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Abstract: Vineyards are among the land uses with the highest soil degradation rate in Mediterranean
Europe, mainly due to intensive tillage management. Therefore, practices able to foster soil health are
critical to promote sustainable wine production. We studied the following treatments in two organic
farms in Chianti Classico (Italy): conventional tillage, spontaneous vegetation, pigeon bean (Vicia
faba var. minor) incorporated in spring and a mixture of barley (Hordeum vulgare) and squarrosum
clover (Trifolium squarrosum), both incorporated and left as mulch. An innovative approach, based on
gamma-ray and apparent electrical conductivity, was used to account for the fine-scale soil variability
that was included in the statistical model. Mulched groundcovers were associated with higher soil
organic matter compared to tillage, already after two years. An increased N availability was found
under all groundcovers compared with tillage. The effect of soil management practices on P2O5

strongly varied across farms and years, while it was not statistically significant on K availability.
Spontaneous vegetation positively influenced the soil structure index, soil penetration resistance and
soil biological health. The results show that mulched groundcovers can improve soil health already
in the short term, thereby potentially increasing the sustainability of the wine sector.

Keywords: cover crop; tillage; green manure; organic farming; sustainable agriculture

1. Introduction

Soil is a key natural resource for humankind as well as for agriculture. It has been
estimated that about 95% of the food comes directly or indirectly from soils [1]. Soil
biodiversity provides a wide set of essential ecosystem services (ESs), including key ones
such as biomass production, climate regulation, C-sequestration and nutrient and water
cycling [2,3]. Global and international policies have clearly identified the importance of
soil health among the main pillars of ecosystem stability and human welfare [4].

Despite the recognized importance of soil health, global soil loss ranges between 12
and 36 billion t year−1 due to unsustainable management [5,6]. In Europe, soil degradation
has significantly increased in the last decades thereby calling for immediate action to miti-
gate, e.g., erosion, compaction, organic matter decline and biodiversity loss [7,8]. Vineyards
are among the land use types with the highest mean soil loss rate (about 9.5 t ha−1 year−1

vs. 2.5 t ha−1 year−1 on average of all land use types), as they are mainly located in the
hilly areas of Mediterranean Europe [9].

In these countries, vineyards have been historically planted on poor soils, character-
ized by a coarse texture, high stoniness, low soil organic matter (SOM) and low capacity
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to protect SOM from degradation [10]. These characteristics, along with the steep topog-
raphy and the Mediterranean climatic pattern characterized by strongly uneven rainfall
distribution across the year, make those soils highly susceptible to erosion and other forms
of degradation. Moreover, land preparation for vineyard plantation has a strong impact
on soil features, because soil is often deep ploughed or dug up by excavator, and the land
topography is usually leveled to adapt vineyards to mechanization. These activities, if not
optimally managed, can create areas highly prone to soil degradation. In particular, soil
scalping and soil horizon mixing can bring to strong SOM decline, loss of soil biodiversity,
crop nutrient deficiency and decrease of water retention [11].

Intensive tillage practices normally applied in modern vineyard management has
further escalated soil degradation by fostering SOM oxidation [12,13], negatively im-
pacting the activity and diversity of soil biological communities [14–16], disrupting soil
structure [17] and increasing soil erodibility [18,19].

Although vineyards have been identified as an important land use system to deliver
ESs [20], their provision is under threat due to the intensive cultivation practices adopted
by growers [21]. Soil degradation has, therefore, raised concerns among consumers and
local institutions regarding the impact of wine production on natural resources and has
questioned the long-term sustainability of this sector. There is, therefore, a clear need to
protect or rehabilitate the capacity of Mediterranean vineyards to deliver ESs through
management practices able to reverse soil degradation and support soil health.

In this context, the introduction of cover crops (CC) can be instrumental in restoring
soil functionality, due to their impact on SOM and physical and biological soil quality [22].
The role of CC and, in particular, permanent CC or natural vegetation cover in the inter-row
of vineyards to control water erosion is widely accepted [23,24]. Vegetation cover protects
soils from raindrop impact, increases water infiltration and reduces water speed and
runoff. Vegetation cover also represents an important addition of OM to soils. Significant
increases in SOM were found in no-till and reduced till inter-rows where CCs were grown
as compared with conventional tillage [25,26], although the magnitude of these effects
varied across sites and wine regions [27–29].

Organic matter input coupled with more conservative tillage practices can posi-
tively impact soil physical characteristics by improving soil aggregates and reducing
their turnover [10,30,31]. In addition, vegetation cover and mulch from CC residues mit-
igate soil erosion, one of the major contributors to soil degradation in Mediterranean
vineyards [32,33]. Nevertheless, such a mitigation effect seems to be very dependent on
CC management [31] and slope range [34].

Soil cover practices also hold potential to improve the habitat for soil microorganisms
and micro-, meso- and macrofauna [35]. The labile soil organic carbon (SOC) input from
CC can increase microbial carbon [36] and soil-borne fungal richness [37] as compared to
conventional tillage. However, the effects of CC on soil microbiota has been shown to be
strongly affected by soil type, soil management and wine growing region [38]. CC were
also reported to encourage the soil mesofauna [39], increase the soil biological quality index
(QBS) [15] and favor earthworm populations [40]. However, these results are far from
being generalized. A recent meta-analysis [41] suggests that further studies are needed,
especially on certain aspects (e.g., the effects of tillage and of temporary vs. permanent
CC on soil microarthropods), to fully reveal the effects of vineyard management on the
soil’s biological quality. The highly variable and site-specific response of CC establishment
in vineyards on SOM and physical and biological soil health calls for additional on-farm
studies. These are instrumental to improve knowledge of the ecological processes and
effects related to CC across different climatic, edaphic and management conditions.

Although on-farm experiments offer several advantages for agricultural research
and development, e.g., practical application of research outcomes and closed exchange
with stakeholders [42], soil variability and the need for simple experimental designs can
often reduce the statistical power and hamper the scientific rigor of the trials. This is
particularly relevant in vineyards, where soil variability is often substantial, as a result
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of the combination of tillage, earth movement during the plantation establishment, in-
herent geological diversity and soil erosion. Furthermore, vines are displaced in rows;
hence, complex randomized designs are more difficult to be implemented. In this context,
multi-location experiments and fine-scale soil mapping represent critical tools to improve
the power of agronomic experiments and related analyses. Soil maps can be produced
by the use of soil apparent conductivity (ECa) measurements. The resulting maps have
been mainly used in two ways: (i) identifying homogeneous zones in order to improve
blocking [43]; (ii) including the ECa as a continuous co-variate in statistical models [44].
Among these two options, the authors of [45] clearly demonstrated that using ECa as a
covariate resulted in larger improvements in statistical power. Gamma-ray spectroscopy
has also been used in the last decade for proximal soil sensing in cropland. Passive gamma-
ray spectrometers measure the natural emission of gamma-rays from the topsoil (first
30–40 cm), in particular the emission of the radionuclides 40K, 232Th, 238U. The radionu-
clides content of the soil is strongly related to soil parent material mineralogy and to several
soil physical and chemical characteristics, namely texture, calcium carbonate content and
stoniness [46,47]. Despite their large potential, ECa and gamma-ray have been used merely
as a mapping tool [48–50], while, to the best of our knowledge, they have never been used
to improve the assessment of soil management and other agronomic practices in vineyards.

