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Efficiency and feasibility of Best Management Practices to reduce nutrient loads in
an agricultural river basin

Abstract:

Excessive use of mineral fertilizers and inappropriate tillage operations are two main drivers of land
degradation. The European Green Deal (EUGD) aims to restore the natural functions of ground and surface
soil by 2030. EU Member States will be called upon to include mitigation measures in their own management
programs. In this context, the current work aimed to evaluate the feasibility of Best Management Practices
(BMPs), generally used to counteract soil erosion, in achieving nutrient load reduction, and evaluate their
economic convenience in the private and public sector. The Soil and Water Assessment Tool (SWAT) was
used to model point and diffuse nutrient sources in the Carapelle basin (Apulia, Italy) and to simulate BMP
scenarios. Contour farming (CF), no tillage (NT), reforestation (RF), and two additional scenarios, including
the 20% reduction of fertilizers in CF and NT, (CFR) and (NTR), were simulated following the EUGD strategy.
For the current land uses, the riverine export of nitrogen (TN) and phosphorous (TP) were ~49 kg haly* and
~0.044 kg haly?, respectively. CF and NT increased N-NOs load both into surface runoff and in terms of
leaching. Conversely, RF showed a reduction of N-NOs losses. CFR and NTR scenarios decreased N-NOs load
both in surface runoff and leached of ~20%. CFR and NTR represented the best alternative among the
analyzed scenarios both for their lower production costs at the farm level and for their savings in terms of
nutrient and soil losses. RF was economically profitable in sloped areas, thus representing BMPs that may be
implemented in combination with other practices to have a greater impact at the basin scale. BMP
implementation requires significant investments (public and private). The results of this study provide the
scientific basis for decision-making for agriculture and watershed management.

Keywords: Best Management Practices (BMPs);, Economic feasibility; Common Agricultural Policy; Rural
development Program, SWAT model

1 Introduction

Intensive agriculture is one of the main drivers of land degradation (Maximillian et al., 2019; European
Environmental Agency, EEA, 2020) that may result in a loss of ecosystem services (Scholes et al., 2018).
Inappropriate tillage, such as up and down slopes, and the excessive use of mineral fertilizers, especially
nitrogen (N) and phosphorous (P), lead to increased soil erosion and a loss of nutrients (Food and Agriculture
Organization; FAO, 2018; Malagé et al., 2019). To counteract land degradation, the European Commission
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(EC) proposed specific Directives through the years: the Nitrates Directive (Directive 91/676/EEC, 1991),
aimed at decreasing agricultural nitrate pollution in surface and groundwater, the Water Framework
Directive (EC, 2000), whose goal was to achieve a "good ecological status" in all water bodies and, the Soil
Thematic Strategy (EC, 2006), focused on protecting soil from pollutant and erosion (Vigiak et al., 2016; De
Girolamo et al., 2019; D'Ambrosio et al., 2020). Recently, the health of agro-environments has been put in
the spotlight in the European Green Deal (EUGD; EC COM(2019) 640; Montanarella and Panagos 2021). In
particular, the “Farm to fork strategy” and the “Zero Pollution action plan” target to reduce 20% of fertilizer
while restoring the natural functions of water and soil by 2030 (EC COM(2019) 640). To that end, besides
limiting pollutants, the erosion of agricultural areas must be reduced under 10 Mg ha y* (threshold of severe
erosion; Montanarella and Panagos 2021).

To achieve the goals of the European Union (EU) policies, the EC suggests adopting a series of sustainable
solutions, defined as Nature-based Solutions (NbSs), which can provide environmental, social and economic
welfare (Faivre et al., 2017; EC, 2021). Among them, the Best Management Practices (BMPs) are suitable
mitigation measures to be implemented in critical source areas of agricultural basins (Abdelwahab et al.,
2016). Reforestation, no tillage, contour tillage, grassed waterways, strip cropping grassing in orchards, and
cover crops are some of the main BMPs which can be implemented in agricultural fields as means to limit
land degradation (Arabi et al., 2008; Mtibaa et al., 2018; Blanco-Canqui and Ruis, 2020). Although the
reduction of soil erosion is the main effect of BMPs, these measures may also have effects on nutrient
pollution (Dakhlalla and Parajuli, 2016; Himanshu et al.,2019; Ricci et al., 2020).

Multifunctionality of BMPs is recognized by the EU in Regulation No 1305 (EU Regulation 1305, 2013) defining
“Agri-Environment-Climate (AEC) measures”, BMPs having a positive effect on the environment and climate,
mandating that their application has to be supported by the Member States. In Italy, the Rural Development
Program (locally known as PSR, Programma di Sviluppo Rurale) and the Common Agricultural Policy (CAP) are
the principal instruments, financed by the EU, that provide subsidies to support agricultural production.
Formerly, since the CAP reform focused on incrementing land productivity, it led to an increase in soil erosion
and nutrient pollution (Souchere et al., 2003; Mosnier et al., 2009; ECA, 2011). Over the past few decades,
specific subsidies have been allocated for implementing BMPs (Coderoni and Esposti, 2018), as well as for
some mandatory measures, to reduce soil erosion within the Good Agricultural Environmental Conditions
reform (GAEC, Panagos et al., 2016). GAEC was made mandatory at the national level by D.M.16809/2008
(MiPAAF, 2008) with the Cross-Compliance Standard Temporary Measures for runoff water control on
sloping land; by Decree No. 30125 of 2009 (MiPAAF, 2009) about minimum land management meeting
specific local conditions (Standard 1.1 Creation of temporary ditches for the prevention of soil erosion)
(Bazzoffi et al., 2011). PSR is a national implementation program, lasting 7 years, of the EU rural development
policies. Among the different target items, numbers 8 and 10 denote specific measures to increase the areas
covered by forest and to promote the sustainable management of agricultural fields (PSR, 2014; Ricci et al.,
2020). Given the key role BMPs will play in agro-environmental policies in the coming years, it is fundamental
to identify critical areas where measures need to be implemented and to evaluate their long-term effect
considering both sediment and nutrients (Mtibaa et al., 2018; Himanshu et al., 2019). In addition, soil and
nutrient losses may have severe economic consequences for both the farmers and society at large (Panagos
et al., 2018; Ricci et al., 2020). Hence, the evaluation of BMPs must also include an economic analysis (Haas
et al., 2017; Mtibaa et al., 2018).

To design and test an optimal management system for a given area, a modeling approach should be used in
addition to field monitoring (Abdelwahab et al., 2018; Borrelli et al., 2021). Hydrological models, such as the
Soil Water Assessment Tool (SWAT) (Arnold et al., 1998), the Water Erosion Prediction Project (Flanagan et
al., 2012), the Agricultural Policy Environmental eXtender (APEX) (Williams and lzaurralde, 2005), and the
Annualized Agricultural Non-point Source (AnnAGNPS) (Bingner and Theurer, 2005) allow the synthesis of
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basin-scale processes by using specific parameters to identify critical areas and to test the effect of BMPs
(Kauffeldt et al., 2016; Bosch et al., 2020; Bezak et al., 2021).

This study aims to: (i) model point and diffuse sources of nutrient in an agricultural watershed characterized
by scarcity of data; (ii) test feasible BMP scenarios for nutrient load reduction based on the measures used
to counteract soil erosion in rural areas; and (iii) assess the economic feasibility of BMPs at a farm and
community scale (private and public sector).

This paper is a follow-up of a previous study (Ricci et al., 2020) carried out to estimate the efficacy and
feasibility of BMPs to reduce soil erosion in the Carapelle basin (Apulia, Italy). The results demonstrated that
BMPs can be effective to reduce soil erosion but their implementation requires significant investments
(public and private) and that further studies are needed to analyze their impact on water quality. The ultimate
goal of this work is to provide a framework for an integrated analysis of BMPs, including water quality, soil
erosion, and economic aspects. It serves as guidance for water resources managers to achieve environmental
protection (Biodiversity Strategy 2030) and the Farm to Fork strategy aiming to make food production fair,
healthy, and environmentally friendly.

