in
the center of the basin. Pliocene-derived sandy soils are mainly located in the west (Calcari Stagnic
Cambisols). Pliocene-derived clay soils dominate the south-western (Calcari Vertic Cambisols) and
the south-eastern parts (Calcic Regosols and Calcaric Cambisols) of the basin. Finally, silty clay soil,
originating from travertine rock (Cutani Chromic Luvisols) is found on the Arbia stream valley floor.

- Calcari Endostagnic Cambisols .
- Calcari Epileptic Cambisols
- Calcari Fluvic Cambisols
Calcari Stagnic Cambisols
- Calcari Vertic Cambisols
Calcaric Cambisols
Calcaric Regosols
- Cutani Chromic Luvisols
- Cutani Endostagnic Luvisols
- Endoskeleti Calcaric Cambisols

- Eutric Cambisols
- Hypercalcic Calcisols
km N — kM
0 3.757.5 15 22.5 30 0 3.757.5 15 225 30

Figure 2. Pedological map (on the left) and land cover map (on the right) of the Arbia stream basin.
The land cover classes were as follows: meadow (ALFA); broad-leaved forest (FRSD); irrigated field
crops (IRFC); unirrigated field crops (NIFC); olive groves (OLIV); transitional woodland-shrub-brush
(RNGB); artificial surfaces (URBN); vineyards (VINE).

2.2. Characteristics of the Arbia Stream Basin

The study was performed over a period starting from June 2006 to December 2010.
Daily meteorological and streamflow data were obtained by the Regional Hydrological Service [20].
Daily rainfall height (P; mm) and maximum and minimum air temperature (Tmax and Tmin; °C)
of nine available weather stations within the basin were used for this study. Streamflow data were
obtained from the flow station near Buonconvento (Figure 1). Linear interpolation with data of the
nearest available station was performed to estimate missing meteorological data [21].

The 1:250,000 soil map from the regional geodatabase [18] was used to derive the soil parameters.
Then, the soils within the basin were classified into Hydrologic Soil Groups (HSG), from A to D
according to their runoff potential [22].

The 10 m pixel Digital Elevation Model (DEM) and the land cover map, dating from 2012,
were provided by the Tuscany Region cartographic service [23]. Eight principle categories of land cover
classes were defined as follows: artificial surfaces (URBN); broad-leaved forest (FRSD); transitional
woodland-shrub-brush (RNGB); meadow (ALFA); irrigated field crops (where sunflower, maize,
and grain sorghum cultivation comprised more than the 90% of the surface area) (IRFC); unirrigated
field crops (where winter wheat, winter barley, and oat cultivation constituted more than the 60% of
the surface area) (NIFC); olive groves (OLIV); and vineyards (VINE).

Soil loss data measured by [2] from 243 fields within the study area, from the year 2007 to 2010,
were used to validate the SWAT model. Each field was characterized by having homogeneous slope,
land cover, and soil type, and by having an area ranging from 0.2 to 14.9 ha (average 4.9 ha). Soil loss
data were grouped for comparison with the defined vegetation and crops classes (Table 1).
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Table 1. Number of monitored fields for land cover class: broad-leaved forest (FRSD); irrigated field
crops (IRFC); unirrigated field crops (NIFC); olive groves (OLIV); vineyards (VINE).

Crops Land Cover Class Crop Code Number of Fields
Vineyard Vineyard GRAP 89
Olive tree Olive groves OLIV 50
Winter wheat, winter barley, oats Not irrigated field crops NIFC 53
Sunflower, maize, sorghum Irrigated field crops IRFC 35
Deciduous forest and Cultivated tree Deciduous forest FRSD 16

2.3. The ArcSWAT Set-Up

ArcSWAT 2012 extension for ArcGIS 10.3 [24] was used for modelling water flow and soil losses.
ArcSWAT delineated streams, basin, and sub-basins based on the DEM. The model generated a total of
397 sub-basins, characterized by an average surface area of about 192.6 ha. ArcSWAT divided each
basin into hydrological response units (HRU) [25]. Five slope classes were considered for defining
HRU, as follows: 0%—-3%, 3%-10%, 10%—20%, 20%—-30%, and >30%.