In this paper, ECa and gamma-rays were used to produce soil maps of selected edaphic
parameters that are statistically correlated with those technologies. We then extracted soil-
related covariates and included them in statistical models to study the effect of different
agronomic practices applied in two distinct areas of Chianti Classico DOP (Italy), one of the
most renowned wine regions worldwide. Here, innovative organic farmers have applied
mixtures of cereal and leguminous CC or left spontaneous vegetation to grow along with
non-inversion tillage to restore and protect their soils. Nevertheless, these innovations
were not supported by local studies, thereby calling for on-farm testing as a basis to discuss
the effectiveness of these practices with local stakeholders. This paper aimed to study the
short-term effects of different soil management and CC practices directly chosen by local
farmers, on chemical, biological and physical parameters, taking into account the edaphic
variability that characterizes the experimental sites.

2. Materials and Methods
2.1. Site and Experimental Design

The experiment was conducted from 2017 to 2020 in two commercial organic farms
located in two different areas of the Chianti Classico wine district (Tuscany, Italy). A
first site, Fattoria San Giusto a Rentennano (SG) (43◦22′14.1” lat. N, 11◦25′19.4” long. E),
is located in Gaiole in Chianti (Siena province) at 233 m a.s.l. Average annual rainfall
and air temperature are 801 mm and 14.4 ◦C, respectively. Soils are loamy, moderately
gravelly (5–15%), developed on marine sands and Pliocene conglomerates. The second
site, Montevertine (MT) (43◦30′06.2” lat. N, 11◦23′29.0” long. E) is located in Radda in
Chianti (Siena province) at 425 m a.s.l., where average annual rainfall and air temperature
are 824 mm and 12.6 ◦C, respectively. Soils are stony, from silty clay loam to clay loam,
developed on marls and limestone of the Sillano formation. The average slope of the
experimental vineyards is ca. 10% at both sites.

The vines (Vitis vinifera, L. cv. Sangiovese R10, rootstock 420A) were planted in
rows (2.50 × 0.8 m, i.e., 5000 plants ha−1) with S-W and S-E orientation at SG and MT,
respectively. The year of establishment of the vineyards is comparable (1995 and 1991 at
SG and MT, respectively). The training system is Guyot at SG and spurred cordon at MT.
Five soil management practices were studied in both farms (Figure 1):

• Conventional tillage, performed once in autumn, spring and summer with a rigid tine
cultivator at 15 cm depth (CT);

• Pigeon bean (Vicia faba L. var. minor (Peterm. em. Harz) Beck. L.) CC sown at
90 kg ha−1 in autumn and soil incorporated with a disc plough at 15 cm depth in late
spring (PBI);
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• A mixture of barley (Hordeum vulgare L.) and squarrosum clover (Trifolium squarrosum
L.) CC sown in autumn at 85 and 25 kg ha−1, respectively, mown in late spring and
left as dead on soil surface mulch (BCM);

• A mixture of barley and squarrosum clover CC sown as described above and soil
incorporated with a disc plough at 15 cm depth in late spring (BCI);

• Spontaneous vegetation mown in late spring and left as dead mulch on soil surface (S).
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Figure 1. Experimental design of the study. CT = Conventional Tillage; BCM = Mulched cover crop mixture of barley +
Scheme 5. × 100 m). Treatments including CC were allocated to alternate rows. The inter-row receiving a CC treatment was
shifted every year, as this is common practice in the area. Conversely, CT and S were implemented on both inter-rows. Each
experimental plot was divided in three replicates according to the slope of the vineyard. Treatments were separated by a
buffer strip which was mown in spring and summer.

2.2. Soil Variability Surveys

The two experimental sites were preliminary surveyed with two proximal sensors:
(i) an EM38-Mk2 electromagnetic induction sensor (Geonics Ltd., Mississauga, ON, Canada)
and (ii) “The Mole,” a gamma-ray spectroradiometer (Soil Company, the Netherlands). The
former measures ECa across two depth intervals, about 0–75 cm (ECa1) and 0–150 cm (ECa2).
The EM38-Mk2 sensor was positioned on a non-metallic cart and pulled by the operator
across every other inter-row. “The Mole” is a gamma-ray spectrometer with a CsI (Caesium
Iodide) scintillator crystal of 70 × 150 mm, coupled to a photomultiplier unit and a multi-
channel analyzer system with 512 energy bands. The sensor was placed in a handbag and
carried by the operator following the same itinerary of the ECa survey. The gamma-ray
spectrometer measures the total spectrum of gamma ray emission from a soil depth varying
from 0–30 to 0–40 cm. The gamma-ray spectra were analyzed by “The Gamman” software
(Medusa Systems, The Netherlands), using the Full Spectrum Analysis (FSA) [51]. The soft-
ware allowed to identify and delete data outliers and to process gamma-ray spectrum for
calculation of individual radionuclide concentrations (40K, 238U, 232Th) and TC, expressed
in Bq·kg−1.

Both sensors were supplied by GPS with metric precision. The advantages of using
these instruments to obtain maps of soil spatial variability were extensively explained
in [50,52].

Geographical Weighted Regression (GWR) was adopted to estimate the spatial distri-
bution of selected soil parameters. The GWR is a geostatistical method for the estimation
of non-stationary data, which includes a spatial weighting function in the regression
model [53]. The GWR was preferred to the regression kriging due to the small size of the
experimental site (less than 0.5 ha) and the limited number of soil pits (15 in total), which
might have affected the correctness of the semi-variogram. The GWR does not need a semi-
variogram, but only spatial weights incorporated into the regression, computed from a
weighting scheme. The Gaussian weighting function was chosen for all the regression mod-
els. The bandwidth of the function determines the distance at which the regression weights,
and then the regression coefficients, are recalculated. Bandwidth of the weighting function
was set at 30 m, corresponding to the distance which includes at least five sampling points.
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We used ECa1, ECa2, TC-gamma (gamma ray total count), and the relative slope position
(obtained by the digital elevation model) as independent variables to estimate the content
of clay, silt, sand, gravel, K, Mg, and total limestone of the two experimental sites. The soil
analyses carried out in 2017 were used to calibrate the geographical regression models.
The GWR model showed unacceptable errors of prediction of SOM, when using the ECa1,
ECa2, TC-gamma, and the relative slope position as predictive variables. Therefore, this
set of predictive variables was complemented by the previously estimated maps of clay,
silt, and sand. Adding the maps of textural fractions as predictors increased the accuracy
of the prediction. GWR was performed by the software SAGA-Gis, which provides the
map of the variable selected for regression and the map of coefficient of determination (R2)
calculated in each prediction point, since the regression model varies along the space [54].
The R2 map allows to distinguish areas where the regression fits well from areas where
the regression shows lower accuracy. For each predicted map, we reported the mean R2,
the adjusted-R2 (R2

adj), the Root Mean Square error of calibration (RMSE), and the Ratio
of Performance to Deviation (RPD), which is the ratio between standard deviation of the
calibration points and the RMSE. RPD values higher than 1 demonstrate that the prediction
error is lower than the standard deviation of the calibration samples.