2 Materials and methods

2.1 Study area

The Carapelle river basin (506 km?) is located between the Apulia and the Campania regions in Southern Italy,
(Figure 1). The main channel length is 52.2 km from the headwater to the streamflow gauging station
(41°17'50.347"N, 15°36'2.583"E). Elevation, from the plain to the mountainous areas, ranges between 120
and 1089 m a.s.| (Gentile et al., 2010). Streamflow (Q, m? s?) and suspended sediment concentrations (SSC,
g I'!) were continuously monitored, at daily time steps, for a five-year period between 2007 and 2011.
Concentrations of total nitrogen (TN, pg I), nitrate-nitrogen (N-NOs), total phosphorous (TP, pg I'%), and
orthophosphate (P-PO,) were monitored in a river section of the main stream (Figure 1) by the Environmental
Regional Agency for the Prevention and Protection of the Environment (ARPA). ARPA deals with the
evaluation of the qualitative status of water bodies by carrying out six-year monitoring cycles. Following the
directives set out in annex 1 of Decree No. 152 of 1999 (Repubblica Italiana, 1999), sampling with a frequency
of not less than 4 times a year were collected and analyzed. In cases of absence of flow, the number of
sampling remained unchanged, with an intensification in the wet months. Since the first cycle of surface
waters monitoring carried out by ARPA started in 2010, only the data for 2010 and 2011 were considered in
this study. For the considered monitoring point, data relative to 12 sample were available.

Clayey-limestone and limestone-marly lithological units primarily characterize the upland area whereas
sands and conglomerates, clays, and alluvial terraces are the main units of the plain (Bisantino et al., 2010).
Land use and lithology affect the basin’s hydrological and sediment regime (Ricci et al., 2018; Fortesa et al.,
2021). For more details about the monitoring activities and equipment, reference should be made to the
studies carried out by Gentile et al. (2010) and Fortesa et al. (2021).

The hydrological regime is classified as intermittent-pool, characterized by seasonal low flows in the summer
and high flow during winter and early spring (Fortesa et al., 2021). The Mediterranean climate leads to a high
spatial gradient of the rainfall (450 — 800 mm year™) and events of high intensity/low duration in summer
(Pagano et al., 2019).

Winter wheat is the main agricultural production (about 75% of the area), whereas olive groves are common
in lowlands, while forests and pastures are prevalent in uplands.
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Fig.1- Study area: the Carapelle river basin (Apulia Region, Italy)

2.2 Model hydrology, sediment yield, and nutrients

SWAT, a semi-distributed continuous hydrological model (Arnold et al., 1998), developed by the United
States Department of Agriculture (USDA) (Arnold et al., 2012a), was used in this study to assess streamflow,
sediment, and nutrient loads as well as to evaluate the effect of BMPs on water. The 2015 SWAT version
(Winchell et al., 2013) was set up and run for eight years (2004-2011), at a daily timescale, including a three-
year warming-up period (2004-2006) (Ricci et al., 2020). To estimate the potential evapotranspiration, the
Hargreaves method (Hargreaves, 1975) was used. For watershed delineation purposes, SWAT divides the
basin area into sub-basins and then further divides the sub-basins into hydrological response units (HRUs),
which are the minimum territorial unit of the model defined as homogenous areas by land use, slope, and
soil characteristics (Arnold et al., 2012b). The dimension of the basin and the resolution (20 m) of the Digital
Elevation Model (DEM) were taken into consideration to select the threshold of 200 ha used for basin
delineation. This generated 115 sub-basins representing the main topographical features of the study areas.
Subsequently, the proportion of the main soil types, slope classes and land uses were analyzed to define the
thresholds in HRU determination. Percentage thresholds of 5%, 25%, and 25% for soil, slope and land use,
respectively, were selected to create 451 HRUs (Ricci et al., 2020). For each HRU, the SWAT model simulates
the surface runoff with the modified Soil Conservation Service-Curve Number method (SCS-CN) (United
States Department of Agriculture, 1972), the sediment yield by the Modified Universal Soil Loss Equation
(MUSLE) (Williams, 1975) and the nutrient cycle by a mass balance (Neitsch et al., 2011). Subsequently, the
model computes the channel processes. The Manning’s equation is used to determine the stream velocity
and the discharge relationship. In addition, a simplified version of the Bagnold’s stream power relationship
(Bagnold, 1977) is used to simulate sediment degradation or deposition in the channel. Water quality
equations taken from the QUAL2E model (Brown and Barnwell 1987) are used to simulate nutrients in the
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stream. A detailed description of the model and more theoretical information can be found in Neitsch et al.
(2011).

SWAT needs several measures and input data for its calibration as well as validation that may constitute a
limit for its application (Brouziyne et al., 2021). The input data used to set up the model are listed in table 1.
The management files (.mgt) were modified according to the collected data (Table. 1). For winter wheat, a 4-
year crop rotation (wheat, wheat, wheat, clover) was considered, planting in November and harvesting in
July. Ploughing (25-40 cm depth) and harrowing were carried out in August and October, respectively. In
mountainous areas (slope >15%), ploughing perpendicular to the contour lines was generally adopted. The
fertilizer was applied in December (fertilizer grade: 25-15-00; amount 180-220 kg ha) and February (urea;
amount 100-140 kg ha™). For olives, two fertilizer applications were adopted, in December (manure) and in
spring (fertilizer grade: 26-00-00; amount 90-110 kg ha), and three shallow tillage operations (ploughing
and harrowing) were executed every two months starting in April, whereas the plants were harvested in
November (Aquilino et al., 2014; Abdelwahab et al., 2016).

Table 1 — List of SWAT input data, source, and resolution.

Description Source and data resolution

Digital Elevation Model Shuttle Radar Topography Mission (SRTM); resolution of 20 x 20 m

(DEM) Data source: http://www.sinanet.isprambiente.it

Land use data Land Use Map (UDS) of Apulia and Land Agricultural Use Map (CUAS) of Campania;

resolution of 100 m
Data source: http://sit.puglia.it; http://sit.regione.campania.it

Soil database data Agro-ecological Characterization of the Apulia Region ACLA2; resolution 250 x 250 m; 9
soil profiles
Data source: Regione Puglia, 2001

Weather data 8 Gauging station
Daily data: precipitation, solar radiation, wind speed, relative humidity, min and max
temperature

Data source: http://www.protezionecivile.puglia.it; http://www.agrometeopuglia.it/
Point Sources Data 4 Point sources
Punctual sampling: daily data of nitrogen and phosphorous (2012-2018)
Data source: www.arpa.puglia.it
Management practices  Tillage operations; fertilizers (type, amount, timing)
Four Field surveys (one for season) and 10 farmers’ interviews (five in mountain area, five
in lowland)
Data source: agronomist operating in the area
Measured streamflow Four years of continuous measured daily streamflow and sediment load (2007-2008;
and sediment Data 2010-2011).
Measured Nutrient Data Discrete samplings (2010-2011)
Data source: www.arpa.puglia.it

2.3 Calibration and validation

The SWAT model was calibrated first for the streamflow, (Arnold et al., 2015), then for sediment load, and
finally for nutrients. The daily dataset of observed streamflow and sediment load (2007-2011) were divided
into two sub-datasets used for calibration (January 2007 to April 2009) and validation (January 2010 to
December 2011), respectively (Ricci et al., 2020). With regard to nutrients (TN, N-NOs, TP, P-PQ,), due to the
limited data availability, the whole dataset was used for calibrating the model. Calibration was performed
changing the nutrient parameter relative to TN, N-NOs, TP, P-PO..

The USLE P-factor (erosion management practice factor varying 0-1) was set to 1.0 because no conservation
practices were applied in the watershed. To identify the sensitive parameters for each calibrated variable, a
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SWAT-CUP tool was used to perform the sensitivity analysis via the Sequential Uncertainty Fitting version 2
(SUFI2) (Abbaspour et al., 2015). More details about the procedure adopted for the sensitivity analysis,
calibration, and validation can be found in Ricci et al. (2018). Thereafter, SWAT-CUP was applied, firstly to
improve the correspondence between the simulated and the observed curves, manually changing the model
parameters (Jeong et al., 2010), and then to identify the best set of parameters with an automatic procedure
selecting a Nash and Sutcliffe (1970) Efficiency (NSE) greater than 0.5 as an objective function. Table 2
illustrates the list of the calibrated parameter for nutrients. The model performance was evaluated at the
daily time step considering acceptable values of R and NSE greater than 0.5 and of Percent Bias (PBIAS) less
than or equal to 25% for runoff, less than or equal to 55% for sediment, and less than or equal to 70% for
nutrients (Moriasi et al., 2007; Furl et al., 2015; Molina-Navarro et al., 2017; Melaku et al., 2018; Woo et al.,
2021).

