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Abstract: Conservative and sustainable soil management in vineyards is an approach of primary
importance not only for the yield (tons per hectare) and grapes’ quality (primary and secondary
metabolites), but also for the greater preservation of the ecosystem. Compared to sustained-conven-
tional tillage and perpetual applications of fertilizers and phytopharmaceutical, these techniques
give a primary role for safeguarding biodiversity, conserving soil fertility, and keeping vegetative—
productive balance. The soil and, consequently, the wine production are in fact an intimate ecosys-
tem jeopardized not only by a reckless approach by man (technical input, such as pesticides, fuel,
fertilizers, and herbicides, are estimated to be responsible for 24% of anthropogenic greenhouse
gases emissions), but also by climate change, as rising summer temperatures and reduced precipi-
tation leads to production declines and water shortages in the soil. In fact, there are several risks
associated with unbalanced soil management, such as compaction, pollution, soil erosion, soil or-
ganic matter (SOM) depletion, and loss of biodiversity, that lead to a drop in grape quality and
quantity. In this context, soil management in viticulture and sustainable strategies assume greater
significance to improve the quality of modern viticulture. This review aims to highlight new agro-
nomic techniques capable of enhancing the resilience of the system and contributing to conservation
and ecosystem services provision, especially as wine consumers increasingly appreciate environ-
mentally friendly farming practices. In particular, the review aims to focus the positive implications
and repercussions as a result of these practices (e.g., compost, vermicompost, biochar, Ascophyllum
nodosum, Arbuscular mycorrhizal fungi (AMF), Trichoderma, zeolite, partial root drying, cover crop-
ping, and mulching).

Keywords: soil organic matter; zeolite; biostimulants; global warming; compost; cover crop; mulch-
ing; tillage

1. Introduction

Vine cultivation is an important economic sector in global agriculture and a cultural
legacy in many regions around the world [1]. However, in several vineyards, ecosystem
services are particularly endangered because the function of the soil is often compromised
by agricultural practices, repeated over time, for the management of pests and weeds that
prove to be incorrect and harmful [2]. There are several risks associated with unbalanced
soil management, such as compaction [3], pollution [4], soil erosion [5], soil organic matter
(SOM) depletion [6], and loss of biodiversity, that lead to a drop in vine quality and quan-
tity [7]. For instance, the long abuse of synthetic fertilizers represents a serious, threaten-
ing remark to the vineyard environment, as it negatively reshapes the humic-mineral and
microbiological context of the soil with consequent progressive loss of fertility until bio-
logical desertification is reached [8].
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Synthetic fertilizers and fungicides contain heavy metals, notably copper (Cu), mer-
cury (Hg), cadmium (Cd), zinc (Zn), arsenic (As), lead (Pb), and nickel (Ni) [9,10]; in par-
ticular, the continued abuse of Cu-based fungicides ((CuSOs + Ca(OH)2);
CuS04¢3Cu(OH)z; Cu20; Cu(OH)z; CuCl2¢3Cu(OH)2, etc. [11]) leads a risk of soil contam-
ination because the copper residues accumulate in the vineyards and remain in the soil
ecosystems after application for a long time. This phenomenon leads to problems in the
quality of the finished product (atrophy of the root system of the new plants, toxicity on
leaves and stems, Cu-contamination in wine and the formation of copper casse) [12-15].

In addition to the nightmare scenario of soil resource impoverishment and contami-
nation, the context regarding climate change is adjoined [16]. This general concern about
the impact of climate change on viticulture is generated by the well-recognized strong
influence that climate has on soil moisture and the quantity and quality of wine produced
[17]. For example, higher temperature’s effects on the long-term sustainability of wine
grape production are a well-recognized point at issue [18,19]. In particular, in Europe, the
summer heatwaves and the observed warming trend over recent decades have originated
apprehensiveness among winemakers and raised doubts about the profitability prospect
of the wine grape industry [20,21]. High transpiration rates at higher temperatures lead
to a rapid decline in soil moisture; during drought, soil moisture-driven changes in pho-
tosynthesis have a negative impact on the whole-plant carbon balance, which has a reper-
cussion on the quality of the grapes [22-24].

It is in this context that soil management in viticulture and sustainable strategies as-
sumes greater significance to improve the quality of modern viticulture. Several authors
compared vineyard soil characteristics and grape quality under different grass manage-
ment practices (e.g., different types of row grassing: Trifolium incarnatum, Hordeum vulgare,
Festuca arundinacea, Brassica juncea, Lolium perenne, Festuca ovina, and Poa pratensis) [25,26]
and after organic or inorganic fertilizer application [27,28]. In fact, soil chemistry and sus-
tainable soil management in vineyards are directly correlated with wine grape quality
[29]. On the one hand, the enhancement of the intrinsic properties of soil (innate physico-
chemical characteristics) and the sustainable management of the other (conservative ap-
proach of this resource) positively influence the quality of the product. Vineyard soil man-
agement includes diverse agricultural practices that all influence soil functioning. Soil or-
ganic fertilization improves the soil structure and SOM content (with contrasting results
depending on both quantity and quality of the organic matter applied) [30]. Conversely,
mechanical weeding can dwindle the SOC (soil organic carbon) content, modify soil bio-
logical communities at different trophic levels, and induce physical degradation of vine-
yard soils, lowering the quality of the grapes [31]. Moreover, cover crop in inter-rows con-
tributes to needed services, such as water infiltration, nutrient supply and retention, car-
bon sequestration, and reduction in soil erosion [32-34].

The present paper reviews different approaches to soil management and their im-
portant implications in viticulture. The manuscript also calls for greater involvement of
scientists in essential investigations into the sustainability of such practices for future de-
velopment in accordance with the new green economy directives.

