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ABSTRACT

Soil health is a key component of sustainable agriculture, yet reliable bioindicators for vineyard
soils are limited. This study assessed a set of microbial functional genes as potential indicators
of soil health and vineyard condition in two major wingio@s of Northern Italy, Franciacorta

and Lugana. Soils from 88 vineyards wexnealyzedthrough quantitative PCR targeting
bacterial and fungal abundanc6§ 189, nitrogen cycling ififH, amoAAOA/AOB, nirK,

nos3, cellulose degradatiorgli48, arbuscular mycorrhizal fungAMG1), and secondary

plant growthpromoting metabolite productioNRPS, noriibosomal peptide synthesiBy
integrating molecular, physiechemical, sensory (visual soil assessment), and biological data,
the research explored how soil properties, management practices, and environmental factors

influence soil microbiota and vineyard conditions.

Results revealed that microbial gene abundances were responsive to the soitgiesical
parameters. Distinct microbiédrroirs emerged between the two wine regions: Lugana soils
showed higher abundancesniiH, AMG1, andNRPS whereas Franciacorta soils had higher
levels of AOA and fungi. Vineyard management was a key driver of soil microbiomes:
vineyards using cattle manure and digestidilization had highernifH and AMG1
abundances compared to those using compost; vineyards with seeded apsextiibited
improved fungal abundance and VSA scores; while tilled fields displayed reduced fungi and
nirK. Vineyards implementing undeow mowing had higher arbuscular mycorrhizal fungi
abundance but lower VSA scores compared to urwer tillage. Longterm organic
management and vineyard age positively influenced several gene abundances, indicating a
gradud enhancement of soil biological functionality. Problematic vineyards affected by
diseases, compaction, or poor drainage exhibited a general daalmerobial and arthropod
indicators, indicating compromised soil functioning. Among traditional indicators, VSA

correlated positively with fungi and total dsDNA, confirming their link with soil structure.

Overall, the results demonstrate that microbial functional genes are responsive bioindicators of
vineyard conditions and soil health. Their integration with traditional soil assessments could
provide an innovative tool for soil monitoring and support teeetbpment of regenerative,

knowledgebased viticulture.






1 INTRODUCTION

The degradation of soil health poses a worldwide risk, andsnmmucebasedpolicies must be
enacted as effective countermeastfSESCQ 2024) The European Union has established
ambitious policies to restore soil ecosystems, targeting a 10% increase idivrdity
agricultural land by 2030 and enhancing the ecological condition of degrade(Esodpean
Commission, 2021)To achieve these objectives, establishing a comprehensive soil health
monitoring system at the European level will be essefiiatopean Commission, 2023)o
enable reliable assessment of soil health, ihesessaryto identify and validate diverse
indicators(Guo, 2021)

In this study, several microbial genes were evaluated as potential bioindicators of soil health,
as well as soil conditions and management practices, in vineyards located in the Franciacorta

and Luganavineregions of northern ltaly.

1.1 FRANCIACORTA

Franciacorta is a key region fgparkling wine productiom the Province of Brescia. The area

is bordered to the east by the rocky and morainic hills of Rodengo, Ome, Gussago, and
Cellatica, to the north by the southern shores of Lake Iseo and the southernmost foothills of the
Rhaetian Alps, to the west by tllio River, and to the south by Monte Orfakig(re 1.1).

It is shaped by a large moraiaenphitheateformed during the glaciations of the Secondary
and Tertiary geological eras. This formati@sults from the expansion and retreat of a major
glacier coming from Valcamonica and displays a highly complex morphology and geology. A
common characteristic of most soils in Franciacorta is their morainic origin, which affects their
main properties: allththonous genesis, adequate depth, good drainagehighdavater
reserves. As a result, Franciacorta soils are especially suitable for vine cultihB&AF,

2024)

Franciacorta is located in the Insubric mesoclimeggion and exhibits some Mediterranean
features, with relatively mild winters and not excessively hot summers, with discrete daily and
yearly temperature variations. Rainfall is especially common in autumn and spring, with annual

precipitation around 100@m. During the growing season, average precipitation ranges from



500 to 600 mm. Temperatures, measured with the Winkler bioclimatic ifWexler &
Amerine, 1944)fall between 1800 and 2300 degree ddWASAF, 2024)

Franciacorta DOCG wines are produced solely through bottle refermentation and the removal
of deposits by disgorgement. Allowed varieties include Chardonnay, Pinot Noir, Pinot Blanc
(up to 50%), and Erbamat (up to 10%). The regulations specify trellisrsy/greined to Guyot

or spurred cordon and a minimum density of 4500 vines per hectare. The maximum yield per
hectare is 10 tons. Grapes must be Haanested in containers no larger than 0,2 tons. The

minimum natural alcohol content for these wines is Vo¥{MASAF, 2024)

In Franciacorta, the Curtefranca DOC and Sebino IGT wines are also produced in smaller

guantities, using all the red and white grapes permitted by Regione Lombardia.

The phytosanitary conditions of vineyards in Franciacorta are influenced by its pedoclimatic
factors. These elements creafavarableenvironment for the development of powdery mildew
(Erysiphe necatgr Downy mildew Plasmopara viticolpoccurs with moderate frequency and

is generally manageable through standard vineyard practices. Chardonnay vineyards, the most
widely planted variety, are highly susceptible to Flavescence dorée. However, effective control

measures have prevented theedse from becoming widespread in the area.

1.2 LUGANA

Luganarefers to the area south of Lake Garda whergana DOC wines are produced. The
territory of the Lugana DOC includes the entire municipality of Sirmione (BS) and parts of the
bordering municipalities of Desenzano del Garda (BS), Lonato del Garda (BS), Pozzolengo
(BS), and Peschiera del Garda (VRg\fe 1.1). It is a homogeneous, mainly flat territory. The
formation dates back to the Anthropozoic era (glacial period of the Quaternary). A glacier
descended from the Adige Valley, and a smaller brahdicovered the entire current basin of

Lake Garda. This glacier subsequently retreated several times and then returned in subsequent
periods, forming today's Garda Lake and the moraine hills. At the foot of the moraine hills, on
terrain carved by the g debris of the moraine remained, finely ground together with clay. This
debris, which is locally called "menadel," was further transformed by thegfausal lake

whose waters submerged the entire Lugana region. Lake clay was deposited in largesjuantiti
over the moraine debris and mixed with it. The typical looseness of morainic sand disappeared

due to the dominance of clay, and the area's agricultural soil gained the characteristic



compactness it has today. Lugana has fertile soils composed of stratified clays of morainic
origin and sedimentary in nature, mainly calcareous, and rich in minerg\M&M&F, 2014b)

The Lugana microclimate differs significantly from that of the Po Valley. The large body of
water of the lake produces a thermal effect that mddeesummer climate less torrid and the
winter climate more temperate and less prone to frost than inland areas. The temperatures and
meteorological conditions are similar in many ways to those of the Mediterranean climate. In
fact, Garda features a Mediterranggpe flora. Even fog is much lesommon than in the

plains, as the riverside towns are almost cotisgtawept by breezes coming from the northern

parts of Lake Gardé@MIPAF, 2014b)