2.3. Soil Characterization and Chemical Analysis

An initial soil sampling campaign was conducted in October 2017 prior to the imple-
mentation of the treatments and served to characterize the soil at the two experimental
sites. A total of 15 soil pits per farm were opened, one per replicate. Samples were taken
at three different depths, namely 0–10, 10–30 and 30–60 cm. Soil was air-dried, passed
through a 2-mm sieve and analyzed for physical and chemical properties. The soil texture
was determined following the USDA classification [55]. SOM concentration was analyzed
with the Walkley-Black acid oxidation method [56]. Total N was analyzed with the Kjeldahl
method [57]. Available P2O5 was analyzed with the Olsen method [58]. Exchangeable
K, Ca and Mg were analyzed with the barium chlorine method [59]. Active lime was
analyzed with the Drouineau method [60], while the total carbonate was analyzed with
the volumetric method [61]. Gravel was visually estimated in field through the charts for
estimating proportions of coarse fragments and expressed as volumetric percentage [62].

The second and third soil sampling campaigns were carried out in both farms in
November 2018 and January 2020, respectively. A composite sample of three sub-samples
collected over an area of one square meter was taken in each of the three replicates. Samples
were taken at 0–10 and 10–30 cm depths. The geographical coordinates of each sampling
point were recorded by a centimetric GNSS rtk (Emlid Reach rs+, Lora connection).

2.4. Soil Physical Analysis

Soil physical analysis included the Structure Stability Index and Soil Penetration
Resistance. Soil samples for structure stability index were taken in November 2018 and
January 2020 at both experimental sites. A gauge shovel was used to take a composite
sample from the middle of each replicate. Two different depths ranges were sampled,
namely 0–10 and 10–30 cm. Samples were air dried, passed through a 2 mm sieve and
then analyzed. Structure stability index was determined using wet sieving with vertical
oscillation (30 oscillations per minute) as described by the authors of [63]. Specimens
of 10 g aggregates of 1–2 mm size (weight A) were used for the analysis. The aggregate
specimens were wetted by capillarity and then sieved (0.2 mm sieve) in water for 30 min
and re-weighted (weight B). After this treatment, aggregates >0.2 mm were dried at 105
◦C and weighted (weight C). The stable aggregates were then dispersed with sodium
hexametaphosphate, sieved with distilled water, dried and weighted (weight D). The
structure stability index was calculated as follows:

Structure stability index = [(C − B)−(D − B)/(A − (D − B))] × 100 = [(C − D)/(A + B − D)] × 100 (1)

A Fieldscout SC 900 Soil Compaction Meter (Spectrum technologies Inc., Aurora,
IL, US) was used to collect soil penetration resistance data (cone tip size = 1

2 inch). Two
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sampling campaigns were carried out, one in December 2018 and one in February 2020.
A total of five sampling points per each replicate were surveyed in each inter-row which
had received the treatment. Tractor wheel tracks were avoided by sampling in the central
part of the inter-row space. Soil penetration resistance was recorded every 2.5 cm across
the 0–45 cm depth range. Given the high percentage of gravel (especially at MT), the soil
penetration resistance dataset was screened for outliers. Specifically, measurements with
soil penetration resistance increments higher than 300 kPa cm−1 were identified as stones
and excluded from the dataset, as suggested by the authors of [64]. The geographical
coordinates of each sampling point were recorded by a centimetric GNNS rtk. The values
of soil penetration resistance measurements at each 2.5 interval were averaged across the
0–20 and 20–45 cm layers.

2.5. Soil Biological Quality Index

The Soil Biological Quality (QBS-ar) index was adopted as a proxy for soil biological
health. Soils were sampled in November 2018 and January 2020 at both farms. Three 10 cm3

undisturbed soil samples were taken per each replicate in the inter-row that had received
the treatments. Undisturbed samples were placed in a Berlese funnel to extract micro-
arthropods for 7 days. Light bulbs were placed above the samples in order to stimulate
microarthropods to move towards the bottom of the funnel and be collected in a preser-
vative solution (75% ethanol). The harvested micro-arthropods were analyzed through a
stereo microscope (20–40×) and the Eco-Morphological Index (EMI) was attributed per
each taxon. GPS coordinates were taken for each soil sample. A detailed explanation of the
QBS-ar methods is reported in [65].

2.6. Statistical Analysis

The soil maps (clay, sand, silt, K, Mg, gravel, total limestone) were used to extract the
values of the selected soil parameters according to the geographical coordinates where
the soil samples were taken in both experimental years. We used these parameters as
covariates in our statistical model at both experimental sites. The extrapolation of soil
covariates was carried out in QGIS 3.6.3 (“join by location function”).

Variable selection was carried out by choosing, among all possible variable subsets, the
model with no interactions which showed the minimum BIC (bestglm—best-glm package).
Such variables were used to feed the Feasible Solution Algorithm (FSA—rFSA package),
allowing the algorithm to include interactions. FSA solutions are optimal in the sense that
no single swap to any of the variables will increase the criterion function (BIC). FSA was
firstly used to study the data from 2017 taken prior the implementation of the trial. This
served to investigate differences across the inter-rows where the treatments would have
been implemented and which were coded as “Treatment-T0.” Treatment-T0 was never
selected by FSA as a critical factor for SOM, N, P2O5 and K, thereby suggesting that any soil
variability between and within inter-rows could be controlled by soil covariates. Best-glm
and FSA were then used to analyze the data collected in 2018 and 2019 following the
implementation of the treatments. We included “treatment” as fixed variable when it was
not specified by best-glm. Generalized Linear Models (GLM) with Gamma distribution
and logarithm link function were used for the analysis of N, SOM, P2O5, K, QBS and soil
penetration resistance (lme4 package). Soil structure stability index was analyzed with a
linear model. In all cases, residuals were assessed visually and a Shapiro–Wilk test was
performed. Analysis of variance (type III SS) was used to check for statistically significant
variables from each model (linear or GLM) fit. Estimated marginal means were used to
obtain p-value corrections, with Tukey’s post hoc test (α = 0.05). All statistical analyses
were performed in R (version 3.4.3, 2017).
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3. Results
3.1. Soil Variability Surveyed through ECa and Gamma-Ray

At SG, gamma-ray TC were on average 357 Bq kg−1 while ECa in the shallower (ECa1)
and deeper (ECa2) layers, respectively, spanned from 11.5 to 23.8 (mean = 16.8) mS m−1

and 20.1 to 36.5 (mean = 27.2) mS m−1 (Figure 2). In this farm, gamma-ray TC showed
marked differences between the northeast, ranging between 400 and 470 Bq kg−1, and the
southwest portion of the vineyard, ranging from 277 to 325 Bq kg−1 (Figure 2b). Conversely,
ECa values did not show such a net differentiation. Rather, ECa1 and ECa2 highlighted
patches of high (e.g., central part on the north edge) and low ECa (e.g., south portion)
(Figure 2c,d). The difference of gamma-ray TC between the eastern and western parts of
the vineyard can be probably explained by slightly different topsoil features. In particular,
the topsoil of the eastern part of the vineyard has a higher clay content, 27–29% versus
about 20% of the western part.
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measured at San Giusto a Rentennano.