2. Factors Affecting Soil Quality

Soil is a non-renewable resource [35] because its regeneration is through chemical
and biological processes of rock weathering, which requires geological time scales [36].
Firstly, in general, soil has fundamental environmental functions inclusive of fauna habi-
tat, the provision of ecosystem services, and biodiversity support [37]. In addition, in ag-
ricultural ecosystems, soil takes on other multiple connotations, such as biodiversity, nu-
trition, source of productivity, and water storage [38—40]. Therefore, an important compo-
nent of soil assessment is its quality, with the identification of a set of specific attributes
that reflect its capacity to function and that can be used as indicators of soil quality. Soil
quality can be evaluated both for natural ecosystems, where major purposes are the
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maintenance of environmental quality and biodiversity conservation, and for agro-eco-
systems, where the main, but not exclusive, ecosystem service is productivity [41]. How-
ever, the soil quality concept can be described as “the soil ability to operate within ecosys-
tem frontiers to maintain environmental quality, sustain biological productivity, and for-
ward plant and animal salubrity and fitness” [42,43]. In fact, soil quality is immediately
correlated with its functions, for instance, supplying a base for plant growth, regulating
water supply, modulating biological populations, and reserving nutrients [44].

Chemical, physical, or biological indicators generally evaluate soil quality [45].
Among chemical and physical indicators, in viticulture, those most used are, for example,
pH, soil bulk density, availability of principal nutrients (N, P, K, Ca, Mg), and organic
matter content that increases soil water holding capacity, promotes soil aggregation and
constitutes a pool of available nutrients [46-48]. Soil organic matter (SOM) is affirmed as
an influential regulator of several environmental constraints to crop productivity by de-
creasing the exchangeable sodium (Na) percentage and electrical conductivity (EC), accel-
erating salt leaching, as well as increasing water infiltration, the water-holding capacity,
and aggregate stability [49,50]. Bioindicators or biological indicators provide an evalua-
tion of soil functioning; soil organisms have particular relationships with their surround-
ings, as they can give information about soil improvement or degradation [51]. Microor-
ganisms, nematodes, and earthworms are involved in several key processes in the ecosys-
tems, such as nutrient retention and cycling, humus formation, organic matter decompo-
sition, soil aggregation, and different symbiotic and parasitic relationships with plants
[52-54].

Land soil degradation is one of the most important causes of quality soil losses that
results in the loss of services, resources, and goods. Soils in vineyards are also important
to balance the erosional, hydrological, geochemical, and biological earth cycles [55,56]. In
semi-arid regions, several aspects of soil degradation are obvious, such as soil salinization
and erosion [57,58]. However, salinization is a worldwide issue that should be remediated
[59]. Salinity is one of the dangerous parameters of soil quality because it is causing in-
creasing agricultural problems all around the world; it is a major contributing factor that
reduces plant growth and consequently agricultural productivity [60,61].

In semi-arid countries, the climate natural characteristics, such as warm dry sum-
mers, prolonged drought, and heavy rainfall during the autumn, with inadequate soil
management lead to a reduction in land organic matter content [62]. This scenario has a
negative influence on soil biological, physical, and chemical properties and their pro-
cesses, causing structural and texture degradation with loss of fertility [63]. For instance,
in southeast Spain, there are several areas where these events are becoming a serious prob-
lem because there is an uninterrupted drop of SOM and enhanced use of saline irrigation
water that leads to prompt desertification [64]. New techniques and sustainable strategies
are required to mitigate this deterioration in soil quality.

3. Soil Management in Viticulture

Intensive agriculture was demonstrated to seriously affect water, soil quality, and
vines quantity or quality [65]. Mediterranean vineyards are vulnerable to serious risk of
soil quality deterioration, owing to loss of organic matter, erosion, fertilizer contamina-
tion, and compaction. In addition, in intensive viticulture, the perpetual working activities
that use heavy machinery and incessant tillage are responsible for increasing soil erosion
rates and CO2 emissions [66]. This scenario, also considering the likely climate change
impacts, showed doubts about its long-term sustainability [67]. It was reported that vine-
yard soil erosion, owing to a single extreme rainfall event, can induce a nutrient loss of
12% (N annual applied) and 60% (P annual applied) [68]. As a result, analysis and research
focus more on innovative management strategies to improve soil fertility, reduce the nu-
trient loss on the surface, in groundwater, balance water consumption, and increase grape
quality [69]. All this makes the cultivation and management of white grapes very delicate.
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It is, therefore, necessary that the winemaker, following climate change, implements a se-
ries of strategies aimed at preserving and enhancing the aromatic potential of white grape
varieties to optimize harvesting.

3.1. Compost

The composting process is an aerobic microbiological mechanism, which is promoted
by fungi and bacteria during which organic waste is biologically degraded by these mi-
croorganisms to humus-like material. Composting is a valid method to produce fertilizer
or soil improver [70]. However, the final product must not contain viable seeds or patho-
gens (reference thresholds provided by national legislation), and it should be stable and
suitable for use as a soil amendment [71]. The composting results are carbon dioxide (CO2)
and stable forms of carbon (C); the process consists of the decomposition and mineraliza-
tion of organic matter and the production of humic substances [72]. Many connected pa-
rameters, such as temperature (55-65 °C thermophilic phase and 35-45 °C mesophilic
phase [73]), oxygen content, aeration rate (i.e., 0.43-3.44 L min! kg [74]), moisture, feed
composition, moisture, C/N ratio (i.e., 13.9-19.6 [75]), and pH (6-8 [76]) affect the com-
posting process and the final product [77]. Composting may result from waste from land-
fills [78], green waste and food waste [79], municipal solid waste [80], leftovers of raw
fruit and vegetables [81], and pruning wastes [82].