A total of 22,634 HRU were delineated within the Arbia stream basin, with an area ranging from
0.1 to 267.7 ha (average 3.4 ha).

The model routed the runoff flows generated by each HRU through the channel network, thereby
simulating the basin. The model generated the total flow (Qt; mm) in the channel network by summing
the surface flow (Qs; mm), lateral flow (Ql; mm), and base flow (Qb; mm). Both QI and Qb were
computed as suggested in Sloan and Moore [26] and Neitsch et al. [9], respectively. Qs was modelled
using the Curve Number (CN) method [27] as reported in [21]. The CN accounts for several factors
affecting the surface flow generation such as soil characteristics, land cover and land use practices,
vegetative season, and antecedent moisture condition (AMC) [28] (Table 2).

Table 2. Curve Number values for (CN(AMC-II)) for each land covers and categories from A to D.
The land cover classes were as follows: meadow (ALFA); broad-leaved forest (FRSD); irrigated field
crops (IRFC); unirrigated field crops (NIFC); olive groves (OLIV); transitional woodland-shrub-brush
(RNGB); artificial surfaces (URBN); vineyards (VINE).

Land Area CN-II
o Source
Cover (%) HSG-A HSG-B HSG-C HSG-D
URBN 5.7 75 82 87 90 Napoli et al. [16]
IRFC 0.5 72 81 88 91 USDA NRCS [29]—Row crop straight row
NIFC 41.8 67 78 85 89 Napoli et al. [16]
VINE 6.8 60 70 81 86 Napoli et al. [16]
RNGB 4.2 55 72 81 86 USDA NRCS [29]—Shrub—Fair
OLIV 8.4 45 67 77 82 Napoli et al. [16]
FRSD 32 36 60 73 79 USDA NRCS [29]—Woods—Fair
ALFA 0.6 30 58 71 78 USDA NRCS [29]—Meadow

The SWATsoil database was integrated with parameters related to each soil unit of the basin,
such as number of horizons, horizon depth, soil texture, gravel percentage, bulk density, porosity,
saturated hydraulic conductivity, hydrological soil group, available water capacity, organic carbon
percentage, electrical conductivity, and soil erodibility factor (K factor) [9]. The K factor was calculated
according to Wischmeier et al. [30].

SWAT accounted for ground cover impact on soil loss by means of the USLE cover and management
factor (C factor). This latter factor was updated daily as function of the amount of soil cover and the
lower threshold of C factor (USLE_C; Table 3) defined for each land cover [9]. For all land covers,
USLE_C values were set as reported in Napoli et al. [2].
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Table 3. Soil and Water Assessment Tool (SWAT) parameter values used for the simulation for

each land cover. The land cover classes were as follows: meadow (ALFA); broad-leaved forest
(FRSD); irrigated field crops (IRFC); unirrigated field crops (NIFC); olive groves (OLIV); transitional
woodland-shrub-brush (RNGB); artificial surfaces (URBN); vineyards (VINE).