At MT, gamma-ray TC were on average 375 Bq kg−1, while ECa1 and ECa2 ranged
from 0.27 to 26.8 (mean = 10.8) and 13.4 to 38.8 (mean = 22.4) mS m−1 (Figure 3), respectively.
Gamma-ray TC were particularly low in the southeast and northwest portions of the
experimental site (Figure 3b). ECa showed, in general, lower differences as compared
with gamma-ray TC. Nevertheless, ECa1 highlighted high ECa values in the northeast and
southwest corners of the plot. ECa2 showed a generally lower soil heterogeneity at deeper
soil layers and an area of high EC on the southwest portion of the vineyard, which was
consistent with ECa1 values.

In both the farms, the maps of the highest gamma-ray radionuclide (40K) followed
the pattern of the TC, whereas the other two radionuclides (238U, 232Th) showed low
values and high noise within the vineyard. This is probably due to the homogeneity of the
mineralogy of the soil parent materials, which had mainly calcareous and was poor in U
and Th. For these reasons, only gamma-ray TC was used as covariates for soil features
mapping interpolation.

Overall, ranges and means of ECa and gamma-ray TC were similar at the two ex-
perimental sites. Indeed, the soil texture was comparable, but the two farms differed
in terms of: (i) gravel, which was higher at MT (from 23 to 37%) than at SG (from 7 to
20%); (ii) SOM, which was on average 50% higher at SG; (iii) active limestone, with higher
and more variable values at SG (mean = 13.4%) than at MT (mean = 6.2%) (Table 1).
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Table 1. Weighted average of soil chemical properties (depth = 0–60 cm) at Montevertine and San
Giusto a Rentennano upon sampling in October 2017.

Montevertine (MT) San Giusto a Rentennano (SG)

Mean Max Min Mean Max Min

PH 8.1 8.2 7.9 8.0 8.2 7.8
P2O5 (mg kg−1) 20.1 44.5 5.2 10.6 54.0 2.9

K (mg kg−1) 98 134 84 141 258 81
Ca (mg kg−1) 5299 5902 4207 3116 3502 2400
Mg (mg kg−1) 102 210 55 54 63 40

SOM (g 100 g−1) 0.8 1.2 0.4 1.2 1.5 1.0
N (g kg−1) 0.9 1.1 0.7 0.9 1.1 0.8

Total limestone (%) 18.7 24.7 8.3 22.4 40.0 0.5
Active limestone (%) 4.5 6.2 2.5 7.0 13.4 0.1

Clay (g 100 g−1) 27.4 33.2 18.5 25.2 31.2 19.6
Loam (g 100 g−1) 49.5 63.7 42.1 43.4 59.8 32.6
Sand (g 100 g−1) 23.1 33.0 17.8 31.4 38.3 20.7

Gravel (%) 32 37 23 12 20 7

The soil maps produced using the GWR showed in general a better fit at SG due
to the higher soil variability that characterizes this site. Total limestone, K, sand and silt
were the soil parameters showing higher mean R2, R2

adj and RPD for GWR models at SG
(Table 2). By contrast, gravel and SOM displayed lower mean R2 and R2

adj. This is mainly
due to the great homogeneity of these parameters within the vineyard. The standard
deviation of SOM and gravel of the calibration points was very low: 0.15 g 100 g−1 and
4.1%, respectively. The RPD of the GWR models of SOM and gravel were higher than 1,
and the errors of the models were lower than the standard deviation.

A different scenario was observed at MT, where a more homogenous soil resulted in
generally lower R2 values. Here, mean R2

adj values higher than 0.45 were calculated only
for SOM, total limestone and gravel. The GWR models showed negative R2

adj for sand and
silt, but the errors of the models were anyway lower than the standard deviation of the
calibration points, as demonstrated by the RPD of 2.9 and 3.0 (g 100 g−1).
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Table 2. Mean R2, R2-adjusted (R2
adj), root mean squared error (RMSE) and ratio of performance of

prediction (RPD) of the models used to predict the soil parameters at Montevertine and San Giusto a
Rentenanno from electrical conductivity (ECa) and Gamma-ray total count surveys. RMSE and RPD
are reported in the unit of the variable.

Montevertine (MT) San Giusto a Rentennano (SG)

R2 R2
adj RMSE RPD R2 R2

adj RMSE RPD

SOM (g 100 g−1) 0.78 0.56 0.1 2.6 0.46 −0.08 0.1 1.6
Total Limestone (%) 0.61 0.45 1.7 2.2 0.94 0.92 2.8 5.7

Gravel (%) 0.61 0.45 2.7 1.6 0.34 0.08 3.3 1.3
K (mg kg−1) 0.54 0.36 7.6 1.9 0.89 0.85 14.9 3.6

Mg (mg kg−1) 0.43 0.20 30.4 1.5 0.76 0.66 2.7 2.2
Clay (g 100 g−1) 0.48 0.27 22.1 1.8 0.78 0.69 10.8 2.8
Sand (g 100 g−1) 0.21 −0.11 38.3 1.3 0.81 0.73 20.0 2.9
Silt (g 100 g−1) 0.23 −0.08 36.2 1.5 0.81 0.73 28.6 3.0

3.2. Effects of Soil Management on Soil Chemical Health
3.2.1. Soil Organic Matter

Soil organic matter concentration was significantly affected by treatment, farm, depth
and by the interaction [Farm × Depth]. BCM and S showed significantly higher values of
SOM as compared to CT (Figure 4a). BCI and PBI had a higher SOM in comparison with
CT but did not differ significantly from the other treatments. SOM decreased with depth at
both sites; on average, we found 92% and 40% higher SOM at 0–10 cm than at 10–30 cm at
MT and SG, respectively (Figure 4b).
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Figure 4. Weighted mean Soil Organic Matter (g 100 g−1) averaged across (a) depth and farm; (b) treatments (adjusted-
R2 = 67.6%). CT = Conventional Tillage; BCM = Mulched cover crop of barley + squarrosum clover; BCI = Cover crop of
barley + squarrosum clover incorporated in the soil; PBI = Pigeon bean cover crop incorporated in the soil; S = Mulched
Scheme 0. (Tukey test). Bars denote standard errors of the mean (n = 60). Different letters are significantly different at
p < 0.05 (Tukey test).
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3.2.2. Soil Total Nitrogen

Soil Total N concentration was significantly affected by treatment, depth and gravel
content (Table 3). CT significantly decreased total N concentration as compared with the
other treatments (Figure 5a). Therefore, neither CC type nor termination strategy affected
N. Overall, N was on average 27% higher at 0–10 cm (1.40 g kg−1) than at 10–30 cm
(1.11 g kg−1) (Figure 5b).