Annually, the wine industry uses big amounts of chemical fertilizers and organic
matter. Organic matter input constitutes an important way for soil fertility restoration and
regeneration, and it has become a conventional practice in such salt-affected soils [83,84].
In this scenario, the possibility of recovering organic wastes from the wine industry to
vineyards may be presented as a sustainable strategy for waste management; chemical
fertilizer’s exclusive addition is no longer considered the best method to feed the vine and
control plant pathogens [85]. The main organic wastes include dewatered sludge (12%),
stalk (12%), lees (13%), and grape pomace (63%) [86]. It was shown that the soil treatment
with compost from winery wastes increased the SOM percentages, microbial biomass, nu-
trient levels (providing a slow fertilization action), and improved vines performance, en-
hancing the soil’s physical properties (water-holding capacity, aeration, etc.) [87]. An ex-
perimental vineyard located in Timisoara city (Otonel variety) composted with 20 t/ha
grape pomace showed greener foliage, had fewer nutrient deficiencies in the leaves, suf-
fered less from drought, and had a better reaction to the disease [88]. The results about
the long-term application of green waste compost, on Chardonnay cv., demonstrated that
long-term addition of compost to a vineyard could be beneficial to soil characteristics,
including nitrate content and organic matter, but has no effects on plant growth and grape
quality [89].

The effect of organic amendments on soil quality indicators and agronomic variables
in table grape Thompson seedless cv. was evaluated; different treatments, including com-
post from grape pomace, humic extract, microbial inoculant, and chemical NPK fertiliza-
tion, were applied in a pot experiment using Inceptisol soil. The results showed a stronger
root development in plants with compost and microbial inoculant application. Further-
more, organic matter mineralization increased nutrient availability; this was evidenced by
an increment of enzymatic activities, particularly (-glucosidase, acid phosphatase, and
alkaline phosphatase, in all treatments receiving compost [90].

From 2009 to 2013, the effect of two compost applications (compost from vine prun-
ing waste and from cattle manure) on soil fertility, vine below-aboveground growth,
yield, and grape quality was investigated in Cabernet Sauvignon vines in Northeastern
Italy [91]. A positive effect of compost on root growth was recorded only for compost from
pruning waste, increasing total root density for fine (<1 mm) and medium (1-2 mm) roots,
while compost from cattle manure did not show a significant influence on the root system.
Compost from cattle manure provided the same total N amount as from pruning waste
(15-20 N units/ha/y). Contrary to what was reported by Pinamonti [92] and Morlat [47], a
significant increase in yield was observed by 15-20% (higher number of bunches and
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higher bunch weight). Finally, compost treatments balanced the overall quality of the
grapes; there was a significant reduction in total soluble solids (resulting in a drop in the
alcohol content) combined with excellent levels of total anthocyanins and flavonoids.

In light of the results obtained, it is believed that composting is a suitable way of
organic waste valorization, according to Circular Economy principles (sustainability). In
addition, the feasibility of using compost as an organic fertilizer in vineyards is demon-
strated, avoiding the use of synthetic fertilizers.

3.2. Vermicompost

Vermicompost is represented by earthworm excreta that are able to enhance nutri-
ents and the status of soil health. Vermiculture is a process by which biodegradable
wastes, such as kitchen wastes, bio-wastes of agro-based industries, farm wastes, market
wastes, and livestock wastes, passing through the worm gut, are transformed to nutrient-
rich vermicompost. Worms are biological agents capable of consuming wastes and depos-
iting excreta in this process [93]. This process involves a symbiotic interaction between
some earthworms, such as Eisenia fetida, Eudrilus eugeniae, and Perionyx excavatus, and
microorganisms [94]. Vermicomposting differs from composting in some respects (Figure

1) [95,96].
Mesophilic Thermophilic Cooling Curing
microorganisms microorganisms
< > < > < > < >
70°C s
40°C
9
8
7
I I I ¢
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— @ > < >
Acclimatization Hydrolytic Curing

Figure 1. Theoretical pH vs. temperature curves for thermogenic (thermal) compost and vermicompost. Blocks represent
major phases in the process.

In general, owing to the mineralization rate of organic matter being faster, giving a
higher degree of humification, vermicompost is biochemically, physically, and nutrition-
ally improved over traditional compost. In addition, vermicomposting generates two use-
ful products: the earthworm biomass and vermicompost [97].
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The C/N ratio and NO3z/NH* ratio are important indicators of vermicompost ma-
turity. A C/N ratio lower than 20 manifests a satisfactory organic matter stabilization de-
gree. On the one hand, during the vermicomposting process, carbon is released as carbon
dioxide (CO2); on the other, the production of mucus and nitrogen excrements increase
the nitrogen levels, reducing the vermicompost C/N ratio [98]. During the vermicompost-
ing process, by the nitrification process, elevated levels of NH* are released and converted
into NOs. A decrease in NH*" and an increase in NOs provide an overall growth of the
NOs/NH* ratio, indicating stable vermicompost [99].

Vermicompost enhances soil fertility not only biologically but also physically, and
chemically. Physically, the treated soil has better bulk density, aeration, porosity, and wa-
ter retention. Chemically, electrical conductivity, pH, and organic matter content are en-
hanced leading to better crop yield [100]. In fact, the abuse of inorganic fertilizers without
organic supplements deteriorates land chemical and physical properties and pollutes the
surrounding environment [101]. It was observed that the addition of vermicompost (20
t/ha) to agricultural soil, over two consecutive years, significantly improved aggregate
stability and soil porosity [102], improving the availability of air and water and encourag-
ing root growth [103].

In the region of Valdeorras (Northwest Spain), a grape marc from the wine was used
for the production of vermicompost (C/N ratio of 16 and dissolved organic carbon DOC
of 4.2 g kg™) using fertilizer in a vineyard soil of the same area [104]. It is to be borne in
mind that the use of grape marc as an amendment, in general, presents a series of disad-
vantages for direct soil application: seasonal production, acidity, high C/N ratio, and phy-
totoxic compounds presence, such as organic acids, phenolics, and ethanol [105]. The rates
of grape marc vermicompost that should be added to the vineyard in order to maintain
the levels of organic matter were estimated to be 1.7 t/ha/year of bulk vermicompost (with
the present mean temperature) and 2.1 t/ha/year of bulk vermicompost (with a 2 °C incre-
ment in temperature). This is a sustainable solution to reduce the amount of such abun-
dant agro-industrial waste to be disposed of. In fact, a vineyard could produce up to
15 tons per hectare of grape, where grape marc represents up to 20% of the total weight of
the grape collected. Assuming that grape marc might suffer a maximum 35% and 42%
weight reduction during vermicomposting and composting, respectively, the amount of
grape marc compost that may be prepared would be around 1.2 t/ha [106].