Table 2 — Default and calibrated parameter for nutrients. Method used in the SWAT-CUP.

Default Calibrated

Parameter Name Description Method Value Value
CDN.bsn Denitrification exponential rate coefficient V (Replace for the given value) 0.100 0.243
NPERCO.bsn Nitrogen percolation coefficient V (Replace for the given value) 0.200 0.081
ANION_EXCL_BSN.bsn Fraction of porosity from which anions are V (Replace for the given value) 0.200 0.027
excluded
SDNCO.bsn Denitrification threshold water content V (Replace for the given value) 1.000 0.997
RSDCO.bsn Residue decomposition coefficient V (Replace for the given value) 0.050 0.096
PPERCO.bsn Phosphorus percolation coefficient V (Replace for the given value)  10.000 8.058
N_UPDIS.bsn Nitrogen uptake distribution parameter V (Replace for the given value)  20.000 94.886
P_UPDIS.bsn Phosphorus uptake distribution parameter V (Replace for the given value)  20.000 15.299
PSP.bsn Phosphorus sorption coefficient V (Replace for the given value) 0.400 0.296
RS4.swq Rate coefficient for organic N settling in the V (Replace for the given value) 0.050 0.076
reach at 20°C
All.wwq Fraction of algal biomass that is nitrogen V (Replace for the given value) 0.080 0.087
Al2.wwq Fraction of algal biomass that is phosphorus V (Replace for the given value) 0.015 0.015%*
FRT_SURFACE.mgt Fraction of fertilizer applied to top 10mm R (Multiply the value with Sk 0.374

1+value set)

*The calibrated value relative to parameter Al2 differs only for the fourth decimal (0.0155).
**The initial ranges of FRT_SURFACE were comprised between 0.35 and 0.50.

2.4 Defining BMP characteristics

The analysis of the Apulia Region’s (PSR, 2014) Rural Development Program (PSR 2014-2020) and National
regulation DM 2490/2017 of the Ministry of Agricultural, Food, and Forestry Policies (MiPAAF) (MiPAAF,
2017) points out that Contour Farming (CF), No Tillage (NT) and Reforestation (RF) are the main BMPs applied
in rural areas (Ricci et al., 2020).

CF, as defined by the Natural Resources Conservation Service (NRCS), is a practice in which tillage follows
contour lines with a consequent reduction of the surface runoff and an increment of infiltration (Gilley, 2004,
USDA-NSCS, 2017). CF leads to a reduction in soil erosion processes (e.g. sheet and rills) and to the abatement
of P and N compounds transported with sediment (Gassman et al., 2006; Stevens et al., 2009). In contrast,
N-NOs loads conveyed in the subsurface runoff may be higher than in conventional tillage (Xia et al., 2014).
Moreover, the increase in infiltration can correspond to an increment of the N-NOsleaching into groundwater
(Follett 1995; Gassman et al., 2006). CF begins to lose its effect for slopes greater than 8% and must be
replaced with other BMPs in areas with a slope greater than 20% where the risk of tractors overturning is
high (Abubakar et al., 2010, Liu et al., 2013). Farmers in Central Italy, in particular in the hills in the Apennines



208
209

210
211
212
213
214
215
216
217

218
219
220
221
222

223
224
225
226
227
228
229
230

231

232

233
234
235
236
237
238
239

240
241
242
243
244
245
246
247
248
249
250
251
252

and Sub-Apennines, have been using CF since the early 1900s, referring to it with the local name of
“Girapoggio” (Bazzoffi et al., 2011).

NT is a conservative practice consisting of planting or seeding directly on the residue left on soil, after carrying
out only in-row operations (e.g. drilling or furrowing) without executing deep tillage such as ploughing (USDA-
NSCS, 2017). NT reduces soil erosion by decreasing the surface runoff and increasing soil infiltration (Ullrich
and Volk, 2009a). Generally, TP and N-NOs in surface runoff are reduced (Verbree et al., 2010; DeLaune and
SiJ 2012; Trewavas, 2004); meanwhile, N-NOs leached in groundwater may increase (Daryanto et al., 2017a).
However, Daryanto et al. (2017a) also observed an increment in N-NOs in surface runoff. Despite its overall
positive effects on the cropping systems (De Vita et al., 2007), NT is still not widely used in Southern Italy as
compared to the Central or Northern plain areas (Cavalchini et al., 2013).

Lastly, RF is definable as a land use change (LUC) from a land use prone to soil erosion to another less prone
(Bakker et al., 2008). RF induces a positive effect on the multifunctionality of the agro-environment, such as
reduced soil erosion, improved water quality, new wildlife habitat, and wood production. The National Forest
and Carbon Inventory (INFC) pointed out that the surface covered by forests increased after the Second
World War, and that an increment of 20% was recorded over the past 20 years (INFC, 2015).

The calibrated and validated SWAT model for the current land use and management practices was set as
Actual (AC) scenario. CF, NT, and RF were simulated in the Carapelle basin as three different scenarios to
reduce soil erosion by water, as reported in a previous paper (Ricci et al., 2020). In the present work, their
implications in terms of water quality were analyzed. In addition, considering that both CF and NT can limit
the loss of nutrients in surface water while increasing N-NOs leaching into the groundwater, two additional
scenarios, i.e. CFR and NTR, were simulated to reduce the use of fertilizers by 20%, as suggested by the “Farm
To Fork Strategy” (European Commission; EC, 2020). The effects of these scenarios in reducing nutrients were
then evaluated in terms of loads (kg ha y?!), at basin, sub-basin, and HRUs scales.

2.5 Modeling BMP scenarios

Since one of the aims of this work was to assess the impact of soil erosion control BMPs on nutrients losses,
59 HRUs were used as target areas based on a threshold of high erosion risk of 10 Mg ha? y! (Panagos and
Katsoyiannis, 2019; Ricci et al., 2020). In addition, a threshold of 20% slope (limit of tractor overturning) was
considered to further select the areas where CF was applicable. It is difficult to till areas with a slope higher
than 20% using traditional techniques (Zhang et al., 2014), so these areas were converted to forests in the
RF scenario (Ricci et al., 2020). Therefore, CF and CFR were applied to 44 HRUs, NT and NTR to 59 HRUs, and
RF to 15 HRUs.

To simulate management practices in the BMP scenarios, some parameters were appropriately adapted in
the SWAT model (Ni and Parajuli., 2018; Ricci et al., 2020). According to several authors (Arabi et al., 2008;
Tuppad et al., 2010; Wang et al., 2018a), CN and USLE P factors were modified in the CF scenario. The new
values were assigned following the work done by Arnold et al., (2012b). To implement NT, tillage operations
were removed in the target HRUs (Ullrich and Volk 2009a). The biological soil mixing efficiency (BIOMIX) and
the Manning’s roughness coefficient for overland flow (OV_N) were increased to 0.4 and 0.320, respectively
(Neitsch et al., 2011). CN was decreased by a two-point value (Mtibaa et al., 2018). Since RF is a LUC practice
as described above, the land use of the 15 target HRUs was changed from winter wheat to forest (Betrie et
al., 2011). Accordingly, CN was also modified by entering values relative to forested areas retrieved by Arnold
et al. (2012b). Finally, CFR and NTR were implemented by reducing the fertilization of CF and NT by 20%.
Figure 2 provides an overview of the criteria adopted to discretize the target areas, the number of HRUs
involved in every BMP scenario and the SWAT parameter modified to implement the described scenarios.
Results obtained from the different BMP scenarios were analyzed at a basin, sub-basin, and HRU scale.
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Fig.2- Criteria adopted to discretize the target areas, the number of HRUs involved in each BMP scenario
and the SWAT parameters modified to implement the described scenarios.