Table 3. Significance of variables from the GLM model: type III SS analysis of variance for soil total
N concentration (n = 60).

n Chisq Df p Value

Treatment 45.65 4 ***
Depth 145.01 1 ***
Gravel 5.224 1 *

Depth × Gravel 3.155 1 ns
*, *** significant at p ≤ 0.05 and p ≤ 0.001, respectively.
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centration. In the treatments with groundcover mulching (S and BCM), P2O5 was higher 
than in the treatments where CC were incorporated. High P2O5 fluctuations among treat-
ments were also found across years (Figure 6b). Concerning depth, P2O5 was on average 
about 2.4 times higher at 0–10 cm (22.2 mg kg−1) than at 10–30 cm (9.1 mg kg−1) (Figure 6c). 

Table 4. Significance of variables from the GLM model: type III SS analysis of variance for soil 
available P2O5 concentration (n = 60). 

P2O5 Chisq Df p Value 
Treatment 16.248 4 ** 

Year 8.522 1 ** 
Farm 0.267 1 ns 
Depth 148.968 1 *** 

Figure 5. Weighted mean soil N concentration (g kg−1) averaged across (a) depth and gravel;
(b) treatments and gravel (adjusted-R2 = 63.6%). CT = Conventional Tillage; BCM = Mulched cover
crop of barley + squarrosum clover; BCI = Cover crop of barley + squarrosum clover incorporated in
the soil; PBI = Pigeon bean cover crop incorporated in the soil; S = Mulched spontaneous vegetation.
Treatments (a) and depths (b) indicated by different letters are significantly different at p < 0.05
(Tukey test). Bars denote standard errors of the mean (n = 60).

3.2.3. Soil Available P2O5

Soil P2O5 was characterized by large variability across years, treatments and experi-
mental sites. P2O5 was significantly affected by treatment, year, depth and by the tested
interactions, i.e., Treatment × Year and Treatment × Farm (Table 4). Different trends
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were found across treatments at the experimental sites (Figure 6a). CT showed the lowest
P2O5 concentration at MT, but it was only significantly different from BCM. Conversely,
P2O5 was higher under CT at SG, where it was significantly different from all the other
treatments, and the two CC incorporated in spring (BCI and PBI) showed the lowest P2O5
concentration. In the treatments with groundcover mulching (S and BCM), P2O5 was
higher than in the treatments where CC were incorporated. High P2O5 fluctuations among
treatments were also found across years (Figure 6b). Concerning depth, P2O5 was on
average about 2.4 times higher at 0–10 cm (22.2 mg kg−1) than at 10–30 cm (9.1 mg kg−1)
(Figure 6c).

Table 4. Significance of variables from the GLM model: type III SS analysis of variance for soil
available P2O5 concentration (n = 60).

P2O5 Chisq Df p Value

Treatment 16.248 4 **
Year 8.522 1 **
Farm 0.267 1 ns
Depth 148.968 1 ***

Treatment × Year 34.459 4 ***
Treatment × Farm 66.027 4 ***

**, *** significant at p ≤ 0.01 and p ≤ 0.001, respectively.
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Figure 6. Weighted mean soil P2O5 (mg kg−1) concentration averaged across (a) year and depth; (b) farm and depth;
(c) farm, year and treatment (adjusted-R2 = 64.3%). CT = Conventional Tillage; BCM = Mulched cover crop of barley +
squarrosum clover; BCI = Cover crop of barley + squarrosum clover incorporated in the soil; PBI = Pigeon bean cover crop
incorporated in the soil; S = Mulched Scheme 0. (Tukey test). Bars denote standard errors of the mean (n = 60). Different
letters are significantly different at p < 0.05 (Tukey test).

3.2.4. Soil Exchangeable K

Treatments did not affect K concentration in soils. However, K differed per farm,
depth and total limestone and SOM concentration (Table 5). K concentration was about
31% higher at SG than at MT and 29% higher at 0–10 cm than at 10–30 cm depth.
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Table 5. Significance of variables from the GLM model: type III SS analysis of variance for K (n = 60).

K Chisq Df p Value

Treatment 6.607 4 ns
Year 1.463 1 ns
Farm 16.386 1 ***
Depth 76.04 1 ***

Total limestone 16.072 1 ***
SOM 10.8 4 **

Treatment × Year 8.069 4 ns
Total limestone ×

SOM 0.057 1 ns

**, *** significant at p ≤ 0.01 and p ≤ 0.001, respectively.

3.3. Effects of Soil Management on Soil Physical Health
3.3.1. Soil Penetration Resistance

Soil penetration resistance was affected by treatment, depth, gravel, farm and by two
interactions [Treatment × Depth] and [Depth × Farm) (Table 6). As expected, we found
marked differences across treatments at 0–20 cm depth (Figure 7a). Mulched spontaneous
vegetation increased soil penetration resistance significantly as compared with all the other
treatments. CT significantly decreased soil penetration resistance in comparison with all the
other treatments. A different trend was observed at 20–45 cm depth: treatments including
CC and spontaneous vegetation did not differ significantly among them and had higher
soil penetration resistance than CT, probably due to the higher soil moisture in tilled soil
(data not shown), which facilitated the penetration in those plots. Overall, soil penetration
resistance was significantly higher at 20–45 cm than at 0–20 cm at both experimental sites
(Figure 7b).

Table 6. Significance of variables from the GLM model: type III SS analysis of variance for Soil
Penetration Resistance (n = 600).

Soil Penetration Resistance Chisq Df p Value

Treatment 121.476 4 ***
Depth 268.388 1 ***
Gravel 20.225 1 ***
Farm 58.383 1 ***

Treatment × Depth 14.382 4 **
Depth × Farm 113.525 1 ***

**, *** significant at p ≤ 0.01 and p ≤ 0.001, respectively.

3.3.2. Soil Structure Stability

The soil structure stability index was significantly affected by treatment, farm, year,
total limestone and by the interaction [Farm × Year] (Table 7). CT decreased structure
stability index significantly as compared to S and BCM (Figure 8a). CC incorporated into
the soil showed structure stability values, which were lower than mulched treatments
but higher than CT. Still, those differences were not statistically significant. The structure
stability index was significantly higher in 2018 as compared with 2019 at both farms
(Figure 8b).



Agronomy 2021, 11, 787 13 of 24

Agronomy 2021, 11, x FOR PEER REVIEW 13 of 24 
 

 

other treatments. CT significantly decreased soil penetration resistance in comparison 
with all the other treatments. A different trend was observed at 20–45 cm depth: treat-
ments including CC and spontaneous vegetation did not differ significantly among them 
and had higher soil penetration resistance than CT, probably due to the higher soil mois-
ture in tilled soil (data not shown), which facilitated the penetration in those plots. Overall, 
soil penetration resistance was significantly higher at 20–45 cm than at 0–20 cm at both 
experimental sites (Figure 7b). 