LuganaDOC wines must be produced with Turbiana grapes. Up to 10% of other white varieties,
allowed in Lombardia and Verona, can be blended in. Vineyards must have a vine density
exceeding 3,700 per hectare. The maximum grape yield per hectare must not eXafeezh$2

for wines with the DOC labels "Lugana,” "Lugana Riserva,” "Lugana Vendemmia Tardiva,"
and "Lugana Spumante.” For wines with the DOC "Lugana Superiore," the limit is 11.00 tons
per hectare. Grapes used for viinsgdryviad nbuGsCt
a minimum natural alcohol content of 10.50% vol. For DOC "Lugana Superiore,” the minimum
is 11.50% vol, and for DOC ALugana Vendemmi
for the base wine for the classic and Charmat methods raustahminimum natural alcohol
content of 9.50% vdMIPAF, 2014b)

The Lugana DOC area alsdholly or partially falls under the following wine denomination

areas

1 Benaco Bresciano IGT, which allows the use of Chardonnay, PiaotERiesling
Renano, Riesling Italico, Trebbiano di Soave, Trebbiano toscano, &iisptncrocio
Manzonito producewhite wines,while Groppellg Marzeming Barbera, Sangiovese,
Cabernet franc, Cabernet sauvignon, Merlot, Nebbiolo, Pinot noir, and RebdoNero
produce red wine@MIPAF, 2014d)

1 San Martino della Battaglia DOC, which must be produced with at least 80% Tocai
Friulano(MIPAF, 2014c)

1 Riviera del Garda Classico DOC allows the production of white wine with a minimum

of 50% Riesling and the remaining part consisting of white grapes permitted in



Lombardia. For red and rosé wines, it requires at least 30% Groppello, with the rest
made from Marzemino, Barbera, and Sangio(BH&AF, 2017)

1 Garda DOC, which allows for the production of white wine with at least 85% of one of
the following varieties: Garganega, Pinot blanc, Pinot gris, Chardonnay, Tai, Riesling
Italico, Riesling, Cortese, Sauvignon; and to produce red wines with at least 85% of
of the following varieties: Cabernet, Cabernet franc, Cabernet Sauvignon, Merlot, Pinot
noir, Marzemino, Corvina, Barbe(MIPAF, 2014a)

The phytosanitary situation of vineyards in Lugana is affected by its pedoclimatic conditions.

These factors create a vdaworableenvironment for the development of downy mildew and

generally arunfavorableone for powdery mildew.

Vdl

Figure 1.1: Map of the Franciacorta DOCG area and Lugana Doc area (Geodata from Geoportale della Lon
https://www.geoportale.regione.lombardia,.ldst consultation: 21.07.2025)

1.3 VITICULTURE PRODUCTION SYSTEMS

1.3.1 Organic production system
IFOAM defines organic agriculture @& production system that sustains the health of soils,

ecosystems, and people. It relies on ecological processes, biodjamsitgycles adapted to
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local conditions, rather than the use of inputs with adverse effects. Organic Agriculture
combines tradition, innovation, and science to benefit the shared environment and promote fair
relationships and good (IFOAM Gdandral Asgeiblyl 2008 f or

The United Nat i on s OrgakizatonFAQ)rdefineéd grgamniccfarminglas e

follows:

AOrganic agriculture is a holistic product:i
agroecosystem health, including biodiversity, biological cycles, and soil biological activity. It
emphasizethe use of management practices in preference to the usefafrofinputs This is
accomplished by using, where possible, agronomic, biological, and mechanical methods, as
opposed to using synthetic materi al gFoodt o f 1

and Agriculture Organizatiqri999)
TheEuropean Union definemorganic production system as:

fianoverall system of farm management and food production that combines best environmental
and climate action practices, a high level of biodiversity, the preservation of natural resources
and the application of high animal welfare standards and high prodstéindards in line with

the demand of a growing number of consumers for products produced using natural substances
and pr oEuspeancUnionp2018)

In Italy, organic agriculture grew by 4.5% in 2023, reaching 2.5 million hecteigasé¢ 12).
Organic vineyard surfaces nearly doubled since 2014, reaching 133.007 hectares in 2023
(ISMEA, 2024) Franciacorta has a significant presence of organic farms, with 55.7% of the

vineyard surface dedicated to organic pract{@msorzio per la tutela del Franciacorta, 2025)

2.500.000
2.000.000
1.500.000
1.000.000

500.000

2014 2015 2016 2017 2018 2018 2020 2021 2022 2023

Superficie biologica convertita @ superficie biologica in conversione

Figure 12: Organic surface in Italy in the years from 2014 to 2Q0&MEA, 2024)
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Organic agriculture is regulated in the European Union by Regulation 2018/848, and in Italy, it
is overseen by an authority certified by the Ministry of Agriculture and Forestry. It defines all
the practices allowed in organic farming and shapes the saotoss Europe. In organic
viticulture, syntheticfertilizers are forbidden and replaced with green manure and organic
fertilizers such as manure and compost to enhance soil fertility. Pest control is achieved by
avoiding chemical pesticides fiavor of biological pest control or the use of more natural
substances (mainly extracted from plaragjhorizedby law (European Union, 2018Main

vine biotic diseases, downy mildew and powdery mildew, are managed through the use of
copper andsulfur fungicides(Amicabile, 2016) Organic vineyards typically have the soill
covered with cover crops or spontaneous grassiggie 13) to prevent erosion and enhance
biodiversity. Weeds under the rows are managed through mowing or tifagee 13)

because herbides are not permittgdiazzilli, 2022)

Organic farming is a system designed to better balance the supply and demand of agricultural
products, while also protecting the environment and supporting rural conseiEatrapean
Union, 2018) It is a production system aimed at producing food with minimal harm to

ecosystems, animalsr humangFusaro, 2015)

Figure 1.3: A Cover crop in FranciacortaB Spontaneous grassing in Lugar@.Mechanical rov
weeds management in LugalaHerbicide raw weeds manageméBtiddenhagen et al., 2020)



1.3.2 Conventional production system

Conventional farming is an intensive crop production system developed after World War II.
| t &meciadizedarming method that relies on eirm inputs and synthetic products. Fertility
depends osynthesizedN-P-K fertilizers while weed and pest control are primarily managed
with synthetic herbicides (Figure3).and pesticide§Fusaro, 2015)Studies have shown that
long-term conventional agriculture can deplete soil quality in terms of physical, chemical, and

biological propertiegSheoran et al., 2®).

