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Abstract: This paper aimed to study the effect of temporary cover crop and vine pruning residue
burial as alternative practices to conventional tillage on soil nitrate (NO3-N) availability and grapevine
performance in the short term. The trial was carried out in a rain-fed vineyard (Vitis vinifera L., cv
Grecanico dorato/140 Ruggeri) located in a traditional Mediterranean viticultural area (37◦32′48′ ′ N;
13◦00′15′ ′ E) in Sicily (Italy). Conventional tillage (CT) soil management was compared with winter
cover crop (CC), conventional tillage plus buried pruning residue (CT + PR), and winter cover crop
plus buried pruning residue (CC + PR) management treatments. Two fertilizer treatments (92 kg ha−1

of N as urea and 0 kg ha−1) were applied to the four soil management treatments. Vicia faba L. was
the selected leguminous cover crop species, which was seeded in autumn and buried in spring at
the same time as vine pruning residues. The soil NO3-N content was monitored, and vine vegeta-
tive growth, yield, and must quality were assessed over two seasons. Results showed that NO3-N
availability strongly differed between fertilized (F) and unfertilized (UF) plots and years and among
treatments. A positive effect of winter leguminous CC + PR on the Grecanico dorato grapevine
performance was observed. In the UF vineyard, grape fertility, yield, Ravaz index, and total soluble
solids were significantly higher in CC + PR vines than in other treatments, thus showing the reliability
of reducing N mineral fertilization and related risks of excess nitrate in groundwater. The possibility
of increasing the overall sustainability of rain-fed vineyards in a semiarid agro-ecosystem, without
negative effects on grape and must quality, is also demonstrated.

Keywords: soil nitrate availability; grape yield and quality; vine vigor; sustainable soil management

1. Introduction

Over the past decades, conventional agriculture in the semiarid Mediterranean envi-
ronment has generally improved crop yield but has come at great environmental costs due
to high N fertilizer inputs and intensive management of agricultural systems, including
burning of pruning material [1,2]. In this environment, where water supply is limited, soil
surfaces are managed to preserve water. Frequent tillage controls weeds and prevents
soil cracking [3,4] but increases soil compaction, damages vine roots, reduces vegetation
cover, and increases water runoff, sediment erosion, soil organic matter mineralization,
and nitrate leaching [5,6]. As a result, soil degradation of intensively managed lands such
as vineyards has become a major problem in the Mediterranean [7,8]. Among the strategies
to increase environmental sustainability in orchards, cover cropping, together with other
nature-based solutions, is recognized as an effective sustainable practice to reduce the
impact of agriculture on the environment [9].

In line with the European Union strategies, aimed to minimize excess nitrate in ground-
water and avoid the depletion of organic matter in soil, the Sicilian government adopted
rules that prohibit the burning of vine pruning residues and promote the use of cover
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crops in vineyards. Recently, the Sicilian government introduced the agro-environmental
payment system as part of the Best Agricultural Practices program [10].

Among the suggested best practices, incorporating pruning residue, often simply
burned, into the soil can be a low-cost, sustainable practice that may increase soil organic
matter and help reduce N loss due to microbial lignin degradation [11]. Furthermore, vine
pruning residue has long-lasting effects due to its slow decomposition caused by the high
content of cellulose and lignin and the high C:N ratio [12].

Introducing leguminous cover crops into vineyard soil management may also improve
several physical and chemical properties of soil, including lowering the risk of soil erosion.

Furthermore, cover crop, through the decomposition of its buried biomass, contributes
to nutrient release during winter and to a decrease in nutrient loss, either dissolved in water
runoff or lost in sediment erosion, thus helping in reducing external N input use [13–16].

Leguminous cover crops may therefore supply vine N needs [17], but in areas of low
rainfall, low soil organic matter, and high grape yields, additional sources of N may be
necessary [18]. However, their use remains largely underexploited [9] due to the perception
that cover crops can compete strongly for soil water content, affecting the grapevine
water status and reducing vegetative growth, yield, and berry quality, as reported under
different soil and climatic situations [19–21]. In woody fruit species such as grapevine,
yield components are built over two years: bud fertility is determined in year one, and
inflorescence, flowers’ development, and fecundation as berry number and growth are
determined in year two. So vine physiology (water and nitrogen) and climatic conditions
affect yield components over two years.

Even if grapevines’ nutrient requirements are well known and may be considered
lower [22] compared to other fruit trees or annual crops, there is still a lack of knowledge of
how leguminous cover crop influences the availability and absorption of nitrate in vineyard
systems throughout the year. It should also be determined whether or not the adoption of
a leguminous cover crop can result in an excessively high nitrate content in the soil as a
combined effect of N fixation and fast cover crop mineralization after burying and how all
this can affect soil N availability over the vine vegetative season. Since soil N availability
may not always match with the vines’ N uptake pattern, special attention must be given to
the fate of soil nitrate, as affected by the vineyard floor management techniques, avoiding
contrasting effects of vigor increase or stress on grape yield and quality [23].

To explore the possibilities to reduce N mineral fertilization in Mediterranean vine-
yards without affecting grape yield and quality, a two-year study was carried out in a
semiarid Sicilian vineyard system, exploring the potential benefits of the combined use
of leguminous cover crops and vine pruning residues. The underlying hypothesis was
that cover crops can satisfy vine nitrogen needs and that pruning residue can temporarily
immobilize any nitrogen excess.

The main aim of this study was to study the seasonal evolution of soil nitrate content
and the associated vine physiological functioning, as affected by alternative and sustainable
vineyard floor management and fertilization solutions.