Applications of vermicompost in a vineyard of Mendoza in Argentina [107] and in
Piedmont and Tuscany in Italy [108] increased the yield and nutrient content in the soil
and in the vines. Positive effects of high dose vermicompost fertilizer (worms were fed
with fermented feed obtained from a mixture of 20% herbal waste and 80% cow dung)
were observed in applications irrigated with biogas liquid fertilizer (BS). Positive in-
creases were observed in N, P, Ca, Mg, Fe, and Cu elements, especially in BS applications
with increasing doses of vermicompost [109].

A recent study [110] showed that in soils with high Cu contents, vermicompost effec-
tively reduced Cu phytotoxicity in young vines grown. Here, three different amendments
were applied to the soil: vermicompost (30 g of C kg1), limestone (3 Mg ha™), and calcium
silicate (3 Mg ha™). The vermicompost and calcium silicate led to a significant alkalization
of the soil solution. In addition, for vermicompost treatment, the levels of Cu2+ in the soil
solution were diminished with a clear benefit for plants (+89% biomass accumulation at
the shoot level). Moreover, it led to a higher photosynthetic rate, a higher percentage of
fine roots with a 0.2 mm diameter (particularly active in water and nutrient acquisition),
lower guaiacol peroxidase (POD, EC 1.11.1.7), and superoxide dismutase (SOD, EC
1.15.1.1) activity.

Vermicompost does appear to be a relevant alternative to chemical fertilizers because
it leads to similar enhancements in plant growth while increasing soil quality and decreas-
ing nutrient leaching.
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3.3. Biochar

Biochar is a solid material that is produced after the pyrolysis (thermal processing)
of industry by-products, municipal wastes, and agricultural waste (such as grape pomace)
at temperatures between 300 °C and 800 °C under no or low oxygen conditions. The feed-
stock type and pyrolysis conditions influence biochar physicochemical properties. Biochar
enhances soil quality, increasing its moisture-holding capacity, pH, cation exchange ca-
pacity, crop yield, and encouraging the beneficial activity of fungi and microbes [111]. In
addition, it sequesters carbon from the atmosphere biosphere pool and transfers it to the
soil. Biochar is rich in highly stable carbon (i.e., 98%), characterized by micro and
macroporosity that decomposes more slowly than normal compost [112]. Thus, the appli-
cation of biochar to vineyards theoretically can improve vine growth and especially fruit
quality [113]. However, significant improvements in soil fertility, yield, and plant growth
were mostly shown in tropical and subtropical soils [114,115]. In fact, Schmidt et al. [113]
showed that over three years, biochar (8 t/ha, produced from wood at 500 °C) and biochar-
compost (8 t/ha + 55 t/ha, mixed before the composting process) treatments led only to
economically irrelevant and non-significant effects. In this study, the topsoil application
of biochar had no immediate economic value for vine growing in poor fertility, temperate
soil, and alkaline. On the contrary, Baronti et al. [116] showed that, over two consecutive
growing seasons, the application of two biochar rates (22 and 44 t/ha) obtained from the
carbonization of orchard pruning waste increased the available soil water content, com-
pared to control soils (from 3.2% to 45% in the 22 and 44 t/ha application rates, respec-
tively), and the leaf water potential (24-37%) during droughts. Even if few studies were
conducted on the hydrophobicity of the soil-biochar mixture, the biochar molecular struc-
ture is highly hydrophobic and could theoretically improve the water repellency of soil
surface with potential impacts upon soil erosion [117]. Other biochar applications (22
t/ha/year) substantially increased vineyard production in all harvest years, emphasizing
also the role of biochar in increasing plant water availability in dry years. The biochar
used was a commercial low temperature (500°) slow pyrolysis biochar derived from or-
chard pruning feedstock (Ravenna, Italy) [118]. The amelioration of sandy soils using bi-
ochar amendment, improving water-holding (particularly at field capacity), was shown
in a recent study. The product was made by pyrolysis at 400-700 °C of grapevine cane and
stalks [119].

However, pot trials are recommended to confirm the water-retention behavior and
commercial feasibility.

Biochar also provided ecosystem services by reinforcing the microbial community. It
increased microbial biomass, enzyme activities (phosphatase, arylsulfatase), phospho-
lipid fatty acids (PLFAs), and bacterial taxa abundances (Firmicutes, Gemmatimonadetes,
Actinobacteria, a-Proteobacteria, and 3-Proteobacteria) [120]. The biochar (<5 mm dimen-
sion) was produced from 80% varied hardwood and 20% varied coniferous wood chips.
Pyrolysis took place in a “Schottdorf”-type reactor (Carbon Terra GmbH, Augsburg, Ger-
many) at 750 °C in a 36 h cycle.