1.4 SOIL MICROBIOTA CONTRIBUTION TO SOIL HEALTH

Doran & Parkin (1994h ave defined soil heal th as fdthe
as a vital living system, within ecosystem and fasd boundaries, to sustain biological
productivity, promote the quality of air and water environments, and maintain plant, animal,
and human healtho. The concept of soil heal
particular cropit includes the ecological attributes of soil. These properties are determined by
the solil biota; its biodiversity, its éml web structure, its activitand the functions it performs
(Figurel.4) (Pankhurst et al., 1997)

SOIL MICROBES

Benefits 1. Bacteria:
* Disease Control e Nitrogen Fixing
s  Availability of soil Bacteria
nutrients *  Azospinllum
+ Environmental \ * Agzotobacter
Sustainability . * Actinomycetes
e Maintain soil physical Soil-Plant- s Rhizobacteria
characteristic Microbe 2. Fungi
3. Algae
4. Protozoa
5. Virus
Soil health /
e Biological fertilizer and bio-control agents ACﬁ_"if}_' of Microbes
+ Restoration of waste lands * Fn_:ahon_ _
® Maintains soil structure and texture C Mmera.l?zauon
« Stabilize the soil and enhance productivity + Synthesis and
+ Soil bio-remediation rel‘;:ase of organic
- an inorganic
« Increase plant productivity i
)

Figure 1.4: A conceptual map showing the contributions of soil microbes to soil health and their intel
with soil and plant¢Shah et al., 2021)

Maintaining healthy soil is essential for the letegm environmental and economic success of
vineyards. When soil quality declines, it can negatively affect vine growth, grape quality, and
production costs, while also increasing the risk of soil erogibase impacts not only affect

vineyard performance but also have broader environmental and social consequences. In



particular, poor soil physical properties are difficult and expensive to restore. For this reason,
Itdos crucial that | and managers work to pr
to ensure the sustainability of vineyards for future gemersand to reduce the environmental
footprint of viticulture(Shepherd et al., 2008)

1.4.1 Soil Microbiology

Most biological activity in soil is concentrated in the topsoil, which typically ranges from a few

to 30 cm deep. Although the living portion of the soil accounts for less than 0.5% of the total
soil volume and under 10% of the organic matter, it plafg;xdamentalole in soil function.

This living component is composed of approximatelfl%%6 plant roots and 895% soil
organisms. Within the soil organism groupacro and mesofauna represeni 3®%6, while
microorganisms, mainly bacteria and fungi, make6@80%. These microorganisms are
responsiblefor8® 0% of t he soi |(Bawnkhlsteatadl.olg9)c al acti vi

One gram ofoil cancontain millions ofmicrobial cells, belonging to thousands of species,
many of which involved in soil fertility betterment and crop producti@@ougoulias et al.,
2014) Grapevinelike all plants, lives in close association with soil manganisms These
microorganismdive in complex highly interacthg communities which are an important
component of the soil food web. They include bacteria, fungi, protists, ararakairuses
They can have beneficial, detrimental, or neutral effects on vines. Microbes can be yaturall
found inhabiting the rhizosphere, the thin layer of soil around fine roots, oventinevine
surfaceand inside the plariBelda, et al., 2025)The main origin of all these microorganisms
is the surrounding soil vineyard s@Bettenfeld et al., 2022R h i z o s miereorgansms
areparticularly important for the metabolism of vines due to their role in nutrient cyplisugt
nutrition immunity, andthereforein the functioning of vineyard®elda, et al., 2025)

The interaction with plants iglso beneficiafor microorganisms. Plants can provisigtable
microhabitats for many microorganispad plants release a high proportion of their carbon
fixed through photosynthesis (typically betweer28%) through the roots in the form of root
exudates. Thesdizodeposits include low molecular weight carlsaih compounds such as
carbohydratesamino acids organic acids, and more complex secondary metabolites like
flavonoids and glucosinolatesvhich together contribute tdeeding the rhizosphere

microorganisms, thus priming their metabolisimes alsadirectan importanamountof the



fixed carbon to feed associated organisms sutheasrbuscular mycorrhizal fungolonizing
theirroots(Belda, et al., 2025)

1.4.2 Role of microbes in nutrient cycling andmobilization

Most nutrients found in organic matter are not immediately available to plants, as they are in
complex forms that need to be broken down into simpler, mineral forms through microbial
activity. Soil microorganisms play a central role in this transformasisithey are responsible

for decomposing organic materials like cellulose, lignin, and proteins, artchf@forming
nitrogen into plantavailable forms (LinesKelly, 2001) They helpto release important
nutrients such as phosphoraalfur, potassium, rad microelementsieeded by plant® thrive
(Figurel1.4). In the decomposition procesnicroorganisms releasmzymes that break down
molecular bonds, linking microbial activity directly to various nutrient cycles, such as those of
carbon, nitrogen, phosphorus, asulfur (Belda, et al., 2025)Nitrogenfixing bacteria and
archaea can convert atmospheric nitrogen into reactive forms such as ammonium, making
nitrogen available to plants. These nitrodimmg microbes can live freely in the soil or in
symbiotic relationships with leguminous plants, such as blaict@ria, forming nodules in the
roots.In vineyardswhere vines do not forthesesymbioses, the presence of leguminous cover
crops like lucerne and lupine can help maintain soil nitrogen levels by hosting nifixiggn
bacteria(Belda, et al., 2025Furthermore, predatory protists and soil fateedon microbes,
indirectly influencing nitrogen availability by releasing nutrients available to plames

Kelly, 2001)

Mycorrhizal fungi can establish symbiosis with vines amttease the area explored by the
roots through their hyphae. The surface area explored can indrngdBeusands of times
compared to theoots'reachable are&his network can vehicle important nutrients and water,

improvingp | a nutrigof and resiliencéelda, et al., 2025)

Maintaining a diverse and balanced microbial community in the soil is therefpogtant for
nutrient availability long-term vineyard sustainabilityand plant health. Disruptions in these
communities can lead to reduced nutrient cycling efficiency and a decline in plant .vitality
Practices such aompost application, cover cropping, and integrated animal managareent
importantto support soil lifgBelda, et al., 2025)



1.4.3 Role of microbes in resistance to biotic and abiotic stresses

Vineyards and agricultural soils in general are increasingly affected by both biotic and abiotic
stresses, often as a result of ldegn intensive cropping practices. These stresses can reduce
mi crobial diver<iony,ucd ve abemefcil brigahisnis @ra leseand

pat hogens thrive.sumpressiwvast soiitis ecamsret a
microorganisms that compete and prey on pathogens. This helps to protect plant health through
mechanisms such as nutrient competitionibastic production, and direct parasitiihines

Kelly, 2001)

In vineyards beneficial microbes like mycorrhizal fungi and plant growtbmoting
rhizobacteria (PGPRSs) play a key role in helping grapevines cope with microbial pathogens,
pests, and environmental stresses, such as drought, salinity, and extreme temperatures.
Beneficial microbes(e.g., mycorrhizal fungi)lenhane the nutritional status of plants by
improving the uptake of nutrients like iron and promoting water retention through soil micro
aggregation. This improved nutrient and water availability sthemmgt the overall health of the
plant, making it more resilierdnd resistanaigainst bioticand abiotic stresseRhizosphere
microorganisms produce vitamins, hormgreexl antioxidants important for thee'simmune
responseAll thesemicrobialinteractions with plants have a biostimulating efi€egure1.5)
(Bettenfeld et al., 2022)Beneficial microbes (e.g-Trichodermd also provide biocontrol
through mechanisms such as parasitism, competition for space and nuamengtibiosis
(Sood et al., 2020)