2.6 Economic assessment

In this work, the methodology developed by Ricci et al. (2020) to analyze the economic feasibility of BMP
scenarios for soil loss reduction was applied considering both the field (farmers) and the basin scale. At the
field level, the farm return (FR) and production cost (PC; Euro ha™) ratio (FR/PC) was evaluated one year after
implementing the BMPs. The specific farm return (SFR, Euro ha) for a single scenario was determined by
multiplying the selling unit price (SUP) by the yield of the crop, increased or decreased depending on the
slope and BMP (Liu et al., 2014a; Mtibaa et al., 2018).

Concerning the crop yield, since no calibration was possible under the BMPs for the study area, two different
computations were carried out by using the crop yield predicted by SWAT and yield from literature (3 Mg ha
Lyl PSR, 2014; Agricultural Census, 2010), respectively. Based on literature (Ricci et al. 2020; Liu et al.,
2014b), for a slope less than 20%, winter wheat yield was increased by 5% and 10% for CF and NT,
respectively. By converse, for steep slope areas, the yield was reduced by 10% (Ricci et al., 2020). Subsidies
(S) planned by the CAP or PSR were also added (Ricci et al., 2020). The specific production cost (SPC, Euro ha
1) was calculated considering the conventional average tillage cost, retrieved from farmers’ surveys and
industry magazines (https://terraevita.edagricole.it), increased or decreased depending on slope as well as
on the BMP considered (De Vita et al., 2007; Liu et al., 2014a). In addition, the costs of investments and
transactions necessary to switch from conventional to BMPs were added as reported by the farmers’ survey
and PSR (PSR, 2014) (Ricci et al., 2020).

At the basin level, the impact of BMP application was determined by considering the Total Practice Cost (TPC,
Euro) for the public sector, the Soil Loss Cost (SLC, Euro), and the Crop Productivity Loss (CPL, Euro) (Panagos
et al., 2018; Ricci et al., 2020). TPC corresponded to the sum of the Subsidies (S) provided by the public sector
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at the basin scale. SLC was obtained by the unit value of soil of 20$ (Panagos et al., 2015), converted, and
discounted at the time of the study (Ricci et al., 2020) multiplied by the annual sediment load (t y). Finally,
CPL was calculated by multiplying Crop Area (CA, ha), Crop Productivity (CP, Mg ha), Land Productivity loss
(LPL, %), and SUP (Euro Mg 1), where LPL (%) is equal to severe erosion areas (> 10 Mg ha, SEA, ha) divided
by the total agricultural areas (TAA, ha) of the basin and then multiplied by the value of crop productivity loss
in intensively cultivated fields (0.08, Panagos et al., 2018).

As to CFR and NTR, the Unit Cost of Fertilization (UCF), which included both the price of the fertilizers and
the costs of the machinery and operators, was separated from SPC using the information retrieved from
farmers’ surveys and industry magazines (https://terraevita.edagricole.it). SFR was recalculated by
considering the reduction of crop yield (7%) derived by the implementation of BMPs with a fertilizer
reduction. The percentage of reduction with respect to CF and NT was determined by analyzing the SWAT
model results in terms of the average yield for the areas under CFR and NTR. At the basin scale, the impact
of the application of BMPs was recalculated for all the scenarios implemented in this study (CF, NT, RF, CFR,
NTR) including the economic Value of TN Losses (VNL) by applying the replacement cost criteria (La Notte et
al.,, 2017; Panagos et al., 2018). This method entails evaluating an asset based on the cost that must be
incurred to replace TN losses. The price of Urea (N content 46%), the most used fertilizer, was utilized to
calculate the N Unit Price (NUP, Euro kg?) through a proportion. Nitrogen nitrate Losses (TNL, kg) were
determined by summing N-NOs loads in surface runoff and in leachate. VNL was then obtained by multiplying
NUP by TNL. Table 3 shows all the income and costs considered in the economic analysis.

Table 3 - Economic analysis: farmers’ income, production costs, community’s costs.

Items Sub-items Unit Value Data source
Farmer’s Income

Selling unit price for winter

Euro Mg? 222 https://www.obiettivocereali.com
wheat
Selling unit price for wood Euro Mg 25.7 PSR, 2014 (measure 8.1)
SUb.Sldy for conventional . Euro halyl 100 https://terraevita.edagricole.it
agriculture and contour farming
Subsidy for No Tillage Euro halyl 322 PSR, 2014 (measure 10.1.3)
Subsidy for Reforestation implant (for the first year) Euro ha 6000 PSR, 2014 (measure 8.1)
management operation (for12 ¢ |\ 1 1 5500 psR, 2014 (measure 8.1)
years)
lost income Euro halyl 100 PSR, 2014 (measure 8.1)
Production Costs
Winter wheat production Operation costs Euro haly!l 544 https://terraevita.edagricole.it
Fertilizer costs Euro haly! 140 https://terraevita.edagricole.it
} . . . o .
No Tillage implementation 'cl'gz:)sactlon (10% of the tillage Euro ha'l 63 PSR, 2014 (measure 10.1.3)
Upgrading machinery Euro 6000 Farmers survey
Reforestation implementation implant (for the first year) Euro hat 6051 PSR, 2014 (measure 8.1)
t ti for 12
management operation (for12 o |\ 1 1 5518 psR, 2014 (measure 8.1)
years)
Community’s costs
Soil loss replacement cost Euro Mg1 19.46  Panagos et al., 2015
Nitrogen value Euro kgt 0.8 http://www.al.camcom.gov.it

3 Results
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3.1 Streamflow, sediment, and nutrient loads

The SWAT model calibration and validation performance was satisfactory for streamflow, sediment load
(Ricci et al., 2020), TP, P-PO4, and TN, while N-NOs proved unsatisfactory NSE (Table 4). Discrepancies among
the measured and simulated streamflow and nutrient loads, especially in summer, could be attributed to the
point sources data, which were considered constant on a monthly time scale in the simulation; at the same
time, they could vary from one day to another. In addition, the overestimation and/or underestimation of
the streamflow may influence the results of sediment load and nutrient performance. At a daily timescale,
floods were generally lightly underestimated in the calibration period (PBIAS +5.3%), whereas the baseflow
was overestimated in the driest year of the validation period (PBIAS -17.2%).

Figure 3 (a, b, ¢, d) shows specific simulated and measured nutrient loads for the calibration period. TN and
N-NOs were generally well simulated in the wet season and underestimated in the dry season when TP and
P-PO, loads were overestimated. The highest nutrient loads measured in surface waters over the observed
period occurred on October 26, 2010, 4882 kg for TN, 3039 kg for N-NOs, 98 kg for TP, and 63 kg for P-PQ,,
when the corresponding simulated values were 4663 kg for TN, 3071 kg for N-NOs, 98 kg for TP, and 50 kg
for P-PQO,.

For the study period, the mean annual actual evapotranspiration was 470 mm, corresponding to 71% of the
rainfall (662 mm). Romanazzi et al. (2015) estimated similar values of evapotranspiration for the Apulia
region. Surface runoff and total water yield were 86 mm (17% of the rainfall) and 180 mm (27% of the
rainfall), respectively. At the basin scale, the simulated mean specific sediment load was 5.95 Mg ha y?,
mainly concentrated in the wet season (December to April).

Table 4 — Model performance, at daily scale, for streamflow, sediment, and nutrient loads in surface
waters.

Calibration Validation
R2 NSE PBIAS R2 NSE PBIAS

Streamflow 0.6 0.6 5.3% 0.5 0.5 -17.2%
Sediment 0.5 0.5 -2.8% 0.5 0.5 5.1%
TN 0.9 0.5 29.4% - - -
N-NO; 0.6 0.3 8.5% - - -

TP 0.5 0.5 25.7% - - -
P-PO, 0.9 0.8 -42.7% - - -
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Fig.3 — Daily simulated versus observed specific nutrients loads in surface waters (TN, N-NOs, TP, P-PO4; kg
haty?).