Table 6. Significance of variables from the GLM model: type III SS analysis of variance for Soil 
Penetration Resistance (n = 600). 

Soil Penetration Resistance Chisq Df p Value 
Treatment 121.476 4 *** 

Depth 268.388 1 *** 
Gravel 20.225 1 *** 
Farm 58.383 1 *** 

Treatment × Depth 14.382 4 ** 
Depth × Farm 113.525 1 *** 

**, *** significant at p ≤ 0.01 and p ≤ 0.001, respectively. 

 
(a) (b) 

Figure 7. Mean Soil penetration resistance (kPa) averaged across (a) farm, year and gravel and (b) treatments and gravel 
(adjusted-R2 = 50.5%). CT = Conventional Tillage; BCM = Mulched cover crop of barley + squarrosum clover; BCI = Cover 
crop of barley + squarrosum clover incorporated in the soil; PBI = Pigeon bean cover crop incorporated in the soil; S = 
Mulched spontaneous vegetation. MT = Montevertine, SG = San Giusto a Rentennano. Treatments (a) and depths (b) indi-
cated by different letters are significantly different at p < 0.05 (Tukey test). Bars denote standard errors of the mean (n = 
600). 

3.3.2. Soil Structure Stability 
The soil structure stability index was significantly affected by treatment, farm, year, 

total limestone and by the interaction [Farm × Year] (Table 7). CT decreased structure sta-
bility index significantly as compared to S and BCM (Figure 8a). CC incorporated into the 
soil showed structure stability values, which were lower than mulched treatments but 

Figure 7. Mean Soil penetration resistance (kPa) averaged across (a) farm, year and gravel and (b) treatments and gravel
(adjusted-R2 = 50.5%). CT = Conventional Tillage; BCM = Mulched cover crop of barley + squarrosum clover; BCI = Cover
crop of barley + squarrosum clover incorporated in the soil; PBI = Pigeon bean cover crop incorporated in the soil;
S = Mulched spontaneous vegetation. MT = Montevertine, SG = San Giusto a Rentennano. Treatments (a) and depths (b)
indicated by different letters are significantly different at p < 0.05 (Tukey test). Bars denote standard errors of the mean
(n = 600).

Table 7. Significance of variables from the linear model: type III SS analysis of variance for the Soil
Structure Stability Index (n = 45).

Structure Stability Index Sum Sq df F Value p Value

(Intercept) 57,843 1 2978.209 ***
Treatment 430 4 5.534 ***

Farm 425 1 21.894 ***
year 365 1 18.795 ***

Total limestone 2031 1 104.555 ***
Farm × Year 2721 1 140.078 ***

*** significant at p ≤ 0.001.

3.4. Effects of Soil Management on Soil Biological Quality Index

The Soil Biological Quality Index (QBS) was only affected by the Treatment × Farm
interaction (Table 8). No significant differences among treatments were found at MT, while
at SG, the treatments without spring tillage (BCM and S) had the highest QBS values
(Figure 9). QBS under S (149) was significantly higher than in the other treatments except
BCM, while BCM did not show any significant differences with the other treatments.
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year, silt and farm; (adjusted-R2 = 85.1%). CT = Conventional Tillage; BCM = Mulched cover crop of grasses mixture +
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Table 8. Significance of variables from the GLM model: type III SS analysis of variance for the Soil
Biological Quality Index (QBS) (n = 180).

QBS Chisq Df p Value

Treatment 1.5058 4 ns
Year 0.0777 1 ns
Farm 2.7905 1 ns

Total Limestone 3.8289 1 ns
Treatment × Year 2.9076 4 ns
Treatment × Farm 24.0087 4 ***

*** significant at p ≤ 0.001.
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Figure 9. Mean Soil Biological Quality Index (QBS) averaged across year and total limestone (adjusted-
R2 = 18.3%) at (a) Montevertine (MT); and (b) San Giusto a Rentennano (SG). CT = Conventional
Tillage; BCM = Mulched cover crop of grasses mixture + squarrosum clover; BCI = Cover crop of
barley + squarrosum clover incorporated in the soil; PBI = Pigeon bean cover crop incorporated in
the soil; S = Spontaneous vegetation mulch. Within a farm, treatments indicated by different letters
are significantly different at p < 0.05 (Tukey test). Bars denote standard errors of the mean (n = 180).

4. Discussion
4.1. Effects of Soil Management on Soil Chemical Health
4.1.1. Soil Organic Matter

After accounting for the soil variability across the experimental sites, we found signifi-
cant effects of the mulched CC and spontaneous vegetation on SOM as compared to CT
(Figure 4). This suggests that while CC represents an important OM input, the effect of
spring tillage negatively affected SOM accumulation. In other words, the combination of
soil cover—either spontaneous or sown—with mulching is critical to trigger SOM accumu-
lation. Our results are in accordance with the literature. Numerous studies found a sharp
increase in SOM under mulched groundcovers as compared to tilled soil [13,66–68]. Still in
agreement with our results, Novara et al. (2020) found a very limited and non-significant
increase in SOM following eight years of faba bean CC incorporated in spring. The lower
SOM associated with CT could be a result of the lower C input associated with sponta-
neous vegetation incorporation, a higher mineralization rate triggered by tillage, as well
as of the increased exposure of tilled soils to erosive processes [32], which are much less
pronounced when vegetation is left as surface mulch. Conversely, the significant SOM
accumulation under mulched treatments could have been stimulated by the combined
effect of the OM input provided by seeded and spontaneous groundcovers along with the
erosion/mineralization mitigation role of mulching [33,34,69].

We expected to find evidence of SOM stratification across the two soil depths in
the mulched treatments, as reported in the literature. For example, the authors of [70]
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reported that the highest increase in SOM accumulation under mulched cover cropping
after five or eight years occurred at 0–2.5 cm depth and decreased at deeper depth, until
25 cm. Similarly, the authors of [13] found a significant increase of SOM at 0–5 cm and not
at 5–10 cm depth under mown spontaneous vegetation after three years of experiment.
Nonetheless, our results did not indicate the occurrence of SOM accumulation in superficial
soil layers following mulching; rather, we found a consistent positive effect of mulched
groundcovers on SOM up to 30 cm as compared to CT. On the one hand, it may be
possible that the depth intervals considered in this study (0–10 and 10–30 cm) could be too
coarse to capture the possible SOM accumulation triggered by mulching in very shallow
layers. On the other hand, this study may contribute to the debate on the actual effect of
reduced tillage vs. CT on SOM, particularly on whether reduced tillage actually increases
total SOM or just triggers a redistribution of SOM across the soil profile [71]. Previous
studies have demonstrated the key role of below-ground biomass of CC and spontaneous
groundcovers also at deeper soil layers. The authors of [72] found higher SOM under
spontaneous vegetation up to 50 cm soil depth in an Italian vineyard because of higher
belowground plant biomass. We hypothesize that in our study the higher below ground
biomass provided by the CC and spontaneous vegetation largely contributed to SOM
accumulation up to 30 cm. Indeed, the mean residence time of root C in soils has been
estimated to be more than twice that of shoot C, thereby highlighting the key role of
root biomass for SOM accumulation and C sequestration [73]. Furthermore, tillage has a
detrimental effect on soil aggregates, and therefore, can lead to lower OM protection and a
higher mineralization rate [10]. As a result, the combination of high below-ground residue
biomass and the absence of tillage could have fostered SOM accumulation from 0 to 30 cm
in the mulched treatments.