Considering global warming will increase the number of extreme climatic events
(Intergovernmental Panel On Climate Change (lpcc), 2@8d)the proportion ofoil-borne
plant pathogen@elgadeBaquerizo et al., 2020he consideration of soil microbiota in future
vineyard adaptation strategiedusidamenta(Belda, et al., 2025)

1.4.4 Role of microbes in the maintenance of soil structure

Soil microorganisms can largely contribute to the formation of soil aggregates and preserve soil
structure. Manysoil-binding agents are produced by microbes. Fungal hyphae can bind soil
particles and form soil aggregaigsnes-Kelly, 2001) ArbusculaMycorrhizal Fungi produce
Glomalin, along-lasting protein thatgluestogether soil aggregatesd protectsthem from
erosion (Rillig, 2004). Microorganisms, such aBacillus PseudomonasAgrobacterium

AzotobactemandRhizobium produce polysaccharidesth binding propertiesMany products
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of organic matter decomposition, done by soil biota, contribute to the formation of soll

aggregateflines-Kelly, 2001)

------+ Root exudation

...... » Recruitment

Sz e Positive effect of microorganisms
on grapevine

Negative effect of microorganisms
----- | on grapevine

reoeay
Y v y
_____ | Negative effect of microorganisms [ (v ity {
on each other S / Ko N4
o~ T A

Figure 1.5: A scheme of the relationships between grapevines and soil microorganisms:

Root exudates, which are substances released by plant roots to attract and feed microbes.

Some microorganisms help the plant by fixing nitrogen or phosphorus and breaking down organic matter into

nutrients. Arbuscular mycorrhizal fungi (AMF) are especially helpful because they bring nutrients from parts of the

soi |l that t heioferiizatos). candt reach (b

3. Pathogenic microbes can cause plant diseases.

4. Certain plantgrowth-promoting bacteria (PGPB) can either trigger the plant to produce growth hormones or make
them directly. These phytohormones help the plant grow better and deal with stress from pests, drought, or other
problems (biostimulation).

5. Some PGPB and AMF also help protect the plant from pathogeo(trol).

6. Mycelium and Mucilage produced by some microbes help bind soil particles together, forming microaggregates.

This improves the structure and stability of the @dttenfeld et al., 2022)

N

1.5 BIOINDICATORS OF SOIL HEALTH
Pankhurstet al., (1997) definei ndi cat or s as Ameasur abl e su
processes or endpoints such as plant productivity, soil pollution and soil degradation, and

sustained biodiversityo

Within indicators there are bioindicators defined Pgoletti(1999)as fda tri vi al s
of what probably happens in nature. It can be defined as a species or assemblage of species tha
is particularly well matched to specific features of the landscape and/or reacts to impacts and

changeso.

There is increasing demand for the use of animals, pEmdsmicroorganisms as bioindicators
of environmental impact. Bioindicators are especially used for evaluating the impact of

agricultural practices likdertilizer, pesticideresidues, tillageand manuregPaoletti et al.,
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1991) The use of bioindicators a costeffective method that allows to assess the impact of
human activities on the biota, instead of examining the entire (ftaiaio & Niemeld, 2003)

Indicators of soil health should have the followprgperties:

1 be linked and/or correlated with ecosystem processes;
1 integrate soil physical, chemical, and biological properties or processes;
1 be easy andosteffectiveto measure ancalculate;
1 be responsive to variations in management and climate at an appropriate time scale;
1 be components of existing sdiitabases
ltdés hard to find indicators with all of

complementary indicatoiis preferablgPankhurst et al., 1997)

Soil organismsdue to their fundamental role in soil functionjngre potentially useful
indicators of soil health. They respond to soil management in time scales (months/years) that
are relevant to land manage®oil microorganisms are particularly suitable bioindicators

for example, changes in thbundance of selected functional groups can be detected in advance
of changes in organic matter contents or other soil physical or chemical pro(featiburst

et al., 1997)

Researchers h o u | dsinglé spacieseas bioindicators but sets of species or higher taxon,
with measurements made not at the level of presence/absence but as numbers, biomass, anc
dominanceAlso, theuse of guilds such as detritivores, predators, pollinators, parasitoids, dung
decomposersand carrion scavengersan reveal interesting differences in tladscape
(Paoletti, 1999)

1.6 BIOPASS

BioPASS, which stands for Biodiversity, Landscape, Environment, Soil, and Society, is an
Italian prdocoldeveloped bysataStudio Agronomic@ocieta Benefit with the scope of zoning
biodiversity and the functional quality of soils. It assesses the physical, structural and biological
quality and vitality of soils in order toptimize fertility conditions, the longevity and the
equilibrium of the vineyard and in consequence enhance the productivity and the quality of
grapes. The emphasis on soil arises from its fundamental role as the environment where roots

grow and develop; healthyo#$ conditions are crucial for optimal root function and,
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consequently, healthy vine growi@higlieno, Tonni, et al., 2019; Gucci, 202The BioPASS
approach encompasses several key components.

71 Visual Soil Assessment (VSAphepherd et al., 2008)

1 Soil microfauna analysis, using the Soil Biological Quality (@BBindex(Parisi et al.,
2005)

1 Chemical and physical analyses;
Optional investigations, for example, assessing the structural biodiversity of the farm
(Ghiglieno, Simonetto, et al., 2019; Ghiglieno, Tonni, et al., 2019)

Applying these methods to the farmbés vineya
over time at the same locations allows for mapping biodiversity and soil functional quality. This

approach serves several purposes:

1 To identify critical issues in soil health, which helps guide targeted and effective
improvement strategies.

1 To assess the medium to letegm effects of soil management afettilization
practices.
To gain a deeper understanding of essential aspects of environmental sustainability.

1 To support the conservation and improvement of the environment, including
communication opportunities with the outsi@@higlieno, Simonetto, et al., 2019;
Ghiglieno, Tonni, et al., 2019; Tonni et al., 2022)

1.6.1 Visual Soil Assessment

Soi l type, along with how itds managed, pl :
and overall quality of wine. These factors also have a lasting impact on vineyard profitability.
For this reason, land managers need practical tools that gredhable and easy to use to
evaluate soil health and determine its suitability for viticulture. One such tool is the Visual Soil
Assessment (VSA) method, developed initially by the FAO organization, which offers a quick
and straightforward way to assessl conditions and plant performance. It can also be used to
identify a soildéds strengths and | imitation:¢
VSA scale typically offer the best potential for production, with lower establishment and

manageent costs.
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The VSA method relies on visual assessments of key soil and plant indicators that reflect soil
quality. The evaluation is carried out using a scorecard. Most indicators used in VSA, except
for soil texture, are dynamic. They respond to changes in managanteland use. Because

of this, they act as early warning signs, helping land managers monitor both soil and crop
performance over time. The VSA does not combine soil and plant scores into a single value.
Instead, the two should be considered separately}campared to gain a deeper understanding

of how soil management affects vineyard health and productivity. Indicators included in the

VSA are soil texture, soil structure (figure 1.6), soil porosity, solibr, number andaolor of

soil mottles, earthworms, potential rooting depth, surface ponding, surface crusting, surface
cover, and solil erosiofShepherd et al., 2008)

Sata after many years of experience, decided to maintain the general operating criteria
proposed by the FAO, but to adapt some voices, add new ones, and change some weighting
coefficients to make the soil descriptions more suitable for expressing the aptgatntials,

or deficiencies of vineyards.