3.2 Modeling BMP scenarios

At the basin scale, the loss of organic component (org N), N-NOs flowing into surface waters, and N-NO;
leached past to the bottom layer of soil (LeachN-NOs) were analyzed for the current and BMP scenarios (CF,
CFR, NT, NTR, RF). For AC, the annual average specific loads were 3.841 kg ha* y! for N-NOs, 43.366 for
LeachN-NOs, 2.001 for org N, and 0.044 kg ha y* for TP (Table 5).

At the basin scale, NTR and CFR were the most effective BMPs in reducing N-NOs, revealing a decline of
17.52% and 16.45%, respectively. RF showed an abatement of 3.54% whereas CF and NT showed an increase
of 5.5% and 4.26%, respectively. Similarly, LeachN-NOs; was reduced by 26.55% in the NTR scenario, by
26.17% in CFR and 4.13% in RF, incrementing by 2.60% in CF and by 2.06% in NT. Org N decreased in all the
scenarios, NTR (-20.5%) whereas NT (-19%) exhibited the higher reduction, followed by CFR (-16%), CF (-15%)
and RF (-12%) (Table 5).

All the BMP scenarios showed a reduction in terms of TP load, with the exception of NT, which increased
slightly (2.2%). CFR was the most efficient BMP in reducing TP loads (11.4%), followed by CF, RF, and NTR
with a percentage of 9.1%, 4.5%, and 2.3%, respectively (Table 5).



348  Table 5 - Specific nutrient loads simulated by the SWAT model at the basin scale. N-NOs is the nitrate-
349 nitrogen flowing into surface waters, LeachN-NOjs is for N-NOs leached past to the bottom layer of soil.

Specific Loads (kg ha-ly)

Actual Contour Contour No Tillage  No Tillage Reduction Reforestation
(AC) Farming Reduction (NT) (NTR) (RF)
(CF) (CFR)

Nitrogen-Nitrate in 3.841 4.052 3.209 4.005 3.168 3.705
streamflow
Nitrogen-Nitrate 43.366 44.491 32.015 44.263 31.853 41.574
Leached
Organic Nitrogen 2.001 1.700 1.681 1.619 1.590 1.758
Total Phosphorous 0.044 0.040 0.039 0.045 0.043 0.042

350

351  Figures 4 and 5 show N-NOs (kg ha y!) and TP (kg ha® y!), the primary sources of water pollution (FAO,
352 2018) delivered to the river at the sub-basin scale. Specific N-NOs load in AC ranged from 0.38 to 10.55 kg ha"
353 !y, showing a preponderance of higher values in medium or steep slope areas (Figure 4). In CF and NT, the
354  incrementin specific N-NOs load (17.38% and 14.67%, respectively) was mainly related to the south-east sub-
355 basins (i.e. Sub-basins 70, 73, 76, 85; Figure 4). Conversely, RF, CFR, and NTR showed an overall reduction
356  across the basin, including in sloped areas (Figure 4). In particular, within the targeted HRUs, RF produced a
357 higher reduction (18.70%) followed by NTR (9.60%) and CFR (7.22%).

358 TP ranged from 0.02 to 0.43 (kg haly?) in AC, displaying the highest loads in the hilly or steep-sloped areas
359  (Figure 5). In the same areas, all BMP scenarios showed an abatement of TP loads (Figure 5). Upon analyzing
360 the treated HRUs in the sub-basins, CF and CFR proved most effective in reducing TP loads (27.36% and
361 26.03%, respectively). RF resulted in a reduction of 25.13%, while NTR and NT led to a lower reduction of
362 21.22%, and 21.05%, respectively.

363
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Fig.4 — Specific N-NOs load (kg ha'y?) delivered to the Carapelle river at the sub-basin scale (kg ha® y?).
Sub-basins covered by BMPs are shown with a red line. The HRUs modified for each scenario are identified
with yellow triangles.
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Fig.5 — Specific TP load (kg hay?) delivered to the Carapelle river at the sub-basin scale. Sub-basins
covered by BMPs are shown with a red line. The HRUs modified for each scenario are identified with yellow
triangles.

At the farm (HRU) level, agricultural fields are known to have a great influence on LeachN-NOs (FAO, 2018;
Curk et al., 2020). Figure 6(a, b) depicts LeachN-NOs; and TP yields delivered to the river in the analyzed
scenarios. The median LeachN-NOs value for AC was 44.04 kg ha lower than CF (53.23 kg ha! y!) and then
NT (51.15 kg ha y'!). CFR and NTR were found to be the two most efficient scenarios with the median values
of 37.09 kg ha yland 35.00 kg ha! y?, respectively. RF showed a median value of LeachN-NOs to 42.83 kg
ha?ly! (Figure 6a).

TP yields to surface water were reduced in each BMP scenario compared to AC (Figure 6b). AC showed a
median value of TP of 0.20 kg ha™ y, whereas RF was less effective (0.18 kg ha* y!). NT and NTR emerged
as the most efficient BMPs, both reducing TP at 0.14 kg ha* y*. CF and CFR exhibited a slightly lower reduction
with a median value of 0.15 kg ha y! for both. It is important to remember that only 15 HRUs (1988 ha)
were converted to a forest in the RF scenario. Additional details on sediment yield obtained for the different
scenarios can be found in Ricci et al. (2020).



386

387
388

389

390

391
392

393
394
395
396
397
398
399
400
401
402

403
404
405
406
407
408
409
410

411
412
413
414
415
416
417
418
419

420

70 0.4
60 04
2 < 03
¥ 50 Z
3 203
S 40 g
= a 0.2
30
g 0.2
E 20
3 0.1
10 0.1
0 0.0
Baseline Contour Contour NoTillage  NoTillage Reforestation Baseline Contour Contour No Tillage No Tillage  Reforestation
(59 HRUs) Farming Farming (59 HRUs) Reduction (15 HRUs) (59 HRUs) Farming Farming (59 HRUs) Reduction (15 HRUs)
(44 HRUs) Reduction (59 HRUs) (44 HRUs) Reduction (59 HRUs)
(44 HRUs) (44 HRUs)

Fig.6 — Specific N-NOs (kg haly!) leached past the bottom of the soil (A); specific TP (kg ha'y?) delivered to
the Carapelle river at the HRU level (B).

3.3 Economic feasibility

The economic analysis was carried out both at the field and the basin scale by using literature values for crop
yield (Table 6) and model results (Table A1, Annex A).

As to the literature approach (Ricci et al., 2020; Liu et al., 2014b), results are shown in Table 6, dividing the
target HRUs into two slope classes based on the limit threshold found for CF. AC was economically sustainable
only in gentle slope areas (< 20%), with an FR/PC ratio of 1.12 (Table 6); on the other hand, for steep slopes
(>20%) the FR/PC ratio was 0.93. CF and CFR, applied only in areas with a slope less than 20%, showing FR/PC
values very similar to AC (1.11 and 1.09, respectively). For the same slope class, NT and NTR were
economically more convenient despite the investment costs required for the transition. The benefit cost ratio
(FR/PC) was 1.67 for NT and 1.66 for NTR. Net of the investment cost and lost income for the first 12 years
(the minimum period before first cutting), RF was the most economically profitable BMP in areas with a slope
higher than 20% (FR/PC 1.49). NT and NTR resulted economically advantageous also in the steep slope areas
(>20%) with an FR/PC ratio of 1.41 and 1.40, respectively.

The economic analysis based on the crop yields simulated by the SWAT model was summarized in Table Al
(Annex A). Simulated winter wheat yield for the AC ranged from 1.94 to 3.47 Mg ha y-, with the average in
agreement with literature values (3 Mg ha y-1) (PSR, 2014 Agricultural census 2010). As to BMPs, SWAT
simulated crop yields lower than literature values (up to -14%, Table 6 and Table Al). Hence, a lower FR in
the simulated BMP scenarios was generated. Differences in terms of FR/PC between the two economic
analyses were in the 2%-11% range. This interval can be considered as an indicator of uncertainty. However,
results showed that NT and NTR (for slope < 20%) and RF (for slope >20% were the most economically valid
scenarios at the farm level, while CFR (slope >20%) proved unsustainable from an economic point of view.