2. Materials and Methods
2.1. Study Area and Experimental Design

The effects of different soil management and fertilization practices on soil and grapevines
were investigated in 2010 and 2011 in a mature commercial Vitis vinifera L., cv. Grecanico
dorato/140 Ruggeri rootstock vineyard located in the UE Protected Designation of Ori-
gin (PDO-IT-A0786) Menfi winegrowing district, southwest of Sicily, Italy (37◦32′48′ ′ N;
13◦00′15′ ′ E; 100 m a.s.l.), on a flat area. Soils around the study area are at high risk of
nitrate contamination according to the Map of Nitrate-Vulnerable Zone in Sicily issued
in 2005 by the Sicilian regional government. The vineyard was established in 2000 in an
80-cm-deep Vertisol–Calcic–Gleyic soil [24] (23% sand, 37% silt, and 40% clay; pH = 8;
CaCO3 = 22%, total N = 0.101%, and 15.7 g kg−1 soil organic matter). According to Köppen
and Geiger [25], the climate of this area is classified as Csa and can also be defined as semi-
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arid, based on the Thornthwaite moisture index (Im = −33). Data regarding the monthly
average temperature and precipitation sum during the entire trial period were obtained by
a weather station positioned in the proximity of the vineyard (San Marco, Sicily, 37◦32′ 5”
N, 13◦0′2” E).

Grecanico dorato (syn. Garganega) is an ancient key variety of the Italian grapevine
assortment. It is a white, vigorous, medium-late-ripening grapevine cultivar, widely
cultivated in western Sicily and in the Venetian area and closely related to the Catarratto
Sicilian cultivar. It has a medium, mostly conical bunch and berries with a little pruinose
golden-yellow peel [26,27].

Vines were 2.60 by 0.90 m apart (4273 plants ha−1), northeast oriented, trellised in
a vertical shoot-positioned system, and manually cane-pruned (Guyot system: 8 and 2
buds per cane and spur, respectively). Since its planting, the vineyard was conventionally
managed with frequent tillage of inter-row areas and chemical weed control along the vine
rows. The year before the beginning of the trial (2009), the farmer began incorporating vine
pruning residue in half of the vineyard.

In 2010 and 2011, according to a split-plot experimental design, two nitrogen fertil-
ization levels (fertilized = F and unfertilized = UF) as main plots replicated three times
and four soil managements (SMs) randomized in each main plot (winter cover crop (CC),
conventional tillage (CT), conventional tillage plus buried vine pruning residue (CT + PR),
and winter cover crop plus buried vine pruning residue (CC + PR)) were established for a
total of 24 experimental units. Each experimental unit was represented by four rows, 55 m
long each. In fertilized (F) plots, 92 kg ha−1 of N as urea was applied at the beginning of
March, during vine dormancy (stage A) [28].

In CT SM, 3–4 tillerings (Tiller spring 7 teeth, Nardi, Perugia, Italy) per year (depending
on weed pressure) were done in the inter-row areas at 0.15 m soil depth, starting after the
first rain in autumn.

In both years, Vicia faba L. (wild races), as winter cover crop species, was seeded using
a combined power harrow with a mechanical seed drill (Vitigreen 1500, Maschio Gaspardo,
Padova, Italy) (CC and CC + PR) in late October in all vineyard inter-row areas at a seeding
rate of 80 kg ha−1, 20 cm row spacing, and 5 cm depth.

In the SMs that included incorporation of cover crop biomass and vine winter pruning
residue (after mechanical shredding), these were mechanically buried by plowing into the
soil at a 20 cm depth in spring (mid-April); otherwise pruning residues were removed from
the vineyard.

In all experimental units, one application of chemical weed control (RoundUp Ultra-
MAX, Monsanto Company, St. Louis, MI, USA; glyphosate, a.i. at 3 kg ha−1) under the
rows was performed in spring, after the pruning residue and the cover crop biomass burial
date. The experimental units in the second year were in the same plots as in the first year.

2.2. Soil and Cover Crop Biomass Sampling and Analysis

Soil samples (0–20 and 20–40 cm depth) were collected monthly from February 2009 to
December 2011 in the central inter-row areas of each experimental unit. Samples were air-
dried and passed through a 2 mm sieve. The soil nitrate (NO3-N) content was determined
by aqueous extraction with a Dionex DX120 ion chromatograph (Dionex Corporation,
Sunnyvale, CA, USA). Before incorporation, cover crop biomass samples, collected from
three different sampling areas (1 m2 each) for each experimental unit, were dried in an oven
at 60 ◦C until constant weight and then finely ground and analyzed for total N, according
to the Kjeldahl method [29].

2.3. Vineyard Sampling and Analysis

From each experimental unit, 15 vines (15 × 24 = 360) were randomly selected for
vine phenology, grape yield, vegetative parameters, and must quality measurements. All
the measurements were conducted in the two middle rows of each experimental unit.
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2.3.1. Phenology

The occurrence of the main phenological phases—bud break (stage B = 50% of open
buds), berry set (stage J), veraison (stage M = 10–50% of softer-colored berries), and ripeness
(stage N) dates—were recorded in 2010 and 2011 [28]. To define harvest time (stage N), total
soluble solids (TSS) and titratable acidity (TA) were periodically determined on 200 berries
randomly collected (weekly after veraison and every 4 days from one month after veraison
onward) from different bunch sides (external and internal) and portions (top, middle, and
bottom). In both years, grapes were hand-harvested on September 12 when TSS did not
increase for two subsequent measurements and TA was not lower than 5 g L−1 [30].