It should be stressed that these processes were able to influence SOM content in only
one year. We did not find differences in SOM between the mulched CC mixture and
spontaneous vegetation. The latter included the cumulative effect of two years of no-till
and mulched groundcovers. Concerning the mulched CC treatment, we followed the local
practices of alternating the vine row receiving the groundcovers every year. To the best of
our knowledge, this is the first study highlighting such a quick effect of soil cover practices
on SOM. Although additional inquiries are needed to confirm this trend, the short-term
effect of groundcovers may represent an important trigger to facilitate the adoption of soil
cover practices among vine growers.

4.1.2. Soil Total Nitrogen

Soil N availability represents an important criterion for farmers to assess the effect of
soil management practices in vineyards. Viticulturists, especially in Mediterranean areas,
are very much concerned about the competition for N and water that may arise between
groundcovers and vines in the summer period [27,74]. The results from our trials, however,
showed a consistent positive effect of groundcover practices on total N as compared to
CT. Two main reasons can lay behind these results. Firstly, the presence of legumes, also
common in the S treatment especially in spring 2018 (Medicago spp. accounted for 65± 17%
and 57 ± 9%, of total biomass at MT and SG, respectively), could have played an important
role due to the N fixation capacity of these species. Increased N concentration in vineyards
following legume CC is often reported in the literature [75,76]. Secondly, tillage in CT
might have stimulated the mineralization of the organic N pool. The resulting inorganic
N could have been taken up by vines and/or lost via N leaching throughout the season,
thereby decreasing the residual N pool after grape harvest, i.e., when soil samples were
collected. The higher soil nitrate concentrations following tillage found in Californian and
Spanish vineyards [25,26] at the beginning of summer supports this hypothesis.

Overall, we found positive effects of soil cover practices on N, regardless of their termi-
nation strategy (mulch or incorporation). Concerning CC species, we expected that pigeon
bean would have increased soil N concentration as compared to the barley/clover mixture.
Indeed, legume CC have been often reported to increase N availability in vineyards [77],
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especially when compared with grass CC [72,75]. Nonetheless, the authors of [78] recently
found higher N availability under a legume-grass mixture. This has been attributed to
(i) high N retention in roots, a pool that is usually overlooked or underestimated, and (ii)
stimulation of legume N fixation by the presence of a grass companion species. Despite
these findings, in our experiment, we did not find any net effect of CC mixture on the total
N concentration.

Concerning depth, we found a strong interaction of total soil N with soil gravel content
but not with treatments. As for SOM, our results did not highlight an effect of mulch on N
distribution across the soil profile. In contrast, other studies found an accumulation of N in
the first 5 cm under cover cropping in comparison with CT [26]. Our results indicate that
cover cropping affected soil N at different depths irrespectively of the type of tillage.

4.1.3. Soil Available P2O5

We did not identify a clear trend on the effect of soil management practices on soil
available P2O5, as this varied considerably across years and experimental sites. Different
effects are reported in the literature. The authors of [76] did not find cover cropping
to affect soil P availability in a Spanish Tempranillo vineyard where barley and clover
CC were compared with CT. Similar results were obtained in a South African sandy soil,
where a wide range of CC species was tested against spontaneous vegetation and full
chemical weed control [79]. Conversely, the authors of [68] found a positive effect of
spontaneous vegetation on P availability both in the inter-row and in the soil under the
vines. We hypothesize that the marked differences in soil available P2O5 found between
farms in our study can be due to the large difference in terms of groundcover biomass
production in the spring. Biomass production was on average much higher at SG than at
MT, being 62%, 56%, 61% and 20% higher under BCI, BCM, CT and S, respectively. Only
PBI was less productive at SG than MT (on average −24%). The significantly lower soil P
concentration found under cover cropping at SG may, therefore, be a result of the larger P
uptake by more productive groundcovers. Cover cropping can contribute to P cycling by
stimulating mycorrhizal colonization, solubilizing non-available P and recycling P through
crop residues mineralization [80]; nevertheless, P uptake from CC can result in a temporary
P depletion.

4.1.4. Soil Exchangeable Potassium

Soil management did not affect soil exchangeable K concentration. Instead, soil K was
influenced by farm, depth, active limestone and SOM concentration. Variable results were
reported in the literature. Our results are comparable with the authors of [81], who found
no significant effect of a creeping red fescue (Festuca rubra L. cv. Pennlawn) living mulch on
soil K concentration across five years. However, the authors of [68] found a positive effect
of spontaneous vegetation on K availability both in the inter-row and in the soil under the
vines. The discrepancy found in the literature may depend on the different CC species and
mixes that were tested in each study.

4.2. Effects of Soil Management on Soil Physical Health
4.2.1. Soil Structure Stability Index

Soil structure and soil aggregate stability are critical soil properties strictly related to
soil erodibility and SOM stabilization and thus are extremely relevant for Mediterranean
vineyards [82]. A high soil structure stability index is, therefore, desirable in order to foster
soil C stock and reduce soil losses. Overall, we found a significant negative effect of tillage
on the structure stability index as compared to spontaneous vegetation. CT has been widely
reported to have a detrimental effect on soil structure, as it promotes the breakdown of
soil aggregates, thereby favoring SOM oxidation and soil erosion [10]. As an alternative,
no-till practices combined with soil groundcover practices can protect soil and improve
SOM content, which is a key factor in soil aggregates formation [18]. Increased aggregate
stability under temporary CC in contrast with tillage were reported in Spanish and Italian



Agronomy 2021, 11, 787 18 of 24

vineyards [68,83,84]. The authors of [13] reported no difference in terms of soil aggregation
between spontaneous vegetation and cover cropping along with a strong negative effect
of tillage. Nonetheless, in our study, there was no visible effect of CC management on
soil aggregation, possibly due to the short time of the experiment and the implementation
of treatments in alternate rows every year. This hypothesis is supported by the authors
of [81], who found a visible effect of mulch on soil aggregation already after two years.
Furthermore, we did not find differences in soil structure stability index between CT and
the CC treatments incorporated in spring. These results are in accordance with the recent
literature. Indeed, it has been reported that tillage, even when shallow and occasional, has
a detrimental effect on soil aggregation. As a result, the combination of cover cropping and
tillage does not offer the expected benefits in terms of soil structure stability [10]. Evidence
from [85] further supports our results: these authors reported that soil management has a
critical impact on soil aggregate stability and found that only one year of tillage is sufficient
to compromise soil aggregate stability after three years of groundcover practices.