The economic analysis carried out at the basin scale is shown in Table 7. Considering that RF has a different
year-subsidy for the first year, the second year and after 12 years, the community cost was evaluated at the
end of these three periods. The economic impact of TP loss was not taken into account due to the low loads
obtained for the modeled years. AC followed by RF showed the highest values in terms of CPL, soil loss, and
N loss, whereas NTR showed the lowest values because of the reduced costs of TN loss. CFR and NT were
also economically convenient for the community since there was a moderate reduction both in soil and TN
losses as compared to AC. Considering the BMP implementation cost in the first and the second year, RF, NT,
and NTR were the most expensive, followed by CF, CFR, and AC. However, after 12 years, when the forest is
cut, RF no longer receives subsidies, which is why the total practice cost became the most convenient.

Table 6 — Farm-level economic analysis



421
422

423

424

425
426
427

428

429

430

431

Num. Specific Unit . Subside Farm Operation Fertilizers Producti ~ Investm
. . . Subside . on ents (FR+SF
Practice of Area  Yield Price (s) first year returns Costs Costs Costs Cost Y)-co FR/PC
HR Y P FY FR?® F
Us (sY)  (UP) F)  (FR) (00 (FQ) D02
Mg ha- Euro Euroha- Euroha- Euroha Euroha Euroha-  Euro ha 4 Euro
ha 1y-1 Mgl 1y-1 1y-1 1y-1 1y-1 1y-1 1y-1 Euro ha ha-l
Slope <20%
AC 44 8708 3.00 222 100 766 544 140 684 82 1.12
CF 44 8708 3.15 222 100 799 578 140 718 81 1.11
CFR 44 8708 2.93 222 100 751 578 112 690 61 1.09
NT 44 8708 3.30 222 322 1055 492 140 632 63¢ 361-Ad  1.67
NTR 44 8708 3.07 222 322 1004 492 112 664 60° 340-A  1.66
RF -
Slope >20%
AC 15 1988 2.70 222 100 699 612 140 752 -53 0.93
CF -
CFR -
NT 15 1988 2.97 222 322 981 555 140 695 69¢ 217-A  1.41
NTR 15 1988 2.76 222 322 935 555 112 667 67°¢ 202-Af  1.40
RF 15 1988 87.50 25.70 2500°+1 6000 4849 2518b+7 6051 1548 1.49
00b 32¢
3FR= (SYXUP) + S, C=PC+IC; ® for the first 12 years; ¢ transaction cost for the implementation of no tillage; A°
the cost of depreciation (6000 Euro) must be added for each farm; © cost for the forest cut after 12 years.
Table 7 — Economic analysis at the basin level and costs of BMPs to the community.
Total Total
. . Total . .
Soil Soil loss Soil loss Nitrogen Nitrogen Nitrogen Practice Practice Practice
Practice LPL CPL CPL*UP Replacement & & Loss ) cost cost
Loss value Loss Value cost first
cost value eara second after
¥ year? 12 year?
(Mg ha- -1 -1 -1
Euro 1) Euro Mg Euro (kghal) Eurokg Euro Euro Euro
AC 0.021 2510 557115 6 19.46 4692233  49.208 0.8 1582017 4018699 4018699 4018699
CF 0.012 1508 334698 4.6 19.46 3597378  50.224 0.8 1614681 4018699 4018699 4018699
CFR 0.012 1508 334698 4.6 19.46 3597378  38.843 0.8 1248787 4018699 4018699 4018699
NT 0.01 1273 282619 4.2 19.46 3284563  49.968 0.8 1606451 6393211 6393211 6393211
NTR 0.01 1273 282619 4.2 19.46 3284563  36.611 0.8 1177029 6393211 6393211 6393211
RF 0.017 2043 453554 5 19.46 3910194 47.037 0.8 1512220 20916699 8988699 3819899

* LPL is for Land Production Loss, CPL is for Crop Production Loss, UP is for Unit Price.

2 TPCis for Total Practice Cost=(BMP subsidy x BMP ha) + (subsidy conventional tillage x conventional tillage

ha). Soil loss replacement cost: 19.46 Euro Mg

4 Discussion



432

433
434
435
436
437
438
439
440
441
442
443

444
445
446
447

448
449
450
451
452
453
454
455
456
457
458
459

460
461
462
463
464
465
466
467
468
469
470

471
472
473
474
475
476
477

4.1 Estimating streamflow, sediment, and nutrient loads

SWAT model performed satisfactorily for streamflow and sediment load in both the calibration and validation
periods (Ricci et al., 2020). This confirms that despite the complexity of the Mediterranean environment,
especially in terms of topography and climate, SWAT can assess hydrological processes with a certain degree
of accuracy (De Girolamo et al., 2015; Abdelwahab et al., 2018). The correct watershed delineation, which
accounted for the topography of the upland areas, and for the proportion between the main land uses,
positively influenced the results of the model (Han et al., 2013). However, the low flow was overestimated
in the validation period (Ricci et al., 2020). In the Carapelle, convective and localized rainfall events, as well
as the low number of the weather stations and their suboptimal location, generated discrepancy between
observed and simulated data (Ricci et al., 2018). Moreover, some extreme events caused a rise in CN values,
in accordance with the antecedent soil moisture condition, decreasing the subsequent infiltration capacity
and increasing the streamflow.

SWAT underestimated the sediment load in the two years of validation (Ricci et al., 2020). Abouabdillah et
al. (2014) stated that some typical processes of the Mediterranean stream, such as bank collapse, are not
correctly simulated by SWAT whose sediment computation is based on the Bagnold’s stream power function
and the MUSLE equation (Abdelwahab et al., 2018).

Due to the paucity of measured nutrient loads, a decision was made to only calibrate the model for TN, N-
NOs, TP, and P-PO4 maintaining constant the parameters already calibrated and validated for the runoff and
sediment load (Arnold et al., 2012b). SWAT showed a satisfactory performance except for the N-NO;
(NSE=0.31). Some SWAT parameters related to the denitrification processes (i.e. CDN and SDNCO) can be
only changed at the basin level (Arnold et al., 2012b) causing difficulties in reproducing the seasonality and
the spatial distribution of N-NO3; (Malago et al., 2017; Epelde et al., 2016). The model slightly underestimated
P-PO, during floods and overestimated it in the low flow period. This is because the accuracy of nutrient and
sediment simulation is influenced by the result obtained for hydrology. Indeed, some large floods in the
validation periods were underestimated (Ricci et al., 2020) and the observed streamflow in the dry season
was overestimated (Abdelwahab et al., 2018; Ricci et al., 2018). Simulating extreme low flow in intermittent
rivers is a critical point both for hydrology and for water quality (De Girolamo et al., 2015). The limited data
about point sources discharges could have contributed to an overestimation of the extremely low flow.

It is well know that model results are affected by uncertainty; it includes: “input uncertainty” that is due to
errors in input data (interpolation, integration of data from different sources, low resolution, etc.), “model
uncertainty” (i.e. simplification of processes, unknown or missing processes), and “parameter uncertainty”
(non-uniqueness of parameters in inverse modeling). In the present work, input uncertainty could be large,
since data had different resolutions and were derived from different sources. Data used for calibrating the
model included continuous measurements of Q and SSC and discrete measurements of nutrient
concentrations (six samples, covering 2 years). Using discrete data for calibrating the model the uncertainty
associated to the nutrient loads increases since discrete measurements may not account for all the
hydrological conditions (Harmel et al., 2006; Ullrich and Volk 2009b; De Girolamo et al., 2018). A high sample
frequency is desirable since it may result in lower uncertainty (Pulighe et al., 2021); unfortunately, its
implementation is currently limited in Italy due to the low budget allocated to monitoring.

