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Abstract: Nature-Based Solutions (NBSs) are considered worldwide as a suitable approach for
mitigating the impact of industrial agriculture on sediments and nutrient losses. However, their
actual effectiveness is still questioned. In cases where site measurements of NBS performance are
scarce, models can provide useful insights if accurately set. This study analyzed the effects of
vegetated buffer strips (VBSs) and winter cover crops (WCCs) planted in some herbaceous cropping
systems within the Massaciuccoli reclamation area (Vecchiano, Central Italy). Analyses stem from
modelling water and soil dynamics by applying SWAT+ at field scale on high resolution close-range
photogrammetric digital terrain model (DTM), real crop rotations, and a detailed calendar of the main
agronomic interventions. The NBS implementation was modelled in two experimental areas, showing
contrasting soil properties. Comparing results from the modelling of different scenarios highlighted
that NBS mitigative effect is influenced by soil properties and local topographic irregularities, which
could induce concentrated flows. Long term climate changes can induce relevant different effects by
varying the nature of soil.

Keywords: NBS; runoff; soil erosion; SWAT; climate change

1. Introduction

Runoff and sediment losses in temperate areas are triggered mainly by rainfalls [1,2];
many other predisposing factors affecting runoff and soil erosion are also known. The most
relevant are soil properties, organic content, land cover and use, slope angle, slope length,
and agricultural and conservation practices [3,4]. In agricultural areas, where annual crops
are the most widespread practices, the relationship between the stage of plant growth
and rainfall events strongly affects the rainfall /runoff ratios [5] and consequently the soil
erosion. Hazard modelling should thus consider a time interval covering the entire plant
lifecycle to properly account for the different plant growth stages when different rainfall
events occur. On the other hand, to include the effects of short-term rainfalls, time sampling
should be accurate enough to reproduce each single event. Such time scales (from one to
many years) are not suitable for identifying return periods due to the uncertainty of medium
to long-term climatic cyclicality. Therefore, the assessment of runoff and soil erosion, and
the potential changes due to the implementation of mitigative countermeasures, could
be more oriented to areal susceptibility than to hazards in the strict sense, and climatic
variations should be accounted for over long periods of time.
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In such a framework, the effects of mitigative actions could be properly estimated by
comparing baseline and post operam scenarios during modelling.

To assess the residual susceptibility over long-term accounting for climate changes,
such a comparison could be carried out considering modelled weather data for different
climatic scenarios (i.e., IPCC RCP 4.5 and RCP 8.5 [6,7]), considering the furthest period
available (years up to 2100).

When runoff and soil erosion are modelled on flat agricultural areas, the model should
be carefully chosen among those able to both deal with almost flat morphologies and
implement agricultural practices.

With the approach used here to model runoff and soil erosion in two farms in the
Massaciuccoli catchment (Central Italy), the modelling capability to deal with local scales
(plot to farm-scale) was considered when choosing the proper method and modelling
software. Moreover, the modelling approach was also based on the model suitability to
implement the type of countermeasures implemented in the study area, namely nature-
based solutions (NBS) such as vegetated buffer strips (VBS) and winter cover crops (WCC),
and to model the hazard they are dealing with, namely runoff and soil loss.

Many models are available in the literature focusing on runoff and soil erosion work-
ing at different scales and with different approaches ranging from fully empirical models
to physically-based models for soil erosion and water runoff up to physically-based models
directly simulating pollutant runoff. In Table 1, the main strengths and limitations, referring
to the abovementioned requirements, are synthesized for four soils, and water assessment
models applied worldwide. All four models allow for the consideration of the implemen-
tation of NBSs such as VBS and WCC. Among these, the Soil and Water Assessment Tool
(SWAT) [8], and the revised version SWAT+ [9] are extensively supported by scientific
literature documenting their applications at different scales and morphologies [10-13].
These models were frequently employed to simulate the effect of VBS and WCC [14,15].
Moreover, they provide spatialized results as georeferenced shapefiles, ranging from sedi-
ment budgets and water balances and nutrient losses referred to both landscape units and
hydrographic networks [16]. Simulations are based on large periods (up to many years) but
with a daily temporal resolution [8], allowing for estimates for weather events of a medium
duration (a few days). On the other hand, they are quite high data-demanding and need
huge computational capacity, especially when modelling high-resolution data.