4.2.2. Soil Penetration Resistance

Soil penetration resistance is considered a suitable indicator to characterize soil com-
paction and soil aptness for root development. The soil penetration resistance is obviously
highly influenced by soil management and highly dependent on soil parent material,
texture, soil aggregation, bulk density and soil moisture [86,87]. Over a certain thresh-
old, which has been reported to be 2000 kPa in some studies [68,88] and 2500 kPa in
others [87,89], root growth is negatively affected. In this study, we found lower soil pene-
tration resistance under CT as compared to groundcover practices at 0–20 cm. This result
is in accordance with the literature. The authors of [90] found higher soil penetration
resistance under cover cropping down to 15 cm, a plough pan at 20 cm as a result of tillage
operation and no significant differences across soil management practices at deeper depth.
The authors of [13] found that tillage significantly lowered soil penetration resistance down
to 25 cm, while soil management practices did not affect soil penetration resistance in
deeper layers. Similar results were obtained in Italy, where soil penetration resistance
was considerably higher under groundcovers as compared to CT [91,92]. Nevertheless,
a six-year Spanish study showed opposite results [68]. The authors found a significant
effect of spontaneous vegetation in lowering soil penetration resistance and improving soil
aggregation as compared to tillage. These results suggest the need for a longer time span
to appreciate the positive effects of groundcovers on soil penetration resistance, and that
root-related traits of both CC and spontaneous plant species may also be important.

Despite being an optimal indicator for soil compaction, soil penetration resistance
may not be sufficient to assess the effect of soil management practices on the complex
soil physical and hydrological dynamics in a comprehensive manner. As an example, the
authors of [13] found higher soil penetration resistance under groundcovers but similar
porosity and higher water infiltration rate than in CT. CC and spontaneous vegetation
can, therefore, increase pore connectivity, which improves water movement even at a
higher compaction level. This could also be the reason behind the absence of significant
differences found across soil moisture levels in our study (data not shown). Moreover,
penetrometer readings may be affected by the resistance applied by CC roots, which
increase soil penetration resistance values but are not associated with a lower development
of grapevine roots [90]. As a result, the higher soil penetration resistance found in this study
under S (max soil penetration resistance = 2340 kPa) may not hamper roots elongation and
soil hydrological properties.

4.3. Effects of Soil Management on a Soil’s Biological Health

QBS has been widely used to monitor the effect of soil tillage and other agronomic
practices on soil biological health. This index links soil microarthropod biodiversity with
their adaptations to the deep soil environment and has been shown to be a reliable indicator
to assess soil biological quality [65,93]. In this study, QBS was on average 118.4 (±22.8)
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and 117.1 (±34.0) at MT and SG, respectively, well above the 93.7 value indicated as
a possible threshold to discriminate between high and low quality soils [93]. Positive
relations between organic management and QBS have been reported by the authors of [94]
and could explain the high QBS score measured in both farms. In our study, QBS was
significantly affected by active limestone and by the Farm × Treatment interaction. BCM
and S showed the highest QBS values at SG. Specifically, QBS under S was significantly
higher (+48%) than in the treatments receiving tillage, while BCM did not show any
significant differences. Tillage is known to be a practice that hampers microarthropod
communities by modifying chemical and physical soil properties, thereby negatively
impacting QBS values [93,95]. Indeed, higher QBS scores were reported on arable lands
when no-till + crop residue retention was compared with conventional tillage [96,97].
Similarly, in vineyards, no-till combined with mowing of CC or spontaneous vegetation
positively affected the microarthropod assemblages and the QBS scores [15]. This is in
accordance with our results at the SG site, where the combination of surface mulch and the
absence of tillage stimulated microarthropod communities.

No significant differences among treatments were found at the MT site. This result
can be due to (i) climatic and management factors, and (ii) sampling issues faced in 2019.
Firstly, MT is located at higher altitude than SG and characterized by a cooler climate,
which is known to negatively affect QBS [98]. Secondly, CC establishment—especially of
the barley/clover mixture—has been more problematic at MT than at SG, due to cooler
temperature and higher rainfall, which delayed sowing and hampered crop emergence.
Similarly, biomass of spontaneous vegetation was on average 18% and 45% lower at MT
than SG in 2018 and 2019, respectively (data not shown). The quantity and quality of crop
residues have been shown to positively affect microarthropod communities; hence, the
lower mulch biomass in MT may have affected the QBS score of the plots under S [99].
Conversely, the combined effect of higher temperature and higher biomass could have
resulted in a better environment for microarthropods in SG, which translated into marked
differences among treatments. Furthermore, soil samples for the 2019 season were collected
in late January 2020 because of intense rainfalls occurred at MT in the autumn. Such a
large time span from the implementation of the treatments (June) combined with high
precipitations may have buffered the treatment effects [94,100].

5. Conclusions

This study presents information on the effect of different soil management practices
on soil health in Chianti Classico DOP. Using an innovative methodology that takes into
account the fine-scale soil variability that typically characterizes vineyards, we provided a
comprehensive assessment of the effect of groundcover practices on the chemical, physical
and biological soil health.

Compared to tillage, groundcover practices increased SOM when managed as mulch,
as a consequence of higher C input and soil erosion mitigation. Surprisingly, soil cover
practices were also associated with larger N availability, irrespective of CC type and
management, probably due to the higher N input and slower mineralization process.
Farmers may, therefore, consider groundcover practices as a strategy to improve N cycling
and increase SOM, which are of paramount importance especially in organic farming.
Nonetheless, these findings need to be complemented with ancillary measurements on
grapevine N uptake, to elucidate whether groundcovers and vines may develop synergistic
or competitive relationships, especially during high N-demanding stages. The effect of soil
management practices on P2O5 was not fully clear as those data are often characterized
by high variability across—and within—experimental sites and are mediated by different
edaphic and microbiological processes. Soil management effects on K availability were very
limited and not statistically significant. Further studies are needed to better investigate the
effect of soil management practices on P2O5 and K.

Among groundcovers, mulched spontaneous vegetation and CC positively influenced
physical soil health as compared to tillage. Increased physical stability and aggregation
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is correlated with reduced soil erodibility, which is the main cause of soil degradation in
Mediterranean vineyards and one of the main threats for the sustainability of the wine
sector. Moreover, no-till in conjunction with mulch did not increase soil compaction at a
level that hampers root development. Spontaneous vegetation and mulching improved
soil biological health, even though this effect was quite variable across experimental sites
and edaphic conditions.

Overall, these results demonstrate that groundcover practices, especially if managed
as mulch, can improve soil health already in a short time period, as compared to tillage.
By increasing SOM, improving N cycling, reducing soil erodibility and maintaining soil
life, those practices can substantially contribute to increasing the sustainability of the wine
sector in Mediterranean Europe. In this respect, actions at both policy and field level are
needed. Results from this research can support the formulation of specific policy levers
for the promotion of groundcovers in vineyards. Likewise, our findings can be used as
a starting point to discuss more sustainable soil management practices with farmers and
address possible trade-offs between provisioning (e.g., grape production and quality) and
supporting/regulating ES (e.g., nutrient cycling and C-sequestration).
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