2.3.2. Grape Yield, Vegetative Parameters, and Must Quality

Bud fruitfulness (number of inflorescence primordia per mature latent bud), bunch
weight, and vine yield were determined at harvest time on 15 vines per experimental unit.
Yield per hectare was calculated by multiplying yield per vine by the number of vines per
hectare (data not shown). Total soluble solids (◦Brix) were measured in 1 kg grape samples
per experimental unit using an Atago PR-32 digital refractometer (Atago, Tokyo, Japan).
Titratable acidity (TA) was measured in the same samples using a Crison Compact Titrator
(Crison Instruments, Barcelona, Spain) by titration (0.1 N NaOH) to pH 7 (expressed in g L−1

of tartaric acid). The pruning fresh weight was determined in winter by collecting all pruned
material per plant on 15 vines per experimental unit. The Ravaz index (grape yield per plant to
pruning fresh weight ratio (kg kg−1)) was, therefore, calculated for each experimental unit [31].
At harvest time (on grape and leaves) and at winter pruning time (on wood), 15 shoots from
different cane portions of 15 vines (5 basal, 5 middle, and 5 apical) per experimental unit
were collected to evaluate the total dry matter content of grapes, shoots, and leaves (DWgsl)
oven-dried at 70 ◦C until constant weight. The amount of yeast available nitrogen (YAN) in
the must was determined by formol titration. In brief, 50 mL of non-sulfited must was brought
to pH 8.5 by adding 1 M NaOH and, subsequently, 20 mL of formic aldehyde. Following the
addition of formic aldehyde, and subsequent pH lowering, the solution was then titrated up
to pH 8.5 with 0.1 M NaOH. The volume of 0.1 M NaOH used for the titration, expressed in
milliliters multiplied by 28, returns the amount of YAN in mg L−1 [32].

2.3.3. Soil Nitrogen Inputs and Vine Nitrogen Content Estimation

In addition to N supplied by fertilization, soil N inputs were calculated for each experi-
mental unit as a two-year average of cover crop dry biomass ((6.6 t ha−1 ± 2.1) ×N content
(1.12‰)) and pruning residue dry biomass ((2.3 t ha−1 ± 0.15) ×N content (0.43‰)).

The vine aerial N content was estimated by multiplying the total biomass of grapes,
shoots, and leaves for a variable increasing coefficient (from 0.26 to 0.38) inversely re-
lated to the grape yield level (from 20 to 7.5 t ha−1), according to Bavaresco [33] and
Palliotti et al. [34]. The total N content, partitioned per vine phenological stage, was esti-
mated according to Conradie [35,36].

2.4. Statistical Analysis

Data analysis was conducted using the SPSS statistical package [37]. Analysis of
variance was carried out according to a split-plot experimental design with fertilization
(F) as the main plot. The soil nitrate content was also compared using repeated-measures
ANOVA over time. For the productive, vegetative, and qualitative parameters, a three-way
analysis of variance was carried out according to the experimental design. A two-way
analysis of variance was performed for YAN values detected in the must in 2011. All factors
were considered as fixed effect. F- and p-values of Fisher tests were reported. Then, Tukey’s
tests at p ≤ 0.05 and p ≤ 0.01 were performed when the main sources of variation and
interactions were significant in analysis of variance (ANOVA).
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3. Results
3.1. Rainfall and Temperature Data

In 2009, the annual rainfall (657.2 mm) was higher compared to 2010 (496.7 mm) and
2011 (492.7 mm), particularly in the first quarter of the year (281.4 mm vs. 182.2 and 199.5,
in 2010 and 2011, respectively) and in the third (80.8 mm vs. 63.5 and 18.2, respectively),
whereas in the fourth quarter, a similar precipitation occurred in the 2009–2011 period
(214.9, 211.5, and 207 mm, respectively). The average annual temperature was very similar
among years (about 19 ◦C). In 2009, the first quarter was relatively colder than in 2010
and 2011 but warmer in the remaining quarters. The coldest months were February in
2009 (10.6 ◦C) and 2011 (11.1 ◦C) and January in 2010 (12.3 ◦C), whereas the hottest ones
were August in 2009 (28.1 ◦C) and July in 2010 and 2011 (27.5 ◦C and 27 ◦C, respectively).
The average (1969–2019) climatic characteristics of the experimental area are reported in
Figure 1. In summary, all three years considered were hotter than the average but, except
2009, less rainy (Supplementary Material, Table S1).
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Figure 1. Mean daily temperature and total monthly precipitation (1969–2019) at San Marco, Sicily (37.325 N, 13.002 E). The
mean daily temperature and total monthly rainfall (2009–2011) can be found in Supplementary Material Table S1.

3.2. Nitrogen Input and Soil Nitrate Evolution

The N inputs (Figure 2) reflect the experimental conditions adopted in the trial between
the two main plots (F and UF). The average (2 years) N input value provided by urea was
92 kg ha−1 yr−1, while no urea was applied to UF plots. Nitrogen input provided by the
cover crop biomass was higher (about double) in F than in UF CC SM, but only slight
differences in N input due to the CC contribution between F and UF plots were observed
for CC + PR SM. As a whole, the total N input from CC + PR in F plots was about 1.1-fold
greater than from CC + PR in UF plots (Figure 2).
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Figure 2. Nitrogen inputs (kg ha−1), as provided by urea (200 kg ha−1, white histograms) and by cover crop biomass
(black histograms) and vine pruning residue (gray histograms) incorporation. On the left, urea-fertilized (F) plots; on the
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Analysis of variance between subjects (Table 1) showed a significant (p < 0.0001) effect
of fertilization (F) and cover crop (CC) on the average soil nitrate content, as well as their
interaction. On the contrary, pruning residue alone or in interaction with other factors had
no effect on soil nitrate. Soil nitrate was impacted by all main factors and their interactions
in repeated-measures analysis (Table 2).

Table 1. Between-subject ANOVA for soil nitrate (NO3-N) content (Fisher test F- and p-values) in
2010–2011.

Source of Variation F p

Fertilization (F) 269.63 <0.0001
Pruning residue (PR) 0.12 0.7349

Cover crop (CC) 83.13 <0.0001
F × PR 3.57 0.0915
F × CC 26.3 <0.0001

PR × CC 0.98 0.9721
F × PR × CC 2.71 0.1083

Table 2. Within-subject ANOVA for soil nitrate (NO3-N) content (Fisher test F- and p-values) in
2010–2011.