Parameter Units FRSD RNGB NIFC IRFC ALFA OLIV VINE URBN
Alpha_BF 0.04
BFD 57
CH_K2 33
CH_N2 0.15
CN2 Data from Table 2
cncoeff 0.87
EPCO 0.31
ESCO 0.9
GW_DELAY d 17
GWQMN mm 552
SOL_AWC mm Set at HRU level as function of the soil characteristics
SOL_K mm h™! Set at HRU level as function of the soil characteristics
SURLAG 4
ALAI_MIN m2-m2 0.03 0 0 0 0 1.6 0.01
BIO_E kg~ha_1 per M]~m_2 15 34 30 46 20 8 23
BIO_LEAF Fraction 0.15 0 0 0 0 0.01 0.3
BLAI mZ-m™2 7 2 4 3 4 2.1 2
CHTMX m 10 1 0.9 2.5 0.9 3 3
DLAI 0.99 0.35 0.5 0.62 0.9 0.9 0.92
FIMP 0.45
FCIMP 0.4
FRGRW1 Fraction 0.1 0.05 0.05 0.15 0.15 0.1 0.08
FRGRW?2 Fraction 0.5 0.35 0.45 0.5 0.5 0.5 0.5
GSI m-s~! 0.0005  0.005 0.006  0.008 0.01 0.0056  0.0059
HVSTI kg-ha‘1 per kg-ha‘1 0.76 0.9 0.5 0.3 0.9 0.5 0.2
LAIMX1 Fraction 0.1 0.1 0.05 0.01 0.01 0.5 0.08
LAIMX2 Fraction 0.95 0.7 0.95 0.95 0.95 0.85 0.85
MAT_YEARS Years 15 0 0 0 0 6 3
OV_N 0.6 0.15 0.14 0.14 0.06 0.21 0.13 0.01
RDMX m 3 2 1.3 2 3 0.7 1.2
T_BASE °C 9 12 0 6 4 7 7
T_OPT °C 20 25 18 25 20 18 20
USLE_C 0.001 0.003 0.02 0.2 0.03 0.08 0.1
VPDFR kPa 4 4 4 4 4 2 1
WAVP Rate 10 10 6 32.3 10 3 3

Runoff simulation was performed using the ArcSWAT calibration, determined in a previous study
for the Elsa stream basin, that is just north-west of the study area [21]. The automated base flow
separation techniques [31] were used to determine the basin specific parameters (Table 3).

2.4. Model Evaluation and Statistical Analysis

As suggested by Di Luzio et al. [32], a “warm up” period of 1 year was used to account for model
difficulty in predicting the soil hydrology caused by the initial conditions. In this study, “warm up”
was performed from June 2006 to December 2006. Then, the simulation continued from January 2007
to until December 2010, and only the results within this period were used for the analysis.

The model performance was measured and analyzed by adopting the statistical criteria and score
classification proposed by Moriasi et al. [33], using the percentage bias (PBIAS), the ratio of the root mean
square error to observation standard deviation (RSR), and the Nash-Sutcliffe coefficient (NSC) [34].
In particular, according to Moriasi et al. [33] a PBIAS value lower than 10%, between 10%-15% and
15%-25%, and over 25% was considered “very good”, “good”, “satisfactory”, and “unsatisfactory”,
respectively. Moreover, a RSR was considered “very good”, “good”, “satisfactory”, and “unsatisfactory”
when values were lower than 0.5, between 0.5-0.6 and 0.6-0.7, and over 0.7, respectively. Further,
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a NSE was considered “very good”, “good”, “satisfactory”, and “unsatisfactory” when values were
higher than 0.75, between 0.75-0.65, 0.65-0.5, and less than 0.5, respectively.

Model performance in predicting flow was performed by analyzing the daily difference between
estimated and actual flow of the basin outlet over the study period. The soil loss predictability was
assessed by comparing the yearly on-field measured soil loss data with the modeled one from the
corresponding HRU.

Statistical indices were calculated both on the whole period and on an annual and seasonal basis.
The analysis of variance (ANOVA) was used to test for significant differences (p < 0.05) of measured
soil loss between steepness classes for each land cover. Post-hoc analysis was performed by means of
the Tukey honest significance test (Tukey-HSD), using a significance level of p < 0.05.

3. Results

3.1. Model Evaluation and Statistical Analysis

Daily total flow calculated by the model had a good fit on actual flow (Figure 3). Results indicated
that the model overestimated total flow under dry conditions and underestimated total flow under
high rainfall conditions, respectively.

However, according to the adopted statistical indicators, ArcSWAT scored a “very good”
performance when simulating the daily total flow over the considered period (Table 4).
Model performance, in estimating annual and seasonal total flow, was always “very good” except for
2007 (PBIAS = —14.3%) and the summer periods of each year (PBIAS = —19.8%). Nonetheless, in both
the latter cases, the performance was still considered “good”.
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Figure 3. From top to bottom, comparison of daily simulated and measured total flows at the
hydrometric station for the year 2007 (A), 2008 (B), 2009 (C), 2010 (D). Daily rainfall data are reported.
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Table 4. Annual and seasonal results for the statistical indices (percentage bias (PBIAS), ratio of the root
mean square error to observation standard deviation (RSR), Nash-Sutcliffe coefficient (NSC)) applied
for the validation of simulated total flow.