Figure 1.6: Example of soil structure assessment. In the first image, the soil structure is in good condition; in thé &cond,
moderate; and in the third, it is po¢®hepherd et al., 2008)

1.6.2 QBS arthropods

Soil fauna isinvolved in numerous processes that ensure the stability of soil's chemical and
physical characteristics and is considered a valid indicator of its quality. Soil arthropods play a
fundamental role in the decomposition of organic matter. They finely amiapahand plant
tissue, making them more easdglonizedby microorganisms. They selectively decompose
and chemically transform part of organic residues, transform plant residues into humic
substances, create complex aggregates of organic matter witlnr@l component, and mix

organic matter in the soil's surface horizons.
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Solil biological quality can be determined by studying the microarthropod community and the
subsequent application of the Q&S index, developed by Vittorio Parisi. The arthropods
considered by this index are classified in different systematic groupse drgamnisms exhibit

a complex series of adaptations to life in the soil environment, suchiraaturization
elongation, and flattening of the body, depigmentation, and shortening of sensory appendages.
They are considered excellent bioindicators bec#usg are sensitive to soil stress, whether

caused by anthropogenic or natural causes.

The QBSar index assesses soil biological quality through the biodiversity of soil arthropods,
as microarthropods, particularly adapted to soil life, are present if the soil is undisturbed. The
greater the presence of sadapted systematic units, the lég the value of the QB&r index.

This index provides a numerical value, typically between 20 and 280, resulting from the sum
of the scores of individual morphospecies based on their degree of adaptation to Beisqil

2001)

1.6.3 Soil chemicaland physical analysis

Soil chemical and physical analysis are important tools for developing a proper soil
management plan for a cultivated plot. As indicated by D.M. n. 185 of 13/09/1999, an effective
analysis requires the investigation of the following parameters:

A Texture

A pH

A Total |limestone

A Active | imestone

A Organic matter

A Total nitrogen

A Assimilable phosphorus

A Assimilable potassium

A Assimilable macro and microel ement s
A Cation exchange capacity (CEC)
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The BioPASSmethod enhances the analysis recommended by D.M. n. 185 of 13/09/1999 by
evaluating additional elements to better understand soil characteristics. The analysis includes
exchangeable potassium, exchangeable magnesium, the Mg/K ratio, copper, and a deeper
investigation of soil organic matter and its forms. Determining organic matter plays an
important role, as it increases soil quality, fertility, and the presence of microorganisms, also
contributing to improving the structure and porogi8equi et al., 202). In the BioPASS
method, the soil organic matter, total organic carbon, labile organic carbon (POM), stable

organic carbon, POM percentage, and carbon percentage in soil organic matter are measured.

1.7 THESIS SCOPE

The scope of this thesis is to identify potential bioindicators of vineyard conditions and soil
health. To achieve this, the thesis vaillalyzethe correlations between a selected set of soil
microbial genes and soil physichemical properties, management practices, VSAQB#
ardata from vineyards located in Franciacorta and Lugana.
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2 MATERIALS AND METHODS

2.1 SAMPLING

Soils from 88 vineyards in the Province of Brescia vaeralyzed Samples were taken from

13 farms (61 vineyards) in Franciacorta and 10 farms (27 vineyards) in Lugana (Figure 2.1),
between 19.05.2025 and 28.05.2025

Figure 2.1:Mp ofthe 88 sample sites in ranciacort(a\) and
Lugana(B).

For each vineyard, three replicates were talslecting representative and ramomalous

points based on the average observed situation. Soils were sampled between the rows. During
sampling, passage points with wheel tracks have been avoided, asdmpacted soil has

been sampled. Each replicate was composed of five subsamples takerawiith@al 50 cm
square, following the pattern shown in Figure 2.2. These five subsamples were pooled and
mixed in the same bag. Soils were sampled after removing any organic litter or vegetation from

the chosen point, using a core drill (Figure 2.2) froengtirface to 3 cm deep.
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The soil of each replica has been placed in an open plastic bag, dried at room temperature for 7
days, and then sealed

r

Figure 22: Sampling pattern adopted in the experimeéqtR), core drill (C).

2.2 SITES CHARACTERIZATION

At each sampling site, the Studio Agronom@&atapreviously collected data for tlBaOPASS
protocol, including the Visual Soil Assessment (VSA) (Shepherd et al., 2008), the Soll
Biological Quality QBS-ar) index (Parisi et al., 2005), and soil chemical and physical analyses.
These data were gathered between 2020 and 2025. Farmers and Studio AgrSatesiared

the following information about the vineyards' management and history:

year of planting;

grapevariety;

viticulture production systerftonventional, organjor biodynami¢ and since when
Soil managemeninder the rows and between the rows;

Fertilizations;

= =4 4 4 -—a -1

Training system;

2.3 QUANTIFICATION OF SOIL MICROBIAL GENES

The abundancef selected microbial genes involved in soil cycles and functiomag
determinedthrough quantitative PCR.he abundance of bacteria6§ and fungi {89 has
been determined, along with genes involved in the nitrogen biogeochemical cycle aundAas
(eubacterial, AOB, and archaeal, AOA ammonia oxidase/nitrificatiomifH

(nitrogenase/nitrogen fixationipjrK (nitrite reductase/intermediate denitrification), amasZ
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(nitrous oxide reductase/terminal denitrification). Additionally, the abundance of the gene
coding for the gh48 cellulase enzyme, the abundanado$cular mycorrhizal fungAMG1

gene), and the abundanceNiRPS(nonribosomal peptide) clusters have been measured

One out of the three replicas of each vineyard was usefPfOoR. Soil samples were pestled to
obtain a fine powder, and coarse residues were eliminatean@%® eachhomogenizedoill
sample was weighed for total DNA extraction gfRiCR analysis. Total soil DNA was
extracted using the DNeasy PowerSoil Pro Kit (Qiagen, Germany), following the
protocol Purified nue¢dOei
fluorometer (Thermo Fisher Scientific, California) with the Qubitds®RNA High Sensitivity

Assay Kit (Thermo Fisher Scientific, Californjafterdiluting the extracted DNA samplel0

manufacturer os (o

in water The abundance of each gene wvaaslyzedusing quantitative PCR (qPCR) on a
QuantStudiol2 K-Flex apparatus (Termo Fisher Scientifc, California). The reaction mix is
described in(Maretto et al., 2023)Gene copy were calculated using the Ct (Cycle threshold)
value, following the method outling@anardo et al., 2016All primers sequences used and

their references are reported in Tablg.