Study Area

The present work aims at testing some NBSs such as VBS and WCC in flat agricultural
areas, and estimating the impacts of different soils on their mitigative effect. For this
purpose, two farms (namely the Studiati and Gioia) to the south of the Massaciuccoli Lake
are considered. Here, an important marshy area reclaimed in the 1920s was turned into
agricultural land. Soils are characterized by fluvial to lacustrine surficial deposits ranging
from silty clays to the south, which gradually change to sands moving to the north. The
organic content (OC) remarkably increases when approaching the lake, ranging from <3%
in the southern part to up to 55% close to the southernmost lake embankments.
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Table 1. Comparison of different runoff and soil erosion models. For each model, the acronym of the
satisfied requirement is reported. Ma = requirement in terms of the type of matrices considered in
modelling (e.g., runoff, soil loss, nutrient loss etc.); S = requirements for the scale of the assessment;
Mo = requirements in terms of morphologies allowed for modelling (e.g., slopes, flat areas etc.);
D = requirements in terms of dimensionality of the model (1D-2D-3D) and capability to spatialize

results.
Model Advantages Disadvantages
impl No studies at very local scales
RUSLE [17] > Simple Strong dependance on slope
(Ma) N FeW data (not working in flat areas)
e Soil assessment 8
e  No water runoff
e  Soil and runoff assessment
N/P and Pesticide transport
Studies at local scales »  Highly data demanding on
.. . Soil, Land-use, Climate
SWAT [9] s  Studiesilagricultural flat e  Need hydrological consistent
(S/ Ma/ MO/ D) areas . DTMs
e  GIShbased 2D spatial . .
assessment ° ngh computational
e  (Climate change effects requirements
assessment
e  Possibility to implement VBS
e  Strong fitting of modeled with
measured data e  Very highly data demanding
VFSMOD [18] e  Strong support literature e  Single storm event modelling
(S, Ma, Mo) e N/P and Pesticide transport e  Mono-dimensional modelling
assessment o  Difficulties to spatialize the
Studies at design/plot scales assessment
Very focused on VBS
e N/P and Pesticide transport
assessment
REXTOX [19] e  Studies at local scales e  Single storm event modelling
(5, Ma, D) e GISbased 2D spatial ¢  No sediment transportation
assessment

° VBS effectiveness assessment

The two test sites are representative of such contrasting pedological features with the
Gioia area, to the south, characterized by fine-grained mineral soils (OC < 4%) and the
Studiati’s, to the east, showing coarse-grained peat soils (OC > 20%). In both areas, in the
frame of the H2020 PHUSICOS project [20], VBSs and WCCs were implemented in some
plots, mainly aimed at reducing sediment transport and runoff.

The efficacy of such NBSs is modelled under different pedological and climatic con-
ditions. To this aim, different scenarios were set up in SWAT+ environment for result
comparison. They consisted of: (1) a control (baseline) scenario (S0), implementing con-
ventional agricultural practices, (2) an NBS scenario, implementing both 3 m-wide VBS
and WCC. Both scenarios were modelled under different climatic settings such as current
climate (referring to the 2010-2015 period); future long-term mild climate changes (RCP 4.5
scenario simulated for the period 2095-2100); future long-term strong changes (RCP 8.5
scenario simulated for the period 2095-2100). Since the main purpose is to estimate runoff
and soil losses at local (farm) scales, high resolution input data were set in the model.
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I_7 Studied areas

Soil sampless USDA class
® Loam
@ Clay loam
Silt loam
Silty clay loam
D Sandy loam

a)

2. Methods

Type of input data and their accuracy for running the SWAT model mostly depend on
the scale of the assessment. They concern: (1) soil properties which can be derived from
available regional databases or from local sample data; (2) DTM at suitable resolution for
representing the scale of the hydrographic network; (3) land use maps at the proper scale;
(4) weather data. For large scale applications, high-resolution data assure the reliability of
the modelling results.

The DTM used for simulations was derived from close-range 20 cm cell size pho-
togrammetry with dm-scale roughness affecting surficial water flow. Therefore, DTM
post-processing procedures were essential to delineate watersheds and hydrographic net-
works consistently with those detected in the field. To this aim, both the automatic “burn-in”
function of SWAT+ [21] and manual DTM carving were applied, resulting in a hydraulically
consistent watershed and draining network delineation.