Other results [121], in Montepulciano vineyards, Italy, showed that biochar’s effects
on soil fertility and functions were maintained in the long term (7 years) after a one-time
application. The biochar was produced by slow pyrolysis (500 °C) of orchard prunings,
and its application was at a rate of 22 t/ha/year on the inter-row space of the vineyard by
a spreader, mechanically mixed into the soil to a depth of 0.3 m using a chisel plow tiller.
The pH, total organic C (TOC), total P concentrations, soil microbial biomass, and soil
respiration were substantially increased in biochar-amended soils. In addition, the signif-
icant reduction in protease and urease activities in the biochar-amended soils reflected the
increased N availability, particularly nitric-N. In treated soil, the higher emission of C4
aldehydes showed an intense activity of oxidative pathways of terminal C of the C4 com-
pounds, leading to butyraldehyde/butyric acid, mainly active for energy production in
microorganisms.
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3.4. Ascophyllum Nodosum

Natural plant biostimulants (PBs) were defined as: “A plant biostimulant is any sub-
stance or microorganism applied to plants with the aim to enhance nutrition efficiency,
abiotic stress tolerance and/or crop quality traits, regardless of its nutrient content” [122].
Recently under the new Regulation (EU) 2019/1009, the definition was stated as the fol-
lowing: “A plant biostimulant shall be an EU fertilising product the function of which is
to stimulate plant nutrition processes independently of the product’s nutrient content
with the sole aim of improving one or more of the following characteristics of the plant or
the plant rhizosphere: (i) nutrient use efficiency, (ii) tolerance to abiotic stress, (iii) quality
traits, or (iv) availability of confined nutrients in the soil or rhizosphere” [123]. There were
proposed six non-microbial and three microbial categories of PBs [124] (Table 1).

Table 1. Non-microbial (N-M) and microbial (M) categories of PBs: chitosan, humic and fulvic acids (HA and FA), protein
hydrolysates (PHs), phosphites, seaweed extracts, silicon (Si), arbuscular mycorrhizal fungi (AMF), plant growth-promot-
ing rhizobacteria (PGPR), and Trichoderma spp.

Categories of PBs Class Description Bibliography

Chitosan is formed from chitin, a co-polymer of
N-acetyl-d-glucosamine and d-glucosamine,
when over 80% of the acetyl groups of the N-ac-
etyl-d-glucosamine residues are removed.

Chitosan N-M [125]

FA are associations of small hydrophilic mole-
cules in which there are enough acid functional
groups to keep the fulvic clusters dispersed in
solution at any pH, while HA are made of asso-
N-M  ciations of predominantly hydrophobic com- [126]
pounds (polymethylenic chains, fatty acids,
steroids compounds) which are stabilized at
neutral pH by hydrophobic dispersive forces
(van der Walls, t—nt, and CH-mt bonds).
PHs are mixtures of polypeptides, oligopep-

N-M  tides and amino acids that are manufactured [127]
from protein sources using partial hydrolysis.
Phosphite (H2POs"), a reduced form of phos-
phate (Pi), is an isostere of the phosphate anion
(H2POx), in which one of the oxygen atoms
bonded to the P atom is replaced by hydrogen.
Seaweeds are a diverse assemblage with close
to 10,000 species of red, brown and green sea-
weeds described. Ascophyllum nodosum, Ecklonia
maxima, Macrocystis pyrifera and Durvillea potato-
rum are the most frequently commercially used
by the extract industries.

Humic and fulvic acids
(HA and FA)

Protein hydrolysates
(PHs)

Phosphites N-M [128]

Seaweed extracts N-M [129]

Si is the second most abundant element in the
earth’s crust, it is not considered an essential el-
ement for plant nutrition. In the soil solution, Si

occurs mainly as monomeric silicic acid
(H4SiO4) at concentrations ranging from 0.01
mM to 2.0 mM. HiSiOs does not dissociate at
pH lower than 9 and thus, plants take up Si in
this non-ionic form, actively or passively.

Silicon (Si) N-M [130]
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AMEF can only be grown in the presence of obli-
gate symbionts (host plants), and are widely
used in horticulture, in particular Rhizophagus
intraradices and Funneliformis mosseae. AMF

Arbuscular mycorrhizal fungi (AMF) M  symbiosis is particularly important for enhanc- [131]

ing the uptake of the relatively immobile and
insoluble phosphate ions in soil, due to interac-
tions with soil bi- and trivalent cations, princi-
pally Ca?, Fe*, and Al*.

Plant growth-promoting rhizobacteria

(PGPR)

PGPR includes 3 types of soil bacteria, depend-
ing on their lifestyle: free-living bacteria inhab-
iting the zone around the root (rhizosphere),
those that colonize the root surface (rhizoplane),
and endophytic bacteria that live within roots.
Bacilli spp., Alphaproteobacteria spp., Betaproteo-
bacteria spp., Gammaproteobacteria spp., Actinobac-
teria spp.

[132]

Trichoderma spp.

Trichoderma (teleomorph Hypocrea, Ascomycota,
Dikarya) is a well-studied fungal genus that con-
sists of more than 200 molecularly defined spe-
cies. It belongs to a class of PGPF that was suc-

cessfully used for biological control of phyto-

pathogens, such as Fusarium oxysporum, Rhi-

[133]

zoctonia solani, Armillaria mellea, and Chondros-
tereum purpureum.

Seaweed extracts (SWE) represent an important category of organic non-microbial
PBs. SWE are highly considered to be efficient and sustainable tools not only for securing
yield stability under low input (i.e., biofertilizer effects), but also as an innovative strategy
to enhance crop tolerance to abiotic stressors, such as drought, extreme temperatures, and
salinity [134]. Seaweeds are an important source of enzymes, polysaccharides, polyun-
saturated fatty acids (PUFAs), and bioactive peptides [135]. De Saeger et al. [136] stated
that “Ascophyllum nodosum extracts affect the endogenous balance of plant hormones by
modulating the hormonal homeostasis, regulate the transcription of a few relevant trans-
porters to alter nutrient uptake and assimilation, stimulate and protect photosynthesis,
and dampen stress-induced responses”.

The most widely seaweed used, as a source for PBs, is the brown, inter-tidal seaweed
Ascophyllum nodosum, a rich source of various bioactive phenolic compounds, such as
phlorotannins and unique polysaccharides (i.e., laminarin (4.5%), mannitol (7.5%), fu-
coidans (11.6%), and alginic acid (28%)) [137].

On the contrary by Frioni et al., [138] the seaweed extract of Ascophyllum nodosum,
used as soil conditioners by Popescu et al. [139], influenced vegetative growth expressed
by the length and diameter of the shoot and leaf area of vine stock. In Australia, the sea-
weed extract treatment was soil-applied at a 10 L/ha dose during various phenological
stages (at woolly bud and 10 cm shoot growth, budburst, flowering, fruit set, and verai-
son), improving wine grape yield by 14.7% across multiple growing years [140].