Source of Variation F p

Soil sampling time (T) 157.13 <0.0001
T x Fertilization (F) 26.96 <0.0001

T × Pruning residue (PR) 3.72 <0.0001
T × Cover crop (CC) 33.06 <0.0001

T × F × PR 6.58 <0.0001
T × F × CC 7.45 <0.0001

T × PR × CC 3.52 <0.0001
T × F × PR × CC 1.55 0.0292
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Evolution of the soil NO3-N content, at 0–40 cm soil depth, in CT, CC, CT + PR, and CC
+ PR SMs is reported in Figures 3 and 4, for F and UF plots, respectively. The initial NO3-N
content (year 2009) was monitored before trial establishment for only two SM systems (CT
and CT + PR in F and UF plots) adopted in the vineyard at that time (Figures 3 and 4).
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Figure 4. Evolution of soil nitrate (NO3-N) content (kg ha−1) in 0–40 cm soil depth in unfertilized (UF) plots in the 2009–2011
period. Soil management: CT = conventional tillage; CC = cover crop; CT + PR = conventional tillage plus pruning residue;
CC + PR = cover crop plus pruning residue. Bars indicate standard deviation (n = 3).

In F plots, during the entire period of observation, an initial rapid and intense rise in
the level of NO3-N could be observed at the beginning of March, i.e., after urea fertilization
(Figure 3). During the first year of the trial (2010), CT and CT + PR had a similar trend,
showing absolute highest values of NO3-N content (Figure 3). In 2011, CT and CT + PR
had lower NO3-N than in 2010, whereas CC had higher NO3-N at most sampling times.
Moreover, in F plots (Figure 3) and in both years, soil NO3-N availability was generally
higher for all experimental units from April to August, i.e., from vine bud break to veraison,
with an inflection at the time of fruit set (early June), while it strongly decreased in autumn
and winter.

In UF plots (Figure 4), as expected, soil NO3-N was generally much lower than in F
plots. In 2010, the highest values of soil NO3-N were observed in CT and CT + PR, while in
2011, the highest values were recorded in CC + PR. Similarly to F plots, the highest values
were recorded in April and August and the lowest ones were recorded in autumn and
winter. The maximum NO3-N in UF plots (in CT and CT + PR) were about one-third of the
corresponding maximum NO3-N in F plots.
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3.3. Grapevine Phenology

The phenological development of the Grecanico dorato grapevine in 2010 and 2011
showed only slight, not significant differences between the two years. In 2011, somewhat
earlier bud break (-6 days) and ripening (-4 days) were observed compared to 2010. As a whole,
no phenological difference was found among the vines under different soil management and
fertilization conditions, except for an observed slight, later bud break (+3 days) in 2011 in CT
+ PR and CC + PR in fertilized vines compared to CT and CC (data not reported).

3.4. Vine Vegetative Growth, Yield, and Must Quality

The analysis of variance performed on vine vegetative and productive parameters
(Table 3) showed that the main source of variation, year, had a significant effect on fruit-
fulness, grape yield, DWgsl, and Ravaz index, while soil management had a significant
influence on fruitfulness, grape yield, DWgsl, and sugar content. Finally, fertilization had
an effect on fruitfulness and DWgsl only. The fertilization × soil management interaction
was significant for almost all considered parameters except for fruitfulness and titratable
acidity, while the year × fertilization × soil management interaction was significant only
for pruning wood weight, DWgsl, and Ravaz index. The ANOVA for must yeast available
N (YAN) showed the significance of both main factors fertilization and soil management
and of their interaction (Table 4). Not surprisingly, N fertilization is the factor that most
influenced the YAN content (F = 81.6; p ≤0.001), followed by soil management. The mean
values of YAN for each main source of variation are reported in Table 5. In F vines, YAN
was about 13% greater than in UF ones. Among soil managements, CC and CC + PR
showed significantly higher YAN values than CT.

Table 3. Three-way ANOVA in Grecanico dorato vines for yield, vegetative growth, and berry qualitative parameters
(Fisher test F- and p-values).

Source of
Variation Fruitfulness Bunch Yield Pruning

Wood DWgsl
(w) Ravaz

Index TSS (z) Titratable
Acidity

F p F p F p F p F p F p F p F p

Year (Y) 1458 0.00 3.23 0.17 675 0.00 3.94 0.14 379 0.00 162 0.00 0.00 0.98 0.02 0.88
Fertilization (F) 21 0.00 0.06 0.98 0.96 0.51 1.05 0.48 92 0.00 3.312 0.09 0.34 0.79 0.21 0.66

Soil management
(SM) 62 0.00 0.94 0.40 10.50 0.04 2.07 0.25 42 0.00 0.387 0.55 4.38 0.04 0.78 0.54

Y × F 0.21 0.88 0.06 0.98 0.96 0.51 3.94 0.14 1.1 0.40 2.703 0.18 0.34 0.79 0.77 0.55
Y × SM 0.07 0.80 0.94 0.40 8.48 0.06 1.05 0.48 2.3 0.15 0.315 0.60 1.65 0.24 0.21 0.66
F × SM 2.33 0.16 11.2 0.04 25.07 0.01 9.00 0.02 8.6 0.04 3.893 0.04 4.62 0.03 0.14 0.93

Y × F × SM 0.02 0.99 1.10 0.41 0.36 0.78 11.65 0.01 16 0.00 6.130 0.02 1.09 0.40 0.17 0.91
(w) DWgsl Grape, shoot, and leaf dry matter per vine; (z) Total Soluble Solid content.

Table 4. Two-way ANOVA in Grecanico dorato vines for must yeast (Fisher test F- and p-values).

Source of Variation F p

Fertilization (F) 81.576 0.00
Soil management (SM) 9.030 0.00

F × SM 3.904 0.03
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Table 5. Mean values of Grecanico dorato must yeast available nitrogen (YAN) for each main source
of variation.