Table2.1: Primers used for gPCR

Sequence name Sequence References

165 R GGTTGCOCTERTTCE @onmson et al 2016

it R TTGTTSGCSGCR TAC ATSGGC ATE AT —|(R0sch etal, 2002

nosz CATGTGCAGNGCRTGGCAGAR (Rosch et al. 2002

et ATYGOCCOVNGECEA ———— lonyerar, con

chis 5% GOV TCC GAATRTCCATC (De Menezes et al, 2015)
somemen 12 fSUMCCICTCCCTOACS s v 2

BacierslamoA | A CIECGTCKGSARMGCCTTCTTC (Rotthaue et al, 1997)

AMG1F ATA GGG ATA GTT GGG GGC AT (Bodenhausen et al., 2021; Corona Ramirez €
AMGI1R GTT TCC CGT AAG GCG CCG AA 2023; Symanczik & Bodenhausen, 2022)
15SR GSWCTATCCOCAKCACGA (b etal, 2012)

RS IE CGC GCG CAT CTACTC CACNECNCAYY s o1 1. 2019

2.4 PRODUCTION ESTIMATE AND NON-PRODUCTIVE VINES ASSESSMENT

Estimation of grape production was conducted during the last week of July in 29 vineyards

located inLugana and Franciacorta. Sampling was carried out in correspondéhcthe

previous sampling points
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At each sampling point, the grape yield was estimated by counting the number of bunches on
the first 30 vines surrounding the point (15 vines per row). The average number of bunches per
vine was then calculated by dividing the total number of bunchesembinytthe number of

vines surveyed.

In addition to yield estimation, the presence of-pooductive vines was also assessed. These
included dead vines, young replacement vines, or vines showing severe disease symptoms. The
number of such vines was recorded within the same set of 30 vink$ongbe production

estimate.

2.5 STATISTICAL ANALYSIS

Statistical analysis of the thesis was performed in RStudio (Posit team, 2025). Correlations
between continuous variables have baaalyzedwith the norparametric Spearman'’s rank
correlation coefficient. Discrete variables have besadyzedvith the nonparametric Kruskail
Wallis test and with the posanalyreowith tidwnonn 6 s T
parametric Wilcoxon rankum testFor all the tests, both nominalvalues and Bonferroni

adjusted pvalues were calculated. In the main text, only the nominallpes are reported,

while the adjusted-palues are presented in the Appendix.
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3 RESULTS AND DISCUSSION

Pankhurstet al. (1997) suggest that soil health indicators should be connected to ecosystem
processes and integrate soil physical, chemical, and biological properties or processes. The set
of genes quantifiedy qPCR in this workvasselected as potential bioindicators of soil health

due to the key roles of these microorganisms in biogeochemical soil cycles andehaitions

with plants.Through this set of genaserequantifiedthe following microorganisms:

1 Total amount obacteria and funggssentiatomponentdo the soil food welDe Vries
et al., 2013)

1 Microorganisms involved in the nitrogen cycle (eubacterial and archaeal nitrifiers,
nitrogenfixing microorganisms, denitrifiers)

1 Actinobacteria andther microorganisms producigg48 cellobiohydrolasesnvolved
in the cellulose degradation and carbon cy(@s Menezes et al., 2015)

1 MicroorganismsproducingNRPS (nonribosomal peptidesgluster genesthoughtto
play a crucial role in bacterial adaptation to soil, as well as in plant health and
development. These bioactive compounds, mamsyythesizedby PlantGrowth
Promoting Bacteria (PGPB), are essential for plant protection by inhibiting pathogens,
disrupting their membranes, and reducing their virulence. In addition to antimicrobial
activity, PGPB enhance nutrient uptake, promote root developarehincrease stress
resistance; they also produce siderophores and assist in pollutant degr@dtateret
al., 2015; AyuseSacido & Genilloud, 2005; Maretto et al., 2023; Ranjan et al., 2023)

1 Arbuscular mycorrhiza fungi (AMF), beneficial soil fungi that can promote the growth
of their host plant§Bodenhausen et al., 2021)

Correlations between this set of genes and vineyard management aplysabchemical
properties were evaluated. The performance of this set of genes as bioindicators of soil health
was also compared to othesstablished indicatorssuch as theQBSar and the VSA.
Quantitative PCRnd Qubitresults aralisplayed in Table 3.1.
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Tabe 3.1: GC columns shothe mean gene copies between the two repetjtadsiained through gPCRISDNA column
displaysthedsDNA content in thextraction sample (1:10Qng/mL),analyzedoy Qubit.

Area ' Vineyard | GC 16S  GCnifH | GCAOA | GCAOB | GC nirk GCnosZ GC18S GCNRPs GCgh48 GCAMG1 dsDNA |
Al