Seaweed-based extracts were recently employed as sustainable tools to improve abi-
otic stress tolerance, increase nutrient uptake and grape quality. However, the effects of
its application into the soil are not yet fully understood [141]; the effect of these soil appli-
cations on secondary metabolism compounds, which are fundamental for the quality of
grapes and wine, is still scarcely known. More information is known about the use of this
biostimulant by foliar application. Therefore, given the patchwork of benefits that these
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foliar products have on the plant, and given their usability also in organic management,
it would be appropriate to investigate the effects of biostimulants applied to the soil.

3.5. Arbuscular Mycorrhizal Fungi

Arbuscular mycorrhizal fungi (AMF) constitute an integral and important compo-
nent of the vineyard ecosystem with significant applications for sustainable agricultural
ecosystems [142].

In vineyard production systems, AMF (Glomus intraradices, Glomus macrocarpum, Glo-
mus mosseae and Paraglomus occultum) have an increasingly important role, owing to water
stress and low fertile soils [143]. Comparing with non-inoculated grapevines, grapevines
that were AMF-treated led to expanded shoot growth [144], and enhanced drought toler-
ance [145] and nutrient uptake [146].

3.6. Trichoderma spp.

Saprophytic fungi that are negatively affected by elevated salt concentrations are fun-
damental and frequent elements of rhizosphere soil [147]. High salt concentrations, due
to the lower microbial biomass, reduce the solubility of enzyme proteins and denature
them through disruption of the tertiary protein structure essential for enzymatic activities;
B-glucosidase and phosphatase activities were found to be negatively affected by salt
[148,149]. Enzymatic activities and higher microbial biomass are positive parameters that
show soil health and suggest that microorganisms transform soil nutrients and mineralize
those organic compounds to recycle organic substrates [150].

Trichoderma spp., which has the ability to survive under unfavorable conditions (salt
and drought), was positively used as beneficial microorganisms for their capacity to in-
hibit several fungal plant pathogens. They are important competitors in the rhizosphere,
are resistant to soil fungicides, and are efficient in utilizing soil nutrients and also promot-
ing plant growth [151-154]. Trichoderma spp., which can mineralize organic nutrients by
producing large quantities of extracellular enzymes, reduces chemical inputs, such as bio-
fertilizers, promoting sustainable agriculture and natural resources conservation
[155,156]. These rhizosphere microorganisms liberate extracellular enzymes for starting
the degradation of high molecular polymers that lead to the death of negative plant path-
ogenic fungi [157].

Mbearki et al. [158] tested the feasibility of inoculating Trichoderma harzianum 178 at
high salt concentration levels with compost, comparing with non-amended soils. Soil bi-
ological parameters (biomass C, fungi and bacteria colony-forming units, and dehydro-
genase activity), biochemical parameters (dehydrogenase, glucosidase, phosphatase, and
urease activities), and T. harzianum survival were monitored. Amended soils showed sig-
nificantly higher 3-glucosidase and phosphatase activities with an increase in hydrolytic
enzymes related to a better microbial pool, thanks to the higher physiological capacity.

A recent work successfully verified the efficacy of Trichoderma-based products on
the fertility maintenance in vineyard soils in the case of replanting during the engrafting
of rooted cuttings [159].

Biofumigation with white mustard plants combined with Trichoderma spp. root treat-
ment improved the control of black-foot disease in grapevines. This control strategy can
reduce soil inoculum levels and protect plants from infection, improving their perfor-
mance [160].

Trichoderma spp. were considered highly effective biological control agents BCAs of
Xylotrechus arvicola in vineyards. The soil Trichoderma spp. (harzianum and gamsii) applica-
tion was used to inhibit egg development of X. arvicola (Olivier) (Coleoptera: Cerambyci-
dae) and to prevent larvae from boring into vines and killing adults [161]. In addition,
nursery and vineyard experiments were set up to evaluate the ability of Trichoderma atro-
viride SC1 to reduce infections of fungal grapevine trunk disease (GTD) pathogens in
grapevine planting material during the propagation process. Cuttings of 110R rootstock
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subsequently grafted with Tintorera cv. were treated with T. atroviride SC1 at three stages

during the grapevine propagating process:

1. One-day soak in T. atroviride SC1 suspension prior to grafting.

2. Application of T. atroviride SC1 suspension in sawdust at stratification.

3. One-hour soak of the basal parts of the plants in T. atroviride SC1 suspension before
planting in the rooting field.

The results indicated that T. atroviride SC1 reduced infections caused by GTD patho-
gens [162].

3.7. Zeolite

Zeolites are extensively used for agricultural and human uses; in fact, the Interna-
tional Agency for Research on Cancer (IARC) classified zeolites as non-toxic products, and
the Food and Drug Administration (FDA) categorized them as safe for human consump-
tion, so zeolites are extensively used in agriculture [163]. Zeolites are crystalline alumino-
silicates of alkali and alkaline earth elements composed of a tetrahedral framework of SiOs
and AlO: [164].

Non-conservative and intensive agricultural practices can jeopardize water and soil
quality; in fact, nowadays, it is necessary to implement mitigation management to safe-
guard water resources and to reduce nutrient loss in order to guarantee healthy environ-
mental quality and a high-performance crop yield [165]. Zeolites were tested as a soil con-
ditioner to increase irrigation efficiency (augmenting both water holding capacity and soil
drainage) and diminish nutrient leaching [166,167]. They can facilitate greater efficiency
of fertilizers or herbicides and limit leaching losses releasing nutrients or phytopharma-
ceutical molecules gradually for extended periods of time [168].