Analyzed Period PBIAS RSR NSC
Year 2007 —14.30% 0.3 0.91
2008 -2.50% 0.21 0.96

2009 —-3.90% 0.22 0.95

2010 —0.80% 0.23 0.95

Average —-3.40% 0.22 0.95

Season Winter —-0.60% 0.22 0.95
Spring -3.60% 0.25 0.94

Summer —-19.80% 0.39 0.85

Autumn —2.60% 0.24 0.94

3.2. Measured Soil Loss Differences between Steepness Classes

VINE (20.2 t-ha=!-y~1) scored the highest average soil loss, followed by IRFC (16.92 tha=l-y~1),
OLIV (8.62 tha~!-y~1), and NIFC (8.41 t-ha~!-y~!), while FRSD (0.93 t-ha=!-y~!) scored the lowest one
(Figures 4 and 5).

Steepness affected soil loss differently depending on the type of land cover (Figures 4 and 5).
VINE was characterized by increasing soil loss while steepness increased, with significant differences in
averaged values: between the 1st steepness slope class (10 ttha=!-y~!) and 3rd, 4th, and 5th (respectively,
214, 23.6, and 29 tha~!-y~1), between 2nd steepness slope class (15.3 tha~!-y~!) and 4th and 5th
steepness classes (23.6 and 29 t-ha‘l-y‘l) (Figure 4).
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Figure 4. Boxplots show data for vineyard (VINE) and olive orchard (OLIV) land covers. On the left,
boxplots represent the average annual measured soil loss for each steepness class. Small letters indicate
the significant differences between steepness classes according to Tukey HSD test (p < 0.05). On the
right, boxplots represent the distribution of residuals between simulated and measured average annual
soil loss for each steepness class.
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Finally, only a significant difference between the 2nd (0.71 tha='-y~!) and 3rd (1.83 tha=!-y~!)
steepness class was found for FRSD.

Even for OLIV, the effect of soil erosion increased with steepness class, except for the 5th class
(Figure 4). Soil loss for the 1st and 2nd classes (respectively, 5.56 and 7.3 t-ha=!-y~!) was significantly
lower than the 3rd and 4th classes (respectively, 11.76 and 14.17 t-ha~!-y~!) (Figure 4). IRFC presented
a similar pattern to OLIV. Indeed, the first two steepness classes (respectively, 2.62 and 12.66 t-ha=!-y~1)
were significantly lower than the 4th steepness class (25.62 t-ha~!-y~!) and the 3rd (18.54 tha=l.y~1)
was not significantly different from any of the previous ones (Figure 5). None of the measured fields
fell in the 5th steepness class.

For NIFC, the 1stand 2nd steepness classes (respectively, 4.81 and 5.58 t-ha~!-y~!) were significantly
different from the 3rd and 5th classes (respectively, 15.7 and 12.97 t-ha~!-y~1), while 4th steepness class
(9.97 t-ha_l-y_l) was not significantly different from all the classes (Figure 5).
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Figure 5. Boxplots show data for unirrigated field crops (NIFC), irrigated field crops (IRFC) and
broad-leaved forest (FRSD) land covers. On the left, boxplots represent the average annual measured
soil loss for each steepness class. Small letters indicate the significant differences between steepness
classes according to Tukey HSD test (p < 0.05). On the right, boxplots represent the distribution of
residuals between simulated and measured average annual soil loss for each steepness class.
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3.3. Validation of Soil Loss Estimates

The model applied to VINE fields overestimated average soil loss for all the steepness classes
(0.59,1.38,0.91, and 0.22 t-ha_l-y‘1 for the 1st, 2nd, 4th, and 5th, respectively) except the 3rd that was
underestimated by 1.5 t-ha=!-y~!. Performance on VINE was considered “very good” for the 2nd to
the 5th, steepness classes, while resulting unsatisfactory for the 1st steepness class (Table 5).