Source of Variation YAN (mg L−1)

Fertilization
F 325.3 A

UF 284.1 B

Soil Management
CT 288.7 b

CC 320.4 a

CT + PR 299.1 a,b

CC + PR 310.6 a

F = fertilization with urea (200 kg ha−1); UF = unfertilized. Soil management: CT = conventional
tillage; CC = cover crop; CT + PR = conventional tillage plus pruning residue; CC + PR = cover crop
plus pruning residue. Different letters denote significant differences at p ≤ 0.05 (lowercase letters) or
p ≤ 0.01 (capital letters) (Tukey’s test).

In Table 6, the mean values of Grecanico dorato vine yield, vegetative growth, and
berry qualitative parameters, as affected by each main source of variation, are reported. As
a whole, in the second year of study (2011), fruitfulness, yield, DWgsl, and Ravaz index
significantly (p ≤ 0.01) diminished when compared to 2010. Fertilization significantly
(p ≤ 0.01) increased fruitfulness and DWgsl but did not influence the other parameters. Soil
management differently affected fruitfulness, yield, DWgsl, and TSS. The lowest values
of fruitfulness, yield, and DWgsl, were observed in CC, whereas SMs including pruning
residue incorporation (CT + PR and CC + PR) showed the highest values of fruitfulness,
yield, and DWgsl. The highest value of TSS was found in CC + PR. No significant influence
of year, fertilization, and soil management was observed on bunch weight, pruning wood
fresh weight, and TA, and there was no significant influence of fertilization and soil
management on the Ravaz index.

Table 6. Mean values of Grecanico dorato vine yield, vegetative growth, and berry qualitative parameters, as affected by
each main source of variation.

Source of
Variation

Fruitfulness
(No. of Bunches

per Bud)

Bunch
Weight (g)

Yield
(kg Vine−1)

Pruning Wood
Fresh Weight
(kg Vine−1)

DWgsl
(w)

(kg Vine−1)

Ravaz Index
(Yield/Pruning

Wood)

TSS (z)

(◦Brix)

Titratable
Acidity
(g L−1)

Year
2010 1.61 A 286.4 4.6 A 1.0 1.76 A 4.6 A 19.4 5.9
2011 0.99 B 299.4 n.s. 2.9 B 1.1 n.s. 1.38 B 2.7 B 19.4 n.s. 6.0 n.s.

Fertilization
F 1.34 A 299.3 4.0 1.1 1.67 A 3.7 19.4 5.9

UF 1.26 B 286.5 n.s. 3.5 n.s. 1.0 n.s. 1.48 B 3.6 n.s. 19.3 n.s. 6.1 n.s.

Soil
Management

CT 1.25 AB 302.3 3.7 A,B 1.0 1.52 A,B 3.8 19.4 b 5.7
CC 1.15 B 283.3 3.2 B 1.0 1.42 B 3.2 19.2 b 6.0

CT + PR 1.35 A 301.5 4.0 A 1.1 1.65 A 3.8 18.6 c 6.1
CC + PR 1.45 A 284.5 n.s. 4.1 A 1.1 n.s. 1.70 A 3.7 n.s. 20.4 a 6.0 n.s.

(w) Grape, shoot, and leaf dry matter per vine; (z) Total Soluble Solid content. F = fertilization with urea (200 kg ha−1); UF = unfertilized.
Soil management: CT = conventional tillage; CC = cover crop; CT + PR = conventional tillage plus pruning residue; CC + PR = cover crop
plus pruning residue. Different letters denote significant differences at p ≤ 0.05 (lowercase letters) or p ≤ 0.01 (capital letters) (Tukey’s test);
n.s. = not significant.

Looking at the effects of the interaction between fertilization and soil management
(Table 7), the highest values of bunch weight, yield, DWgsl, and Ravaz index and the lowest
values of TSS were observed in F plots in vines where CT + PR was applied. On the
contrary, in both F and UF vines, the lowest values of yield and Ravaz index were obtained
in vines managed with cover crop (CC). In F vines, the highest vigor (pruning weight)
and must sugar content (TSS) values were observed with CC + PR and the highest YAN
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with CC, even if not significantly different from the other soil managements (CT, CT + PR,
and CC + PR). In UF vines, CC + PR displayed the highest values of yield, Ravaz index,
and TSS, whereas CC, together with the lowest yield, showed the highest value of bunch
weight (Table 7). Altogether, F vines yielded about half a kilogram of grape per vine (i.e.,
2 t ha−1) more than UF vines. As already evidenced (Table 5), the must YAN values were
significantly higher in F than in UF plots and, as a whole, ranged between a minimum of
255.1 (UF-CT) and a maximum of 334.1 mg L−1 (F-CC). In the must of UF vines, YAN was
clearly improved by cover cropping and the burying of pruning residue (CC and CC + PR)
compared to CT (Table 7).

Table 7. Mean values of Grecanico dorato vine yield, vegetative growth, and qualitative parameters, as affected by the
interaction between fertilization and soil management.

Fertilization × Soil
Management

Bunch
Weight

(g)

Yield
(kg Vine−1)

Pruning Wood
Fresh Weight
(kg Vine−1)

DWgsl
(w)

(kg Vine−1)
Ravaz Index

(Yield/Pruning Wood)
TSS (z)

(◦Brix)
YAN (x)

(mg L−1)

F
CT 319.0 a 4.1 b 1.0 b 1.64 a,b 4.0 a 20.0 a 322.5 a

CC 260.5 b 3.2 c 1.0 b 1.43 b 3.0 b 18.5 b 334.1 a

CT + PR 335.0 a 4.7 a 1.1 a,b 1.84 a 4.3 a 18.5 b 318.5 a

CC + PR 282.5 b 4.0 b 1.2 a 1.77 a 3.4 b 20.6 a 326.2 a

UF
CT 285.5 b 3.3 c 0.9 b 1.41 b 3.5 b 18.8 b 255.1 c

CC 306.0 a 3.3 c 1.0 b 1.42 b 3.4 b 19.8 a 306.6 b

CT + PR 268.0 b 3.4 c 1.0b 1.47b 3.4b 18.7b 279.7b,c

CC + PR 286.5b 4.1b 1.0b 1.64ab 4.0a 20.1a 294.9b

(w) Grape, wood, and leaf dry matter per vine; (z) Total Soluble Solid content; (x) Yeast Available Nitrogen. F = fertilization with urea (200
kg ha−1); UF = unfertilized. Soil management: CT = conventional tillage; CC = cover crop; CT + PR = conventional tillage plus pruning
residue; CC + PR = cover crop plus pruning residue. Different letters denote significant differences at p ≤ 0.05 (Tukey’s test).