In vineyards, soils amended with zeolite showed higher nutrient availability and de-
hydrogenase activity. Moreover, a drop in humic substances was observed in the zeolite-
treated soils, even though total organic carbon (TOC) content was unchanged, suggesting
that the stimulation of soil microbial processes by adding zeolite sparked a microbial min-
eralization procedure of organic carbon stocks. In addition, pyrolysis—gas chromatog-
raphy (Py-GC) showed a modification in soil organic matter (SOM) chemical composition
in treated vineyards, with an increase in the labile aliphatic compound furfural and a
dwindling in the more stable aromatic pyrolytic fragments (higher extent of decomposi-
tion of the SOM more stable pool) [169].

The consequences of the application of 30 t/ha ZeoWine (zeolite added to organic
compost) were directly reflected in the quantitative and qualitative characteristics of the
grapes [170]. Due to the capacity to retain and release molecules of water up to 60% of
their weight, ZeoWine improved the efficiency of water use and minimized water stress,
leading the activity of the plant to maximize net photosynthesis and accumulation of sub-
stances of secondary metabolism. In the same way, a preparation of zeolite and dolomite
enhanced the performance of the vines (sugar content up to 225 g/dm?) by improving the
characteristics of the soil [171].

In European vineyards, 1-2 kg Cu/ha/year were applied, reaching 20 kg Cu/ha/year
in Australian vineyards [172]. Works showed that Cu content in vineyard soils can exceed
about three hundred times the natural concentration in soils (5-30 mg/kg) (Table 2).
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Table 2. Cu content in vineyard soils.

Country Mg/kg Cu Bibliography
Australia 40-250 [173]
Brazil 62-3200 [174,175]
France 100-1500 [176]
Greece 100-210 [177]
Italy 50-300 [178]
Spain 35-600 [179]
Taiwan 9-100 [180]

Cu toxicity symptoms are generally a reduction in root growth, abnormal ramifica-
tions. In the shoots, there are usually chlorosis symptoms, with reducing chlorophyll con-
centration and changes in the chloroplasts structure and in the composition of thylakoids’
membranes [181,182]. Natural zeolite material was applied in numerous Cu-polluted soil
remediation engineering cases, due to its strong ion exchange/adsorption capacity [183].
However, even if, to date, investigations on the soil of contaminated vineyards do not
exist, zeolites could also be applied to vineyard soils to study their benefits for copper
reduction.

It is believed that the use of zeolites provides significant improvements to the viticul-
tural ecosystem, which is better able to restore its stability when subjected to disturbances
(water stress and excess heavy metals).

3.8. Transport and Uptake Soil Water— Partial Root Drying

Grapevine root development and system structure are determined by both genetic
and environmental components [184]. Root system development is influenced by chemi-
cal and physical soil properties and by different rootstock genotypes, together with dif-
ferent rootstock—cultivar combinations [185]. Modifying of the root system distribution
and density under water limitation revolves around rootstock genotypes, soil, and is ap-
parently related to transcriptomic regulations, which could promote protein and sugar
transport, osmotic adjustment, or suberin and wax production in roots [186]. The root hy-
draulic architectural structure, in addition to having quantitative implications on the yield
of the plant, influences the explored soil volume through a greater number of root tips
and a greater branching of the fibrous roots, with better access to water resources [187].

In a cool climate, excess vigor (root and canopy) is a problem in vineyards, due to the
high soil nitrogen-fertility. The relationship between soil N-fertility and grapevine vigor
was positively tested [188]. In soils with a high level of nitrogen, vigor reduction is possi-
ble in vines when the root system is split into two halves and one half is kept under a dry
regime while the other half is kept under a wet regime (partial root drying—PRD). The
PRD technique is focused on the direct sensing of the soil moisture status by the roots and
it necessitates that the root zone is concurrently exposed to drying soil (the other root half)
and wet soil (half of the root system), respectively. In this way, the watered-side roots
maintain the water status of the vine, while the dehydrating roots transmit chemical sig-
nals to the shoots via xylem [189]. The roots under dry conditions release a stress-related
hormone, abscisic acid (ABA), which signals the vine to reduce leaf growth and partially
close the stomata [190,191]. This technique showed quality improvement for grapevines
grown in regions of low rainfall that need irrigation to maintain production at economic
levels. In Australian vineyards, for fourteen days, irrigation was applied to one side of a
grapevine’s root system, while the opposite side that was dry for ten to fifteen days, was
then irrigated for the same time (this drying/wetting cycle was maintained for all the
growing season) [192]. In cv. Tempranillo vines, under semi-arid conditions, it was
demonstrated that PRD helps in controlling excessive vegetative growth and improves
grape quality without reducing clusters’ production [193].
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Long-term, large-scale field experiments on Riesling, Shiraz, and Cabernet Sauvi-
gnon, using PRD irrigation methods, were conducted. These included standard drip emit-
ters (two or four L/h), two per vine, placed about 450 mm from the vine trunk and sub-
surface drip lines, one on each side of the vine row (depth 200-250 mm) [194]. Due to the
vegetative and reproductive balance, the beneficial effects for the berry composition and
metabolism were documented, improving fruit color and anthocyanin concentrations in
red varieties in addition to showing a rise in total phenols [195]. In Vitis vinifera L. cv.
Casteldo, in Southern Portugal, the PRD irrigation technique (50% of the crop evapotran-
spiration—ETc) was successfully proposed for viticulture as a possible way to save water
without compromising yield [196]. Briefly, the true environmental cost of irrigation water
justifies the cost of implementing PRD (water-saving); the additional outlay of installing
PRD is economical where the cost of irrigation water is high and as water becomes an
increasingly scarce and valuable resource.

In light of these results, it is believed that partial root drying is an improving tech-
nique from the point of view of sustainability (water-saving) but is more applicable to
cultivation in pots than in the open field.

3.9. Cover Cropping and Mulching

Conservative and sustainable soil management techniques, such as mulching and
cover cropping, compared to conventional tillage, have an essential contribution in safe-
guarding soil fertility, biodiversity, and supporting the vegetative—productive balance.