Table 5. Results for the statistical indices applied (percentage bias (PBIAS), ratio of the root mean square
error to observation standard deviation (RSR), Nash—Sutcliffe coefficient (NSC)) for the validation
of simulated soil loss for each considered land cover and slope classes. The land cover classes were
as follows: broad-leaved forest (FRSD); irrigated field crops (IRFC); unirrigated field crops (NIFC);
olive groves (OLIV); vineyards (VINE).

Land Cover

Slope Steepness Class E Indi
P P rror Indices FRSD VINE OLIV IRFC  NIFC
PBIAS —12.69% -591%  6.02% —578%  7.79%
1 RSR 1.75 0.38 0.45 0.6 0.42
NSC —2.07 0.86 0.79 0.65 0.83
PBIAS —8420% -9.03%  497%  —20.88% —0.18%
2 RSR 3.06 0.46 0.33 0.73 0.37
NSC -835 0.79 0.89 0.47 0.86
PBIAS 6153%  7.04% —-1.03%  6.77%  14.28%
3 RSR 2.04 0.35 0.36 0.51 0.47
NSC _3.14 0.88 0.87 0.74 0.78
PBIAS —384% 14.69%  643%  2.53%
4 RSR 0.4 0.49 0.58 0.33
NSC 0.84 0.76 0.67 0.89
PBIAS ~154.00% —0.75% —15.70% 7.75%
5 RSR 219 0.37 0.31 0.3
NSC _3.81 0.86 0.91 0.91

Soil loss simulations on OLIV were considered “very good” regardless of the steepness class
(Table 5), though 1st, 2nd, and 4th steepness classes were overestimated (0.33, 0.36, and 2.08 t-ha‘l-y‘l,
respectively) and the 3rd and 5th steepness classes were underestimated (0.12 and 1.68 tha=!-y~!,
respectively).

Additionally, for IRFC, model performance was very good for any class. Estimated values for the
1st and 3rd were higher than measured ones, respectively, by 0.98 and 2.65 t-ha=!-y~!, and for the 2st
and 4th were lower than the measured ones by 0.02 and 0.65 tha=!-y~!, respectively.

For NIFC, the two lower steepness classes (0.28 and 1.17 t-ha!-y~1) were overestimated, while the
other ones were underestimated for the remaining classes (1.06, 0.64, and 1.01 t-ha='-y~!). ArcSWAT
obtained the worst performance on NIFC, because skill indices were “very good” only for the 5th class,
“good” for 1st, 3rd, and 4th. Performance for the 2nd class was “unsatisfactory” and the reason for that
could be probably ascribable to the limited number of available data on that class.

ArcSWAT performance always resulted in “unsatisfactory” for FRSD. Here soil losses were
overestimated by about 0.11, 0.59, and 1.68 t-ha_l-y_l, for the 1st, 2nd, and 5th steepness classes,
respectively, and underestimated by about 1.12 for the 3rd steepness class.

3.4. Estimation of the Soil Loss within the Basin

Figure 6 shows the simulated soil losses (HRU level) in the Arbia stream basin for each year under
analysis. The estimated average annual soil loss varied between 6.89 and 11.85 t-ha!-y~! in the studied
period. These values were higher than 6 t-ha=!-y~! that is the tolerable soil loss limit set by OECD [35].
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During the study period, 14.5%, of the basin area was moderately affected by erosion (6-12 t-ha=!-y~1),
with an inter-annual variation ranging between 9% and 19.8%.

Annual soil loss per HRU (tha™ y)
[ Jo-6[J6-9Mo-12 1M > 12

Figure 6. Spatial comparison of estimated soil losses in the period 2007-2010.

In turn, approximately 31% of the basin surface area showed a higher erosion level (>12 tha=!-y71),
with an inter-annual variation 22.4% and 41.2%. Within the basin, the areas that were subjected to the
most frequent occurrence of intense soil losses included the following: soils that were a combination of
Calcaric Cambisols and Calcari Endostagnic Cambisols, moderate to very steep slopes (comprising
steepness classes 3, 4, and 5), land cover coverage with VINE, OLIV, and NIFC.