In both years, the values of DWgsl were the highest in F vines grown in CT + PR and
CC + PR (i.e., about 1.8 kg of grape, shoot, and leaf dry matter per vine in F vs. 1.55 kg, on
average, in UF) (Table 8). In F plots, comparing the pruning wood weight values attained
in CT + PR and CC + PR between 2010 and 2011, an increased average vigor of these vines
of about 20% could be observed in the second year of study (1.07 vs. 1.29 kg per vine), in
spite of an average lower DWgsl (1.98 and 1.63 kg per vine in 2010 and 2011, respectively).
On the contrary, the vigor of UF vines, as indicated by pruning weight, was very similar
between the years and among the SMs. On the whole, UF pruning wood weight was about
11% less than in F vines. The Ravaz index was higher in F than in UF plots in 2010 (on
average 4.7 and 4.4, respectively) but very similar in 2011 and, in any case, constantly lower
(almost halved) than in 2010. However, the same, absolute highest value (5.0) was recorded
both in F-CT plots and in UF-CC + PR plots in 2010. In 2011, the highest value of the Ravaz
index (3.1) was recorded for CC + PR.

3.5. Vine Nitrogen Content

Fertilization with urea (200 kg ha−1) had a poor effect on the amount of total N
accumulated in the aerial biomass (grapes, shoots, leaves) in both years (Table 9). However,
in 2011, a generalized reduction (about 15% less) of N content could be observed for all
soil managements and in both plots (F and UF) compared to 2010. On average, vines in
CT + PR and CC + PR had the highest N content in both F and UF plots, whereas the
lowest N content was recorded for CC. In UF vines, CC + PR had the highest values of N
accumulated in all phenological phases in both years (Table 9).
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Table 8. Mean values of Grecanico dorato vine pruning wood, dry mass, and Ravaz index, as affected by the interactions
among year, fertilization, and soil management.

2010 2011

Fertilization ×
Soil

Management

Pruning Wood
Fresh Weight
(kg Vine−1)

DWgsl
(z)

(kg Vine−1)

Ravaz Index
(Yield/Pruning

Wood)

Pruning Wood
Fresh Weight
(kg Vine−1)

DWgsl
(z)

(kg Vine−1)

Ravaz Index
(Yield/Pruning

Wood)

F
CT 1.01 1.86 a,b 5.0 a 1.04 b 1.42 b 3.0 a

CC 1.05 1.65 b 3.8 b 1.02 b 1.20 c 2.2 c

CT + PR 1.02 2.04 a 5.6 a 1.23 a 1.65 a 2.9 a

CC + PR 1.12 n.s. 1.93 a 4.5 b 1.35 a 1.61 a 2.3 c

UF
CT 0.94 1.59 b 4.3 b 0.95 b 1.23 c 2.7 b

CC 0.96 1.58 b 4.2 b 0.98 b 1.26 c 2.7 b

CT + PR 1.00 1.63 b 4.1 b 1.03 b 1.31 bc 2.6 b

CC + PR 1.01 n.s. 1.85 a,b 5.0 a 1.02 b 1.42 b 3.1 a

(Z) Grape, shoot, and leaf dry matter per vine. F = fertilization with urea (200 kg ha−1); UF = unfertilized. Soil management: CT =
conventional tillage; CC = cover crop; CT + PR= conventional tillage plus pruning residue; CC + PR = cover crop plus pruning residue.
Different letters denote significant differences at p ≤ 0.05 (Tukey’s test); n.s. = not significant.

Table 9. Estimated amount of nitrogen (kg ha−1) in the aerial biomass (grapes, shoots, leaves) of Grecanico dorato vines
during different phenological stages in two years (2010 and 2011), as affected by fertilization and different soil managements.

Phenological Stage

Fruit Set Veraison Harvest Total Fruit Set Veraison Harvest Total

Fertilization × Soil
Management 2010 2011

F
CT 18.5 25.1 22.5 66.1 16.3 22.1 19.8 58.1
CC 17.4 23.6 21.1 62.2 14.8 20.0 17.9 52.7

CT + PR 20.7 28.1 25.1 74.0 17.0 23.0 20.6 60.6
CC + PR 19.5 26.5 23.7 69.7 17.2 23.4 20.9 61.5

UF
CT 17.2 23.3 20.9 61.4 14.5 19.6 17.6 51.7
CC 17.0 23.0 20.6 60.6 14.8 20.1 18.0 52.8

CT + PR 17.4 23.7 21.2 62.3 15.3 20.7 18.6 54.6
CC + PR 19.2 26.0 23.3 68.4 16.3 22.1 19.8 58.1

F = fertilization with urea (200 kg ha−1); UF = unfertilized. Soil management: CT = conventional tillage; CC = cover crop; CT + PR =
conventional tillage plus pruning residue; CC + PR = cover crop plus pruning residue.

4. Discussion
4.1. Soil Nitrate Evolution

The results highlight, as expected, the prominent effect of fertilization on the soil
nitrate content. In comparison, cover cropping and pruning residue incorporation had
much smaller effects.

Data show (Figures 3 and 4) that in F plots and in the first year (2010), CT and CT + PR
presented, during the entire period, NO3-N values higher, up to fourfold, than cover crop
managements (CC and CC + PR), with mean annual (2010) values of 41.6, 36.2, 11.4, and
15.4 kg ha−1 of NO3-N for CT, CT + PR, CC, and CC + PR, respectively.