Cover cropping decreases runoff and heightens water infiltration that bolsters water
filling of the soil profile in winter and makes more water available for both crops during
their growth cycles [197]. Nevertheless, studies of competition for water resources be-
tween intercrop and grapevine generated conflicting results. Some studies showed greater
water stress in intercropped vineyards, while others highlighted that grapevines grown
with a cover crop did not always exhibit higher water stress than those grown with bare
soil [198].

As regards the aspect of climate change, it was demonstrated that vineyards’ cover
cropping had the ability to reduce nitrous oxide (N20O) emissions relative to conventional
techniques. N2O is a greenhouse gas produced from denitrification, nitrifier-denitrifica-
tion, and nitrification processes; it is responsible for global warming and the shattering of
the ozone layer. A 35% increase in N2O emissions was recorded after mineral and organic
fertilizers application to the soils [199].

The reduction of sprays, the adoption of selective techniques, such as mating disrup-
tion as well as cover cropping are the first steps to increase the environmental sustaina-
bility of the integrated pest management (IPM) system [200]. Cover crops were shown to
enhance the abundance of several natural enemies and even to increase the predation and
parasitism of pests. The effect of the increased shelter provided by a cover crop was
demonstrated by the abundance of a range of predators (spiders, beetles, and brown lace-
wings) in the canopy and on the ground [201].

A research trial was conducted to evaluate the effects of grass cover cropping on
grapevine production and quality. Summarizing the results in terms of cover crop and
grapevine competition, the species were grouped into three categories:

- Highly competitive (L. perenne and F. arundinacea).
- Minimally competitive (F. ovina, F. rubra subsp. rubra and P. pratensis).
- Growth-stimulating (leguminous crops).

The higher amount of N supplied by leguminous cover crops stimulated the canopy,
and grape growth, increasing the yield and pruning weight. Highly competitive gramin-
aceous crops used soil resources (mineral nutrients and H20) intensely, thus reducing
vine vegetative development (less shoot weight and reduced leaf area) and yield (40-50%
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less than with leguminous crops) but producing a higher sugar content. Minimally com-
petitive graminaceous species maintained balanced grapevines in terms of these qualities
[202].

The use of cover crops reduced the leaf area, and consequently minimized transpira-
tion losses, with decreasing mechanization canopy practices [203].

Another potential adaptation measure that needs to be considered and further stud-
ied is the application of mulches [204]. Mulches are inorganic or organic materials that
may be placed on the soil surface. Mulching retains soil moisture, reduces soil compaction,
reduces evaporation, regulates soil temperature, improves soil quality, and increases its
organic matter content. Furthermore, mulching is an affordable agricultural technology
for sustainable soil, promoting a reduction in soil erosion, and can be easily adopted by
farmers. [205].

By adopting the STICS process-based crop model to simulate future (2021-2080)
grapevine yields in eight sub-regions of Alentejo (Portugal), a study [205] assessed the
adaptation potential of mulching for maintaining existing grapevine yield levels. Under
the climate change scenario RCP8.5, these simulations put in comparison, over the next
60 years, mulching and non-mulching experiments. The prediction was of a general re-
duction in production in the future; however, mulching mitigated these decreases by 10%
to 25%. Mulching was considered a cost-effective adaptation measure, which could be
easily adopted by winemakers in the short term.

Mulching should be used as a technique to reduce soil evaporation (E) for improving
crop water use efficiency (WUE). The effect of using pruning waste as an organic mulch-
ing was analyzed on vineyard evapotranspiration (ETc). The results showed a reduction
in the vineyard ETc between 16% and 18% with the organic mulching, and up to 24-30%
with the plastic mulching [206]. Combining organic mulch and no-tillage was useful in
reducing direct soil water loss and limiting early transpiration losses. However, mulched
and no-tilled soils showed a higher bulk density in the shallower soil layer, along with a
lower saturated hydraulic conductivity [207].

Micro-sprinkler and mulching reduced N2O emissions by 29%, suggesting bark
mulch as a strategy for mitigating N2O emission [208]. However, the mechanism by which
bark mulch reduces N20 emissions is not clear, and further investigation using isotopic
and/or molecular techniques is warranted.

Other results on Cabernet Sauvignon cv. indicate that mulching can be a valuable
tool for enhancing wine quality in soils with low water availability; briefly, the sugar con-
tent was more balanced (27.9° Brix) while maintaining an excellent anthocyanin (1876.83
mg/l) and total polyphenol (3976.97 mg/l) content [209].

Therefore, it is believed that the use of mulching in semi-arid conditions could be
more beneficial, in order to preserve and exploit the residual moisture in the soil.

4. Conclusions

Viticulture is facing emerging challenges not only because of the effect of global
warming on the yield and berries composition, but also of a social demand for environ-
mentally friendly agricultural management. Adaptation to these challenges is important
to guarantee the sustainability of viticulture.

Therefore, vineyards must benefit from and contribute to conservation and ecosys-
tem services provision, especially as wine consumers increasingly appreciate environ-
mentally friendly farming practices. Fortunately, nowadays, there is an increasing interest
in conservative and sustainable soil management techniques. Correct and non-destructive
soil management is used as a practice for promoting biodiversity, efficiency of the use of
nutrients, and soil organic matter. In addition, considering climate change and rising tem-
peratures, targeted soil management is a valuable aid for winemakers to preserve water
content and guarantee quality in production. In fact, soil represents a non-renewable re-
source, and it is an open system in dynamic equilibrium with the other environmental
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components and in continuous evolution. These components must be enhanced to opti-
mize the quality of the product and the resilience of the system. Resilience must be the
aim of a viticultural ecosystem to guarantee the renewability of resources. To improve the
quality of modern viticulture, the step is represented by sustainable management that
leads to a safe and healthy economy without compromising the resources of future gen-
erations. These practices are, therefore, valuable tools for balance in the viticultural eco-
system and to enhance the quality of production.
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