Uncertainty could be significant in BMP scenario simulations (Arabi et al., 2007; Cerro et al., 2011) since the
parameters were assumed on the literature basis and were not validated with field measurements. This has
had implications on the crop yield predicted by SWAT (Table A1, appendix), which proved to be different
compared to the crop yield retrieved from the literature analysis (Table 6). Hence, the economic analysis was
carried out considering both the crop yield simulated by the model and the literature values. It was assumed
that the relative comparison between different scenarios is affected by less uncertainty providing reliable
results for decision makers (Arabi et al., 2007).
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The results of the present study show that current agricultural practices, coupled with mineral fertilization,
produce a surplus of TN (~49 kg haly?), which is comparable to the average load found for the 27 EU
Member States (~47 kg hay?) (EEA., 2020; EUROSTAT, 2020). TN surplus is known to vary considerably from
one basin to another (Velthof et al., 2009). In Italy, the average value is ~70 kg haly?, but some areas such
as the Mincio, a sub-basin of the Po River, show much higher values (107 + 66 kg N ha™ y™!) (Pinardi et al.
2020). In the Apulia Region, De Girolamo et al. (2017) and De Girolamo et al. (2019) computed 43 kg ha ™y
and ~60 kg ha' y* for the Celone basin (72 km?) and the Canale D’Aiedda basin (360 km?), respectively. TN
surplus is a potential risk indicator of nitrate contamination, since it may partially be delivered to the surface
waters and leached into the groundwater. The model predicted both N-NOs riverine export (3.84 kg ha™ty™?)
and LeachN-NOs (43.37 kg ha™* y™1). N-NOs concentrations measured in surface waters confirmed the nitrate
contamination since the measures were always higher than the threshold limits (1.2 mg I'%; Level II) required
to support the functioning ecosystem (DM 260/2010). Measures of N-NO; concentrations in groundwater
were not available in the river basin. Hence, further studies are needed to analyze groundwater nitrate
pollution. These results highlight that a wider program of measures is necessary to reduce the pressures for
achieving the main goal of the Water Framework Directive.

Generally, TP load to surface waters (~0.044 kg ha™ y™!) computed for the Carapelle was lower as compared
to the European average of 1.2 kg ha? y' (EUROSTAT, 2020), and consistent with the average values
estimated in Italy (~ from -3 to 2 kg ha™ y™%; EUROSTAT, 2021). The TP concentrations measured and
simulated in the Carapelle River were lower than the threshold limits (0.1 mg I'}; Level II) required to support
the functioning ecosystem (DM 260/2010). Depending on the anthropogenic pressures and on the
peculiarities of the basins, TP load varies largely. In the Sulcis basin (Sardinia), Pulighe et al. (2020) assessed
avalue of 1.18 kg ha™' y™, meanwhile the Canale D’Aiedda basin showed an average value very similar to the
Carapelle (0.04 kg ha™ y™* D’Ambrosio et al., 2020). In the Po basin, Viaroli et al. (2018) estimated a value of
TP surplus of 13 kg ha'ly™.

4.2 Are BMPs specific for soil erosion able to reduce nutrient loads?

CF and NT, which are efficient in reducing soil erosion (Mtibaa et al., 2018; Ricci et al., 2020), may cause an
increased water infiltration (USDA-NSCS, 2017) inducing a higher LeachN-NOs; (Gassman et al., 2006;
Daryanto et al., 2017a). In CF, N-NOs also increases due to its higher concentration within the subsurface
runoff (Xia et al., 2014), which partly contributes to the return flow to stream (Neitsch et al., 2011).
Conversely, NT can cause soil compaction, especially in some clay dominant soil, which can lead to an
increment of N-NOs in soil surface (Quincke et al., 2007; Daryanto et al., 2017a). As a result, N-NO3 simulated
for NT was higher than AC (4%). The retention and accumulation of N-NOs in soils under CF and NT (Liu et al.,
2014b; Xue et al., 2015) can be an advantage since it ensures less reliance on fertilizers. Moreover, CF, NT
and other BMP scenarios showed a reduction of Org N losses (15%-20%), corresponding to an increment of
Org N in soil associated with humus (Neitsch et al., 2011; Martinez et al., 2017). This can represent an
important pool of N since the mineralization processes allow a certain amount of LeachN-NOs to be gradually
generated, becoming available for soil microorganisms and plants (Geisseler et al., 2009; Ladha et al., 2020).

CFR and NTR scenarios incorporating the “Farm To Fork Strategy” showed a TN reduction of about 20%,
confirming previous studies (Bouraoui and Grizzetti, 2014). In particular, LeachN-NOs decreased by ~8 kg ha
1y as compared to CF and NT. Velthof et al. (2009) highlighted that abating N fertilization can be used as a
stand-alone effective measure to reduce LeachN-NOs and that its effect can be amplified by coupling it with
other measures. The level of N-NOs load for CFR and NTR showed a lower decrease compared to LeachN-
NOs. However, a degree of uncertainty affects these results, since SWAT does not correctly track NOs in the
shallow acquirer (Arnold et al., 2012b; Epelde et al., 2016); therefore, NOs; in return flow maybe
underestimated (Grizzetti et al., 2005).
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CF, CFR, NT, and NTR decreased the TP delivered to the river. CFR and NTR showed values similar to CF and
NT because the amount of P fertilizer used in the Carapelle was quite low (Abdelwahab et al., 2018). NT and
NTR highlighted a TP load higher than CF and CFR. This result can be ascribed to the accumulation of organic
matter, and consequently of org P, which characterizes NT (Daryanto et al., 2017b). Finally, RF reduced both
TN and TP in the Carapelle basin. This practice falls into the category of land use changes and provides for
the replacement of agricultural land use with a forest (Bakker et al., 2008) with the consequent zeroing of
mineral fertilizer use. RF proved efficient in reducing the sediment load and the nutrient excess in runoff and
groundwater (USDA-NSCS, 2017).

Although BMPs, especially CFR and NTR, were able to reduce nutrient loads, the N-NO; concentration level
remained higher than the threshold limits (1.2 mg |I'}; Level Il) required to support the functioning ecosystem
in all the analyzed scenarios. These results pointed out that these measures are not sufficient for achieving
the Water Framework Directive goals at the basin scale and that additional measures are needed. Hence,
further studies are required to analyze additional measures and new technologies that can minimize the
pressures on waters and soil from both point and non-point sources.

4.3 Agricultural and environmental costs

Defining the BMPs to be implemented in an area is a complex process requiring a holistic approach that must
take into account the peculiarities of the basin (i.e. morphology, slope, rainfall regime), the efficiency in
reducing sediment and nutrient loads of each BMPs, economic aspects (i.e. available subsidies) (Xie et al.,
2015; Haas et al., 2017), as well as social considerations (i.e. acceptability of new management practices,
type of farming systems). Multiple positive effects of BMPs, including the improvement of the environment’s
multifunctionality (EU Regulation No. 1305, 2013), should be promoted. The economic analysis should
include not only the feasibility for the single farm but also for the public sector at the basin scale, taking into
account the public investment (Panagos et al., 2018; Ricci et al., 2020).

In this study, AC was found to be profitable for slopes <20% but not convenient for slope >20% due to the
higher costs related to reliance on heavy machinery on slopes. Despite this, farmers continue to use
conventional tillage since the application of BMPs is perceived as challenging and expensive (Zimmerman et
al., 2019). NT is generally accepted by farmers, because the subsidies provided by the PSR (measure 10.1.3)
cover the investment costs needed to carry out the switch from the conventional tillage (Ricci et al., 2020)
and because it reduces the production costs related to depth tillages (Pittelkow et al., 2015). Indeed, NT was
the most convenient for farmers in both the slope classes considered. Moreover, NT was also suitable at the
basin level inasmuch it ensures savings in terms of soil loss. However, public investments to sustain NT are
higher as compared to AC, subventions could change under new environmental programs making this BMP
unprofitable, while TN accumulated in the soil makes its loss possible (Gal et al., 2007; Pittelkow et al., 2015).

CF is included in the GAEC by the EU (De Vita et al., 2007; Borrelli et al., 2016), but not financed by PSR,
therefore receiving the same subsidies provided by the CAP as those provided for conventional tillage. For
this reason, this practice is usually not implemented except in some fields where erosion processes are
evident (Ricci et al., 2020). Despite this, the implementation of CF is not expensive, because it does not
involve significant changes in agricultural machinery (e.g. tractors). CF showed a benefit cost ratio (FR/PC)
very similar to that of AC in areas with a slope <20%, guaranteeing good savings at the basin level in terms of
soil loss and practice costs lower than NT. Nevertheless, as for NT, CF showed a slight increase in N-NOs and
LeachN-NOs loss (Gassman et al., 2006), which leads to greater environmental spending for the community.