In contrast, 2011 had much lower mean soil nitrate values and less variability. Ad-
ditionally, while the mean annual NO3-N content diminished from 2010 to 2011 for
CT and CT + PR, it increased for CC and CC + PR, with a significant change in the
NO3-N ranking among the SMs (in 2010: CT > CT + PR > CC + PR > CC; in 2011:
CT + PR > CC > CT > CC + PR). The most significant increase between 2010 and 2011
was observed for CC (+118%) and the most significant decrease was observed for CT
(−55%). Comparing UF to F vines, together with a generalized less average NO3-N avail-
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ability in the former (−62%), again CC and CC + PR showed an increase (+20% and +56%,
respectively) between 2010 and 2011, whereas a considerable decrease was presented by
CT and CT + PR (−56 and −75%, respectively). In UF plots, the NO3-N content ranking in
2010 was the same as in F plots but different the year after (CC + PR > CT > CC > CT + PR).

A reduction in soil N availability induced by cover cropping has been variously
reported in the literature [6,20,38]. Previous research carried out in Sicily in a rain-fed
vineyard showed a better effect on the grape yield of temporary cover crop rather than
of permanent cover crop [39]. Soil NO3-N reduction may be more evident in permanent
cover crops such as Festuca arundinacea or temporary cover crops that are grasses [40,41].
In California vineyards, soil NO3-N is consistently greater in cultivated soils than in cereal
cover crop treatments [6]. However, research in Sicily in an unfertilized Merlot vineyard
indicated that the soil NO3-N content is lower in conventionally managed plots than in
plots with leguminous cover crops [13].

Conversely, our results indicated a significant shift in the effect of soil management
over time (from the first to the second year) on the average annual NO3-N content in
the soil, i.e., a decrease in CT and CT + PR and an increase in CC and CC + PR, that can
likely be interpreted in terms of both cumulative effects from one year to the next and
transitional effects from one soil management regime to another [41]. Similarly, in research
designed to study the effects on the soil NO3-N availability of two different cover crops
(leguminous vs. gramineous) in a Spanish vineyard (cv. Tempranillo) over three years,
while the barley cover reduced the availability of soil NO3-N compared to conventional
tillage from the first year, the clover cover, instead, reduced NO3-N only temporarily but
increased it afterward [42].

These apparent contradictions underline the involvement of other phenomena includ-
ing N fixation, the mineralization processes of cover crop and pruning wood biomass [14],
and NO3-N recycling and immobilization by soil microorganisms under cover crop [6].
Additionally, the direct and indirect effects of early competition for water and N resources
between cover crop and the grapevine since bud break cannot be excluded [20,43].

Overall, this also suggests the need to pay necessary attention to temporal differences
in the absorption kinetics of the cover crop and the vine [40].

The high variation of the results that we found between F and UF vines and between
years indicates, on the one hand, the paramount effect exerted by fertilization and, on
the other hand, the existence of carry-over effects of the previous year’s vineyard floor
management practice [38]. In fact, regardless of the applied management treatments, the
overall variation of NO3-N availability in the two years was less pronounced in F (−17%)
than in UF (−37%) plots where factors other than fertilization could emerge. Looking at
the variation of NO3-N availability as influenced by management treatments, the only
increase observed between 2010 and 2011 (in CC and CC + PR) in both F and UF plots
can likely be due to the cumulative effect over the course of time of either cover crop and
vine biomass incorporation. An improved soil organic matter content and mineralization
could positively have determined in these cases the increase in soil NO3-N availability
from year to year. A positive improvement of soil quality determined by an increase in soil
organic matter and the soil N content has been evidenced by the use of annual crops in fruit
orchards in several cases, including vineyards under Mediterranean conditions [44,45]. On
the contrary, the generalized decrease in NO3-N availability in CT and CT + PR is possibly
related due to the higher organic matter mineralization rate and loss by NO3-N leaching
fostered by tillage [14] and not compensated, at least in the short term, by the positive
effects of soil aggregation promotion and organic carbon preservation expected by the
incorporation of plant residues in semiarid Mediterranean agro-ecosystems [46]. Moreover,
this result is consistent with the well-known evidence that bare soils in the inter-canopy
area of orchards are more susceptible to organic carbon mineralization and that cover
cropping, by modifying the water regime of the vineyard, contributes to a faster decrease
in and a premature arrest of N mineralization during summer [13,20].

The soil NO3-N seasonal trend must be related to the vine phenological stages.
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In V. vinifera, the periods of greatest N requirement coincide with the phase of berry
active growth, between 80 and 130 days after bud break, and therefore in a more advanced
period than in spring [35,47]. Similarly, in V. labruscana Bailey Concord grape, significant N
uptake has been reported before and after veraison [48].

In our study, during early spring, we generally observed an increase in the soil NO3-N
content, further enhanced in F plots by fertilization (Figures 3 and 4). Soon after bud break
(31 March–3 April) and until fruit set (2 June), a decrease in such content can be related
to increasing vine N uptake. At fruit set, a general inflection of the NO3-N soil content
can be observed. Afterward, in summer, after a second phase of NO3-N increase, a sharp
decrease following harvest time (12 September) can be observed until winter. In other
words, it seems that the highest vine N uptake follows soon after the peaks in the NO3-N
soil content.