Soil maps were interpolated on local soil data derived from Silvestri et al. [22] (Figure 1).
Most of the required parameters were directly measured by the authors (sand, silt and
clay percentages; USDA classification; organic matter per cent content; PH; electrical
conductivity; albedo ratio; CaCO3 per cent content). The remaining parameters were
obtained by applying empirical pedo-transfers developed on similar soil types. Specifically,
bulk density (BD) available water content (AWC), USLE soil erodibility (KUSLE) were
set through empirical equations [23-25]. The hydraulic conductivity (Ksat) was derived
from direct measurements on soils with similar textures and organic content in comparable
contexts, instead.

T\ r‘"a b 4\ Available data (measured):
o’ ‘e Sand [%] \
o Silt [%] -
e Clay [%]
¢ Organic matter [%] J

e PH

e Elect. Cond. [pS/m]

e Cation exc. cap. [meq/100g]

e Nitrogen N - m. Kjeldahl [%o]

e Exc. potassium K (ppm)

e Assimilabile P - m. Bray (ppm)
¢ Assimilable P - m. Olsen (ppm)

Derived data (PEDOTRANSFERS):+
e Bulk density [g/cm3]

e FC Field Capacity [%]

o WP wilting point [%]

* Available water content [%]

Estimated Data:
e Ksat [mmH20/h]
) e Albedo [%]

Figure 1. (a) Inset of the study area; (b) soil sample [22] used for raster interpolation and zonal
statistics, classified based on USDA textures; (c) list of input parameters demanded for modelling
distinguishing the measured data, data derived by empirical equations, based on input parameters
included in red curly brackets, and data estimated based on similar soil samples in the same setting.

SWAT+ soil input data were set discretizing the continuous variables in individual
soil units based on soil textures and organic content. Soil units were then used for zonal
statistics to estimate the mean values of the remaining parameters.

Input maps of land use were used to differentiate SO from NBS scenarios (S1), by
specifying the cycles of crop rotation and the type of land cover on areas interested by the
NBSs. The land use maps were delineated based on remote sensing on the high-resolution
orthophoto and DTM and implementing the NBS design layouts. High-resolution data
allowed for the mapping of individual plots with different crop-rotation; given the large
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scale of the analysis, VBSs and areas interested by WCCs were also mapped as individual
polygons, thus representing the real extension of the measures’ implementation (Figure 2c,f).
The different land-use units mapped were linked to new codes implemented in the SWAT +
SQL database and characterized by different crop rotations schemes, for which calendars of
agrotechnical operation were collected from farmers. A complete set of information about
the agricultural operations was available for both areas since 2010; therefore, modelling was
carried out in the time interval 2010-2015. Actual operations were represented in the model
by implementing proper management operation schedules over the whole period, for each
crop rotation scheme (land-use type) carried out different land parcels (Figure 2a,d). In such
a way, the actual calendars were used rather than automatic scheduling. For hydrological
response units (HRUs) interested by NBSs, two different schedules were developed repre-
senting S0 and S1, respectively, thus scheduling only conventional agrotechnical operations
or implementing VBSs and WCC operation cycles.

Cadastrial parcels [ 44
Il 42 B 46

Figure 2. Land-use map used as input in SWAT+. They are differentiated based on cadastral parcels
interested by different crop rotations schemes in the Studiati (a) and Gioia (d) areas, land use for
the baseline scenario SO (b,e), land use for the scenario S1 accounting for different agricultural
techniques (c,f). Cadastral parcels: identified according to official ID: 42, 44, 46, 248, 251, 253, 250;
Land use: 1 = unpaved rural roads, 2 = paved roads/areas, 3 = water bodies, 4 = uncultivated bushy
areas, 5 = uncultivated grassed areas, 6 = conventional agriculture, 7 = conservative agriculture (S1),
8 = vegetated buffer strips (S2).

Given the local scale of the modelling, the high-resolution of input data, and the
availability of local data from a weather station close to the study area (the Metato station
sited 4.8 km to the south [26]), the use of observed weather data was preferred. A complete
set of data on rainfall, temperature, humidity, wind velocity and direction, and solar
radiation was available with a 15 min time interval since 2010, with very few gaps. Only
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temperature and rainfall depth were available for previous periods (since 1990). Based on
local data used for model downscaling and calibration [27-30], future data for the RCP 4.5
and 8.5 climatic scenarios were modelled with Climate Change Toolkit (CCT) [31].

3. Results and Discussion

The approach used provided detailed estimates of agricultural practices and NBSs
performances regarding site runoff and soil erosion dynamics with their spatial distribution
referred to spatial units defined as HRUs [9,12,32] with a resolution of a few square meters.