The model indicated that VINE produced the highest soil loss values, both in terms of average
and maximum soil losses per year (Table 6).

Table 6. Average and maximum predicted soil loss for each land cover and for each year. The land
cover classes were as follows: meadow (ALFA); broad-leaved forest (FRSD); irrigated field crops
(IRFC); unirrigated field crops (NIFC); olive groves (OLIV); transitional woodland-shrub-brush (RNGB);
artificial surfaces (URBN); vineyards (VINE).

Average Predicted Soil Loss Maximum Predicted Soil Loss
Land Cover (tha™! y™) (tha™ y~)

2007 2008 2009 2010 2007 2008 2009 2010
VINE 13.29 19.34 16.4 2421 161.65  102.66 94.17 145.85
NIFC 12.17 17.76 11.27 20.7 136.34  120.96 77.71 157.64
OLIV 8.15 10.31 9.04 12.85 68.1 56.53 60.22 83.44
IRFC 4.42 9.11 8.28 14.15 13.04 27.22 29.47 3691
FRSD 1.27 1.47 1.16 1.78 9.87 8.02 6.03 10.03

RNGB 0.14 0.15 0.12 0.19 1.21 0.83 0.69 1.13

ALFA 0.04 0.06 0.05 0.07 0.36 0.26 0.22 0.37

On average, during the study period, the predicted average annual soil losses in VINE were
2.05 times (ranging between 1.22 and 3.04 times) higher than the tolerable limit set by OECD [35].
Even, predicted soil loss in IRFC (15.48 t-ha=!-y~! on average) and OLIV (10.09 tha~!-y~! on average)
were higher than the tolerable limit during the entire study period. On average, the estimated annual
soil losses for NIFC were moderate (8.99 tha~!-y~! on average), exceeding the tolerable limit for 3 out
of 4 years. Over the entire basin, the model estimated tolerable average annual soil losses for FRSD
(142 tha~!y~! in average). The simulation results also suggested that the estimated maximum annual
values for FRSD could be higher than the tolerable limit in areas with slope values exceeding 20%.
During the study period, both the average and maximum annual soil losses estimated for the RNGB
and ALFA land covers were lower than the tolerable soil loss limit.
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These estimates can be considered reliable because the model was validated on land covers that
represent 90% of the whole river basin area and 5% of the remaining area was artificial surfaces that
does not contribute to soil loss.

4. Discussion

4.1. Water Flow

Although the model analysis was conducted using the settings that were calibrated for the nearby
basin of the Elsa stream [21], all statistical indices scored a “good” to “very good” performance,
thus indicating no model overfitting. Statistical indices and hydrographs highlighted that model
performance resulted in “very good” when high flow occurs, such as during the years 2008, 2009,
and 2010. Conversely, the model was shown to be less accurate during low flow periods such as
in the year 2007. As previously observed, the model overestimated flow during dry periods [21].
Gebremariam et al. [36] also reported the difficulty of SWAT in modeling flow under dry conditions.
Moreover, as previously observed [37], the model showed difficulty in simulating total flow when
intense or prolonged rainfall occurred. Regardless of the difficulty in simulating total flow, both under
dry conditions and high or prolonged rainfall, the statistical criteria indicated that model performance
ranged between “good and very good”. In general, model performance resulted in “very good”
within the Arbia stream basin. The overestimation of daily total flow (PBIAS always negative) can be
considered a conservative evaluation of the risk.