These trends are in agreement with several studies regarding grapevine seasonal N
uptake, which report two distinct absorption peaks, i.e., bud break–veraison and harvest
time–leaf fall [35,36]. Furthermore, a low N content in soil since bud break and a sim-
ilar minimum in the soil NO3-N at fruit set was found in Mediterranean vineyards in
France [20,38]. Additionally, it is worth highlighting that until bud break, a grapevine uses
the N stock previously accumulated in the permanent organs of the plant (roots and woody
tissues) to sustain the rapid shoot growth phase. Subsequently, vines replenish their N
reserves mostly post-harvest, actively absorbing N from the soil [36,48,49]. This last intense
root activity preceding vine dormancy [50] leads to the soil N reserve depletion observed
in winter. In the case of temporary winter cover cropping, as in our case, this intense N ab-
sorption is a little or not influenced by cover crop competition. A similar strong decrease in
soil NO3-N content in winter has been observed in a Chardonnay vineyard in California’s
Mediterranean climate in the absence of substantial cover crop and weed growth and has
been attributed to leaching or trace gas efflux in response to precipitation [6].

4.2. Effects on the Grapevine

In our study, no influence of the imposed soil managements on the grapevine phenol-
ogy was detected. This result confirms that factors such as temperature and photoperiod,
differently than those considered (N fertilization and soil management), are the most
effective drivers in determining grapevine phenological development [51].

Concerning the vine N content, the results appeared consistent with the above-
reported consideration of soil NO3-N trends. In particular, (i) a greater total amount
of N in the aerial biomass (grapes, shoots, leaves) of Grecanico dorato during 2010 com-
pared to 2011, consistent with the greater NO3-N amount in the soil in the first year, and
(ii) a greater total N amount in F than in UF vines, consistent with the differences observed
in the soil NO3-N content between years, could be observed. Vines in CC plots had the
lowest total N content in F and UF plots in 2010 and in F plots in 2011. On the contrary,
the highest total N content in the aerial biomass, except for 2010 in F plots, was found in
grapevines in CC + PR.

Bud fertility and grape yield increased when cover crop and vine pruning residue
burial were combined (CC + PR), regardless of the adoption of chemical fertilization.
However, the combination of urea fertilization with the spring burial of cover crop plus vine
pruning residues (CC + PR) and the parallel high N amount detected in the aerial biomass
resulted in a further increase in vine shoot vigor that may not be necessarily favorable to a
balanced relationship between vegetative and productive grapevine activities [20,34,50].

This last finding confirms other authors’ observation that supplemental N fertilization
is not necessary when a leguminous winter cover crop is adopted, and a sufficient level
of organic matter into the soil is ensured [36]. On the contrary, in CT and CT + PR, in
comparison to CC, an excess of available NO3-N in the soil can likely occur.

Both N deficiency and N excess affect grapevine performance, including must proper-
ties ([50] and references therein). Vegetative growth, photosynthetic activity, and N content
in berries (and related wine fermentability and quality) are inversely correlated with N
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deficiency [52]. Conversely, excessive N supply causes excessive grapevine vigor and,
ultimately, can negatively affect the canopy architecture and bunch microclimate, delay
berry maturity, and increase the incidence of Botrytis bunch rot [53].

Under the tested conditions, the effects of a limited N stress were observed only in
CC, whereas conditions of potential N excess could be deduced by the general high level
of pruning wood (1.02 kg vine−1 on average) and yields (3.5 kg vine−1 on average). In
our results, grapevines in CC presented the lowest values of fertility, yield, DWgsl, and
TSS, whereas grapevines in CC + PR presented quite the opposite values. Furthermore,
the existence of a potential imbalance (overgrowth) between vegetative and productive
grapevine activities was suggested by the Ravaz index that was particularly low in CC
in both F and UF vines. Indeed, low Ravaz index values, well below the optimal value
(5.0) proposed in the literature [54], were generally observed for all soil managements. As
a whole, it has to be noted that the high values of yield generally obtained (15 t ha−1),
in relation to even higher average values of pruning wood, led to these low Ravaz index
values (3.6 on average) and can be related to the fertile agronomic environment and the
vigorous scion–rootstock combination in our study. In this regard, it is noteworthy that the
low Ravaz index and the yield we generally obtained leave the vineyard with a sufficient
margin of resilience in the occurrence of even higher competition events, considering the
Menfi wines PDO yield limit (12 t ha−1 year−1).

YAN was significantly influenced by both fertilization and soil management treatment.
A potential detrimental effect of cover cropping adoption on YAN and, consequently, on
wine quality is variously documented [42,52,55], even if variable effects can be expected
in relation to many factors such as the type of soil management adopted, the cover crop
species, and also the scion–rootstock combination [56]. However, all the values we found,
although higher in F plots than in UF plots, were well above the baseline YAN value gener-
ally recommended, i.e., 140–250 mg L−1 [52,57,58], probably also due to the inherent vigor
characteristics of the 140 Ruggeri rootstock in our vineyard, as reported elsewhere [56].

5. Conclusions

The present study was conducted within a mature commercial vineyard in a Mediter-
ranean climate viticultural area, on fertile soil, and with a productive and vigorous scion–
rootstock combination, under rain-fed cultivation conditions. Our findings highlight that
temporary winter leguminous cover crops, fertilization with urea, and pruning residue
burial are all able to significantly influence relevant grapevine parameters such as veg-
etative growth, yield, and must composition. Additionally, it emerged from the study
that a combination of leguminous cover cropping and pruning residue burial might rep-
resent a reliable, sustainable tool to ensure soil nitrate availability to the vine. Moreover,
these sustainable practices can be usefully applied in rain-fed vineyards under semiarid
Mediterranean conditions to reduce or even exclude external N input, without detrimental
effects on the vineyard. Even if the present study was merely designed to investigate the
seasonal evolution of soil nitrate and vine performance in the short term, as affected by
floor management and fertilization options, it is likely expected that long-term application
of these sustainable practices may lead to greater agronomic, yield, and environmental
benefits, especially in terms of reducing the risk of nitrate pollution. However, further
research is still needed in order to detect the eventual emergence of any effects of buried
pruning residue on the dissemination of wood diseases and, over the course of time, of
excessive competition between vines and cover crops for soil resource acquisition.
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cover crop (CC) biomass and vine Pruning Residue (PR) biomass ± standard deviation.
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