The study focused on the annual average runoff depths and sediment yield rates, the
latter consisting of the areal average of the sediment detached from each HRU. Averages
over the whole study areas are weighted based on HRU extension.

Analyzed results for the different modelling scenarios are synthesized in Table 2 and
differentiated based on the test area, the NBS scenario and climatic setting, respectively.

Table 2. Main results from modelling the different NBS and climatic scenarios at the two study areas.
Runoff and sediment yield are reported as annual averages at HRUs. Future climatic scenarios take
into account mild climate changes according to IPCC RCP 4.5 scenario (Future 4.5), and strong climate
changes according to IPCC RCP 8.5 scenario (Future 8.5) [6,7].

Average Annual Runoff Sediment Yield

CLIMATE  SCENARIO Rainfalls (mm x y—1) (mm x y—1) (txha=1 xy1)

Weighted mean Weighted mean

STUDIATI
S0 1178 89 0.14
Current

S1 1178 87 0.09

S0 899 16 0.01
Future 4.5

S1 899 16 0.01

SO 738 16 0.02
Future 8.5

S1 738 16 0.01

GIOIA
SO 1178 70 3.47
Current

S1 1178 68 0.43

S0 899 77 1.76
Future 4.5

S1 899 74 0.45

S0 738 50 2.94
Future 8.5

S1 738 48 0.55

Under current climatic conditions, the Studiati area, characterized by coarser grained
peat soils, shows low average runoff depths (Table 2), although some peak values are
detected along the channel scarps and rural roads. Additionally, sediment yield is quite low
on average, although channelized flows along ditches and channel embankments induced
focalized erosion resulting in high sediment yield values. When NBSs are implemented in
the model, a slight decrease in average runoff values is detectable (from 89 mm to 87 mm,
Table 2), whereas the mitigative effect of VBSs and WCCs is more evident on sediment
yield production considering both maximum values (from 6.73 t0 2.33 t x ha~! x y~!) or
weighted averages (from 0.14 to 0.09 t x ha~! x y~!, Table 2). When considering future
climate changes, characterized by lower rainfall depths (Table 2), the runoff and sediment
yield values decrease accordingly. Under such climatic conditions the implementation of
NBSs in the model did not induce significant changes.

The Gioia area is characterized by the same climatic and morphological setting but
different pedological features dominated by fine-grained mineral soils. In this area, under
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current climatic conditions, average annual runoff depths are in the same order of magni-
tude as the Studiati area (Table 2), although a larger variability is detected among different
soils. Such an effect is even more evident when considering sediment yield, which can reach
very high peak values within areas of limited extensions, characterized by channelized
flows (up to 34 t x ha=! x y~!,Table 2). The implementation of VBSs resulted in the runoff
reduction at the VBSs and a significant sediment yield reduction along both VBSs and
WCCs a (from 3.47 to 0.43 t x ha~! x y~!, Table 2). When considering future climatic
conditions, the area shows similar trends but with lower peak values related to the lower
rainfall depths. In this area, the mitigative effect of NBSs is evident also under the most
extreme variation with the capability to reduce sediment yield up to 80% (Table 2).

4. Conclusions

The present study is one of the few applications of SWAT+ model to a very local
scale and based on data with a very high resolution. The study showed the proper model
setup for different scenarios to assess the efficacy of NBSs in mitigating runoff and soil
erosion hazards in both different climatic conditions and a very particular morphological
and pedological setting, given flat agricultural area in a reclaimed marshy area in Central
Italy. NBSs considered are vegetated buffer strips (VBSs) and winter cover crops (WCCs)
which are being implemented in the frame of an EU Horizon 2020 PHUSICOS project to
deal with runoff, soil erosion and, consequently, nutrient transport.

Modelling on high-resolution data provided evidence of the variability of runoff and
soil erosion depending on the soil type and minor topographical variations, which are
able to emphasize or dampen the mitigative effects of NBSs. Specifically, in areas showing
lower flow accumulation and coarser soils, with higher permeability, NBSs are effective for
high annual rainfall depths. Their effect is reduced when average annual rainfall decrease,
instead. Conversely, in areas with finer soils, with more significant flow channeling, the
mitigative effect is also emphasized when lower rainfall depths are modelled for future
strong climatic changes.

The study proves Swat+ to be a viable approach, also for assessments at field scales.
It can thus be intended as a supporting analysis tool for farmers and stakeholders when
setting up sustainable agricultural management and planning.
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