4.2. Soil Loss

Our simulation results on VINE are in good agreement with values presented by Wicherek [38]
and Napoli et al. [21] 35 t-ha~!-y~! in the mid-Aisne region (France) and 42.1 tha=!-y~! in the Tuscany
region (Italy), respectively. The annual maximum predicted values within the basin were consistent
with measured soil loss of 102.2 t-ha~!-y~! reported by Novara et al. [39] in Sicilian vineyards (Italy)
with conventionally tilled inter-rows. The average soil loss measured in OLIV was higher than that
measured by Gémez et al. [40] and Napoli and Orlandini [41] in olive orchards with either grass or
mulch cover. These authors reported average annual soil losses of about 1.2 tha~!-y~! in Cordoba
and 3.5 tha~l-y~! in central Italy, respectively. Conversely, higher soil losses (82.8 t-ha=!-y~!) in olive
orchards maintained on bare soil were measured in southern Italy by Raglione et al. [42]. The average
soil loss values measured for NIFC were higher than that measured by Romero-Diaz et al. [43] in Spain
and that measured by Porqueddu and Roggero [44] in Sardinia (Italy). However, estimated soil erosion
was consistent with the measured soil loss data used for validation and was also consistent with the
pedo-morphological characteristics of the areas on which NIFC are cultivated locally. NIFC are mainly
cultivated within “Crete Senesi” area, where soil erosion has played a major role in the formation of the
landscape, with the white and dome-shapes clay knolls that are locally named “biancane”. Estimated
soil losses in IRFC were consistent with those measured by Kisi¢ et al. [45] for maize cultivated with
ploughing across the slope (11.69 t-ha=!-y~!). On the contrary, Cerdan et al. [46] reported higher soil
loss values in erosion plot studies. However, as suggested by Cerdan et al. [46], the limited size of
a plot could not effectively represent the sheet and rill erosion processes on a hill-slope scale. Finally,
the estimate of average soil losses for FRSD was consistent with the soil loss values measured in the
Mediterranean area [46].

These results were subject to various uncertainties which can be considered limitations of the
study. Firstly, spatialization of rainfall data in complex terrain areas can result in significant estimation
errors [47]. In this context, Tuppad et al. [48] and Martinez-Casasnovas et al. [7] highlighted the
variability of responses in ArcSWAT as a function of the rainfall data spatial resolution. Additionally,
the time period considered in this study is too limited to take into account the inter-annual precipitation
variability and, therefore, to perform a long term soil erosion assessment. Furthermore, the DEM
and the soil map used in this work may not be accurate enough to represent the pedo-morphological
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variability within the Arbia stream basin. Additionally, the parameterization adopted to describe
land-use and plant development are not sufficiently reliable in adequately representing the actual
fields [49]. Finally, due to the expenses for carrying out field surveys and the difficulty in obtaining
permission to site access on private lands, the number and distribution of the fields, in which the
erosion was measured, may not be sufficiently adequate for the validation. Regardless of all the
above-mentioned uncertainties, the statistical indices indicate that the model achieved very good
performance in estimating soil losses at HRU scale. Thus, it can be used for territorial planning and
prioritizing soil conservation measures.

5. Conclusions

According to our study, the ArcSWAT model is an effective tool to reproduce hydrological
processes in a basin characterized by complex topography and varied land use. Daily runoff at
basin scale was estimated accurately by the model using a parameterization that was determined in
a previous study performed in the nearby Elsa basin. This result suggests that a model parameterization
can be effectively reused for stream basins with similar morphological characteristics and located in
a homogeneous geographical area. Soil erosion processes were estimated and validated at field scale,
by comparing simulated annual soil losses against measured soil loss, as determined in 243 fields from
2007 to 2010. The model was effective in simulating field soil losses within the study area regardless of
the steepness class. Statistical analyses indicated that ArcSWAT provided good or better results in terms
of annual soil loss estimates for olive orchard (OLIV), unirrigated field crops (NIFC), and vineyard
(VINE). Conversely, some problems were noted in estimating soil losses in both irrigated field crops
(IRFC) and deciduous forests (FRSD). Therefore, the erosion maps obtained by ArcSWAT simulations
can be considered a reliable picture of soil loss in the Arbia stream basin. According to these maps the
ArcSWAT estimated that approximately 45.8% of the surface area of the Arbia stream basin was affected
by soil losses that exceed the tolerable set limit (6 t-ha_l-y_l) and about 31.3% of the surface area is
affected by high erosion levels (>12 t-ha~!-y~1). These types of maps represent important instruments
for the public authorities to plan strategies aiming to the protection and sustainable management of
the territory. Moreover, information provided through maps is easy to interpret and facilitate the
identification of priority areas of intervention.
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