Franciacorta 4000048 [0 0 0 0.615915 | 0.043036 0 0 406.9916 | 0 52.6
Franciacorta | B1 1041579 | O 0 0 0 0 0 0 309.1902 0 150
Franciacorta | B2 842472.2 | 0.03871 | 0.325007 | O 0.055668 | 0.004893 0.24794 |0 280.6973 |0 20.8
Franciacorta | B3 1741607 | O 0 0 0 0 0.23131 0 369.4328 [0 87.8
Franciacorta | B4 805614.4 | 153.125 | 11866.45 | 569.462 1254.522 | 1502.364 6939.84 0.069613 | 107.4385 | 34.28054 | 4.46
Franciacorta | C1 821723.7 | 116.776 | 3905.169 | 623.7476 | 796.2442 | 696.3595 3610.1 0.1078193 | 142.8298 | 0.6051707 | 15.4
Franciacorta D1 5193495 | 13.4661 17541.31 269.4059 3886.903 2446.551 6378.29 0.1179469 | 330.7505 74.128931 | 140
Franciacorta D10 1410680 | 305.318 38153.82 577.0768 4357.817 2479.64 11858.1 0.4165321 | 353.9818 93.679128 | 89.2
Franciacorta D11 549830.4 | 260.426 6274.034 202.9629 3625.825 1653.61 28857.2 0.2593561 | 193.3484 74.498093 | 32
Franciacorta | D2 774877.8 | 1309.58 | 8390.216 | 438.4717 | 5003.648 | 2928.387 20791.9 0.2446253 | 307.2939 | 68.75303 | 74.6
Franciacorta | D3 1142840 | 336.052 | 6660.07 867.2104 | 2221.483 | 144.1592 21250.3 0.0355031 | 368.5706 | 8.21382 37.2
Franciacorta | D4 711052.2 | 124.114 | 8946.113 | 553.2879 | 5936.476 | 2970.17 16301.3 0.137948 | 318.0404 | 132.52796 | 48.4
Franciacorta D5 5354092 | 139.82 17496.01 570.0266 3926.172 378.1718 9867.58 0.1248734 | 1317.32 189.3935 268
Franciacorta D6 1677812 | 784.625 30897.92 1035.565 4169.359 2865.855 12870 0.1289178 | 302.2509 35.763592 | 92
Franciacorta D7 878237.2 | 183.768 11754.13 598.4766 6479.942 2317.103 24186 0.6625934 | 533.0249 149.63512 | 17.1
Franciacorta | D8 1682942 | 444.222 | 66685.88 | 274.4473 | 4457.202 | 1501.797 10801.7 0.264109 | 192.5588 | 88.853103 | 25.4
Franciacorta | D9 1201617 | 857.443 | 14892.59 | 356.9942 | 4455.813 | 1682.398 15663.6 0.6151181 | 231.16 54.307129 | 43.6
Franciacorta | E1 1165256 | 1079.48 | 9368.385 | 142.0035 | 3280.858 | 1526.406 21602.6 0.096951 | 314.8765 | 50.801967 | 24.8
Franciacorta | E2 1292241 | 67.118 8064.639 | 82.05014 | 1489.82 621.0349 17088.4 0.0399749 | 435.9734 | 1.7209753 | 7.4
Franciacorta | G1 773385.8 | 748.975 | 15985.72 | 764.8411 | 2041.76 722.7459 10005.1 0.0202046 | 252.2381 | 109.30012 | 13.4
Franciacorta | G2 1181117 | 488.994 | 10503.32 | 1413.113 | 5037.037 | 2048.129 20092.3 0.2643566 | 348.9228 | 109.89145 | 54.8
Franciacorta | G3 688388.1 | 277.211 | 15721.01 | 846.5339 | 1969.828 | 1147.249 23688.1 0.1221781 | 387.9089 | 47.526714 | 18.5
Franciacorta | H1 1185591 | 0.06473 | 2.328385 | 0.093385 | 1.072808 | 0.213295 10.115 0 275.8718 |0 48.8
Franciacorta | H2 1025819 | 186.932 | 30470.61 | 1430.232 | 2780.67 1077.055 14662 0.0354496 | 330.1536 | 3.6210114 | 210
Franciacorta | H3 1120907 | 174.234 | 251.6679 | 637.6342 | 993.0785 | 355.3073 6656.32 0.0031931 | 127.2546 | 2.7114988 | 4.68
Franciacorta | H4 2639793 | 1226.17 | 51113.12 | 890.4369 | 3504.487 | 2463.246 18490.7 0.3840043 | 273.623 4.8870585 | 59.6
Franciacorta | H5 648379.6 | 565.226 | 8154.218 | 245.7834 | 4648.767 | 3729.44 23462.8 0.6529363 | 190.7301 | 91.854479 | 20.2
Franciacorta | H6 690786.9 | 272.806 | 11941.72 | 404.3551 | 1941.606 | 524.5273 32558.4 0.0490665 | 292.4973 | 31.200087 | 114
Franciacorta | H7 897043.6 [ NA 5059.769 | 1242.833 | 4348.85 3672.761 14683.7 1.8938345 | 757.9871 | 66.215513 | 43.2
Franciacorta | H8 473141.9 | 0.80314 | 6749.668 | 1255.99 7313.827 | 2754.194 16772.3 0.0391512 | 137.5503 | 32.425408 | 19.8
Franciacorta | 11 6336359 | 165.732 | 6175.476 | 2348.563 | 3393.054 | 345.1426 505.555 0.0172724 | 669.1795 | 36.79993 | 58
Franciacorta | 12 4501056 | 581.504 | 2109.102 | 648.3811 | 6551.563 | 1462.996 55656.4 0.1261257 | 335.2335 | 185.69645 | 236
Franciacorta | I3 208415.3 | 49.3238 | 483.126 186.4033 | 291.8506 | 209.4379 1371.93 0.0031028 | 51.37566 | 5.6548552 | 3.54
Franciacorta | 14 671654.4 | 1014.17 | 197861.2 | 425.5615 | 3051.464 | 1955.823 24070.7 0.1748749 | 225.7061 | 92.127457 | 39.2
Franciacorta | O1 325340.1| 0 16217.28 | 5806.681 | 11766.94 | 429.1443 27777.1 0.0493029 | 350.0006 | 120.88914 | 20.4
Franciacorta | 02 709647.7 | 562.65 10233.77 | 3475.31 4717.211 | 3007.394 38547.6 0.1958407 | 149.6897 | 148.87842 | 26
Franciacorta | O3 663665.1 | 2816.1 10895.87 | 782.9627 | 3412.874 | 2397.198 16106.9 0.0702297 | 549.6334 | 103.48739 | 21.2
Franciacorta | O4 18280364| 0.13713 | 3.638791 | 0.264234 | 8581.331 | 0.60175 5.07135 0 13066.67 | 0 0.358
Franciacorta | O5 1992946 | 1.84637 | 9.73326 1.782127 | 3452.674 | 13.98937 204.563 0 3595.056 | 0.2841164 | 119
Franciacorta | O6 NA 37.5882 | 493.7177 | 35.96265 | 188.489 102.3882 1198.99 0.0005961 | NA 11.176033 | 1.73
Franciacorta | O7 5327726 | 1174.01 | 8592.119 | 1210.537 | 4350.489 | 2715.065 31863.6 0.3287323 | 583.3546 | 93.385425 | 34.4
Franciacorta | Q1 2327291 | 590.798 | 15941.33 | 379.8645 | 4133.505 | 2897.682 20691.1 0.3191652 | 701.0282 | 159.03832 | 171
Franciacorta | Q2 1890180 | 140.578 | 39163.6 108.5078 | 2680.095 | 343.8704 7406.27 0.2854477 | 426.7886 | 129.328 4.8
Franciacorta | Q3 2429072 | 947.472 | 19177.96 | 470.8874 | 5185.856 | 1954.882 17963 0.4408992 | 607.228 22.900093 | 147
Franciacorta | Q4 718313.4 | 1095.24 | 6974.829 | 623.9035 | 4549.685 | 2251.091 10369.5 0.3668307 | 878.3662 | 99.922852 | 16.5