CFR and NTR were implemented following the EUGD strategy reducing the fertilized application by 20%. Both
the new BMP scenarios showed a decrease in crop production (7%) due to the reduced amount of fertilizer.
Despite the apparent earnings losses, the economic assessment revealed that FR/PC for CFR and NTR was
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almost the same as that of CF and NT. Reducing fertilizer applications resulted in savings as compared to AC,
totalling € 333,230 for CFR and € 404,988 for NTR. Considering the advantages offered by CFR, which are
quite similar to NTR, this practice should be favoured in the next environmental programming (Ricci et al.,
2020) in Italy, by introducing specific subsidies or by making this practice a mandatory standard as already
done in many EU countries (Spain, Romania, Belgium, Greece, Malta, and Cyprus) (Borrelli et al., 2016).

More generally, a reduction in fertilizer application needs an in-depth economic analysis that should also
consider the potential impact of a lower demand for fertilizers on the fertilizer industry and, consequently,
on fertilizer costs (Kanter et al., 2015). Further insights should also be gained into the loss of production
recorded in CFR and NTR. The reduction of the yield may not meet society's needs (Institute for European
Environmental Policy, IEEP, 2020). For this reason, it could be necessary to adopt strategies to increase
efficiency in using fertilizers (Panhwar et al., 2019). The increased number of fertilizations for the same
quantity of fertilizer, the use of organic fertilizer, and the use of controlled-release fertilizers are some of the
possible techniques that can be used for this purpose (Wang et al.,, 2018b). Additionally, coupling
conservation practices with practices that favour ground cover between main crops, such as the cover crops,
turned out as a valid solution to reduce fertilizer losses (Daryanto et al., 2017a).

Finally, RF proved to be a valid alternative in areas where production costs are high (slope >20%). Due to
measure 8.1 of the PSR, RF was economically sustainable and also exhibited a positive impact on N loss.
Obviously, RF cannot be applied on the entire basin, as income is lower compared to wheat cultivation,
especially if subsidies are not included, but it may be implemented in combination with other BMPs to have
a greater effect than using a single practice (Strauch et al., 2013; Bouraoui and Grizzetti; 2014; Ramos et al.,
2015; Mtibaa et al., 2018).

The present study suggests that further studies, which include field activities integrated with conceptual
models, could improve the results and reduce uncertainty both in environmental assessment and in
economic analysis.

4.4 Conservation practices in changing environmental policies

In the scenario of the EUGD, in the coming years Member States will be called upon to adapt their own
National environmental programs and devise plans considering the multi-functionality of the environmental
measures (EC COM(2019) 640; Montanarella and Panagos, 2021). From what emerged in this study, BMPs
can have a positive manifold impact on both the environment and society. The ability to reduce sediment
and nutrient load as well as their economic feasibility make BMPs fundamental measures to be considered
in the management of a basin area (Mtibaa et al., 2018; Keesstra et al., 2018). The health of the agro-
environment, however, needs to be analyzed by using a holistic approach. Following the “umbrella concept”,
which is at the base of the NbSs, a sustainable methodology must consider solutions composed by multiple
measures (EC., 2021). In complex environments, as the study area, the project design of conservative BMPs
must also include forest measures (i.e. afforestation or buffer strips) aimed at enhancing the ecosystem
services and the resilience of the environment (Haase, 2017; Lafortezza et al., 2018;). Indeed, in the study
area land reserved for nature (i.e. forests) is very limited (7%). The adoption of RF in steep sloped areas,
where productivity is very low, should be strongly promoted not only to reduce land and water degradation
but also to achieve the Aichi Biodiversity Target (ABT) 11, which entails expanding the protected area network
to at least 17% of the terrestrial world by 2020 (www.cbd.int/sp/targets).

Modeling activities revealed to be useful both to identify basin challenges and design management solutions
(Keesstra et al., 2018). Future works are needed to better asses the cumulative effect of different NbSs.

5 Conclusions
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Outlining a program of measures and BMPs for reducing soil erosion is a difficult task that may have several
implications on the quality of water, crop productivity, and the local economy. This study aimed at testing a
framework for an integrated analysis of BMPs to provide a scientific basis for their selection and
implementation to watershed managers.

The identification and quantification of the diffuse and point source pollution, which is the first step of the
methodological approach for implementing a BMP program, was developed by using the SWAT model
coupled with monitoring activities in the Carapelle basin. The SWAT model turned out to be an affordable
tool in simulating nutrient loads for both current land use and BMPs.

Five BMP scenarios were identified and simulated to estimate their implications on water quality. Some BMPs
(CF, NT, RF) were selected among those measures that are generally used to counteract soil erosion in rural
areas. Those BMPs already proved to be effective for soil loss reduction in the study area but the results of
the present study revealed that CF and NT lead to an increase of N-NOs both in leaching and into surface
runoff. Conversely, RF showed a reduction in N-NOs losses. To mitigate the effect of CF and NT on water
quality, two additional scenarios (CFR, NTR) were simulated by applying a reduction in fertilizer (20%), as
proposed by the “Farm To Fork Strategy”. CFR and NTR scenarios resulted in a ~20% reduction in N-NOs in
leaching and into surface runoff.

CFR and NTR proved to be the best practices for the study area as the positive balance of production costs at
the farm level, while increasing the underlying cost savings in terms of nutrient and soil losses. RF resulted in
an effective practice if applied in limited steep slope areas. Hence, it is suggested that RF be implemented in
combination with other practices (i.e. CFR and NTR) to have a greater impact at the basin scale.

Considering subsidies currently available, the economic analysis showed that the costs to the community for
supporting NTR, NT and RF are higher than the current management. It is noteworthy that BMPs are
multifunctional since they have an impact on both soil erosion and nutrient reduction, thus justifying the
significant public investment required to implement them.

The results pointed out that at the basin scale the implementation of these BMPs in the critical soil erosion
areas only is not sufficient in order to achieve the Water Framework Directive goals and that supplementary
measures need to be applied across a larger area. Further studies are needed to identify additional measures
and new strategies (i.e. increasing efficiency in fertilizer use, precision agriculture, etc.).
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Annex

Table Al — Farm-level economic analysis using the SWAT model yields

Producti Investm

Num. Specific  Unit . Subside Farm Operation Fertilizers
Practice of Area  Yield Price Ssu bside first year returns zn znts i(FRgaSF FR/PC
HRUs sv) e (SFY) (FR?) (:CS;‘S (::;t >
Mg ha- Euro Euroha- Euroha- Euroha Euroha- Euroha-  Euro ha , Euro
ha lyfl Mgfl 1y71 1y71 lyfl lyfl Euro ha ! hafl
Slope <20%
AC 44 8708 2.95 222 100 755 544 140 684 71.22 1.10
CF 44 8708 2.80 222 100 722 578 140 718 3.73 1.01
CFR 44 8708 2.60 222 100 677 578 112 690 -12.72 0.98
NT 44 8708 2.83 222 322 950 492 140 632 63¢  255-Ad 1.50
NTR 44 8708 2.65 222 322 910 492 112 604 60c  246-Ad 1.51
RF -
Slope >20%
AC 15 1988 2.86 222 100 735 612 140 752 -12.72 0.98
CF -
CFR -
NT 15 1988 2.76 222 322 935 555 140 695 69¢ 171-Ad 1.35
NTR 15 1988 2.59 222 322 897 555 112 667 67¢ 164-Ad 1.35
RF 15 1988 87.50 25.70 (Z)(S)L)Ob+l 6000 4849 §§:8b+7 6051 1548 1.49

3FR= (SYXUP) + S, C=PC+IC; P for the first 12 years; ¢ transaction cost for the implementation of no tillage; A°
The cost of depreciation (6000 Euro) must be added for each farm; € cost for the forest cut after 12 years.