Franciacorta | Q5 2362369 | 638.972 | 15185.34 | 1441.225 | 4619.921 | 2929.187 18003.8 0.7113958 | 306.0328 | 24.276445 | 212
Franciacorta | Q6 988853 | 1175.85 | 8463.693 | 742.6132 | 4614.071 | 2075.54 15873.1 0.1556685 | 139.9914 | 22.049921 | 50.4
Franciacorta | Q7 1775134 | 562.044 | 27481.69 | 437.2271 | 5896.626 | 1093.969 14960.3 0.0150121 | 309.5846 | 42.048362 | 26.2
Franciacorta | Q8 603826.5 | 541.939 | 3697.155 | 112.3663 | 2130.739 | 772.6964 5602.83 0.1082239 | 421.6857 | 25.948918 | 8.74
Franciacorta | T1 1099629 | 581.348 | 27817.81 | 256.6945 | 5291.688 | 3286.189 8718.08 0.5018053 | 269.5319 | 79.707451 | 29.8
Franciacorta | T2 821474.2 | 292.721 | 23622.94 | 597.6541 | 4088.599 | 1778.083 17414.3 1.5106199 | 206.5724 | 58.36611 | 74.4
Franciacorta | T3 551902.9 | 470.114 | 12595.34 | 204.0205 | 4384.758 | 2556.31 15841.3 0.1529789 | 294.778 62.666059 | 13.7
Franciacorta | T4 4196398 | 417.734 | 37805.7 15297.18 | 7352.1 2606.225 13828.7 0.0940199 | 2754.737 | 23.022964 | 54.4
Franciacorta | V1 1154128 | 2119.17 | 16925.72 | 100.3581 | 3214.674 | 1312.901 14546.2 0.0640826 | 707.0197 | 87.562466 | 220
Franciacorta | V2 2782631 | 485.237 | 56977.86 | 1312.724 | 3790.543 | 2193.152 10436.5 0.688428 | 325.6697 | 54.680541 | 0.133
Franciacorta | W1 3159144 | 298.548 | 20764.01 | 797.8067 | 4098.458 | 853.9854 19399.8 0.2394909 | 432.8981 | 65.163309 | 37.4
Franciacorta | W2 2298016 | 739.105 | 19618.61 | 644.8925 | 1955.206 | 1327.6 10237.9 0.0575067 | 324.4624 | 157.10843 | 18.1
Franciacorta | W3 NA 272.179 | 24218.71 | 759.1428 | 3226.093 | 1334.775 14295.3 0.2237609 | NA 33.553273 | 202
Franciacorta | W4 1148725 | 252.242 | 3986.889 | 633.664 4274.984 | 1343.483 20603.5 0.0390236 | 383.7398 | 92.593434 | 67
Franciacorta | W5 1295390 | 1798.06 | 29190.8 769.094 2952.577 | 1053.683 6086.38 0.1507769 | 510.1377 | 99.422045 | 21.2
Franciacorta | W6 959053.8 | 1194.09 | 11975.19 | 1437.087 | 6677.378 | 2798.664 22610.9 0.3281522 | 511.2725 | 316.71917 | 118
Lugana F1 1160773 | 453.835 | 2180.777 | 1164.54 1856.927 | 587.2474 4853.57 0.0155218 | 178.2876 | 285.15986 | 22.6
Lugana F2 7654805 | 1913.44 | 8250.763 | 393.6037 | 4360.252 | 1845.947 13907.7 1.9761222 | 329.6671 | 89.038881 | 73.2
Lugana F3 1823677 | 948.343 | 8023.257 | 584.3804 | 3120.672 | 1794.058 9400.87 3.8166169 | 459.5227 | 233.92214 | 56.6
Lugana F4 983844.6 | 946.87 3322.469 | 479.8174 | 2763.721 | 1312.473 8486.79 0.1614555 | 496.2889 | 383.7599 | 250
Lugana L1 569534.3 | 163.914 | 11538.87 | 248.2276 | 3275.542 | 2265.972 13221.4 1.1048365 | 617.8142 | 338.55462 | 47.8
Lugana M1 701645.2 | 2191.04 | 14417.13 | 489.9358 | 5132.181 | 1599.635 8648.35 0.2462727 | 292.0322 | 94.035133 | 30.4
Lugana N1 1036632 | 657.346 | 12575.5 1156.177 | 1703.497 | 478.2138 9464.03 0.0621966 | 274.1107 | 120.4696 | 12.6
Lugana P1 1494235 | 552.298 | 8461.471 | 231.2449 | 4964.998 | 1712.221 12875 0.1957219 | 284.4989 | 133.08082 | 51.6
Lugana R1 17863010| 709.019 | 4509.359 | 240.9505 | 1399.046 | 3293.123 4255.73 0.1140188 | 883.7595 | 526.31698 | 38.6
Lugana R10 4459282 | 627.379 | 15504.41 | 882.1465 | 3746.127 | 2267.217 12486.8 0.3606401 | 224.0363 | 75.229435 | 24.8
Lugana R11 2373609 | 384.923 | 429.0269 | 609.7355 | 2883.652 | 1842.781 9108.54 0.0362562 | 394.3894 | 64.786846 | 10.8
Lugana R12 2297167 | 1436.79 | 6472.882 | 128.7497 | 3366.83 2854.922 9818.4 0.2562854 | 770.0774 | 43.387111 | 41.6
Lugana R13 1740566 | 1716.42 | 2981.138 | 733.1221 | 4164.467 | 1738.124 12206.5 0.314679 | 491.6195 | 44.496144 | 37
Lugana R14 15994990| 1204.19 | 586.9219 || 488.8699 | 4295.677 | 2469.279 10755.1 0.6862662 | 351.1039 | 206.80592 | 126
Lugana R2 80.42886 | 895.728 | 15656.23 | 793.1861 | 6974.694 | 4593.177 13057.1 0.6243862 | 0.080684 | 162.36007 | 193
Lugana R3 1254050 | 549.932 | 13386.41 | 1557.365 | 3770.473 | 2665.523 16797.5 0.6796259 | 396.448 129.95358 | 26.4
Lugana R4 NA 813.33 17101.92 | 555.7443 | 3332.252 | 2290.125 9638.16 0.7946063 | NA 93.973712 | 171
Lugana R5 NA 490.037 | 13500.71 | 2058.435 | 3496.743 | 2809.885 14956.2 0.4348633 | NA 24.733946 | 25.4
Lugana R6 2810.663 | 168.411 | 2013.029 | 382.5614 | 1483.366 | 695.5795 7892.85 0.0028563 | 21.39866 | 48.300255 | 107
Lugana R7 1107846 | 285.746 | 435.6814 | 341.8793 | 2273.273 | 2473.803 9144.58 0.1604876 | 188.0592 | 383.92365 | 21
Lugana R8 752501 | 283.544 | 1836.163 | 456.1972 | 1744.224 | 760.8798 7202.49 0.2405272 | 106.5451 | 31.268152 | 8.22
Lugana R9 1028774 | 790.988 | 10724.07 | 371.5346 | 2193.784 | 1759.231 8361.16 0.2467711 | 364.0379 | 65.277033 | 28.8
Lugana S1 4563159 | 3839.28 | 3001.431 | 265.0266 | 2761.968 | 1699.219 7454.47 0.0979817 | 691.8367 | 87.531736 | 11
Lugana S2 2261106 | 1208.79 | 825.5438 | 396.2942 | 2725.836 | 1836.227 8279.44 0.2247662 | 363.8704 | 177.59343 | 47.8
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Lugana Ul 565906.5 | 1813.26 | 22.69918 | 278.4151 | 799.0753 | 416.1581 5305.25 0.011852 | 213.8599 | 96.149314 | 2.6
Lugana Vi 3265506 | 1882.17 | 1698.019 | 1429.618 | 5050.887 | 3564.836 19209.7 0.1861 349.2643 | 307.04396 | 21.4
Lugana Z1 742405.8 | 453.558 | 14112.81 | 341.8506 | 2384.442 | 1584.183 9577.5 0.2509081 | 994.4744 | 168.01803 | 96.4

3.1 FRANCIACORTA SOILS PHYSICO-CHEMICAL CHARACTERIZATION

Table 3.2: Soil physicechemical parameters in Franciacorta.

Active limestone g/kg <10
Limestone tot. g/kg <10
MgO g/kg 202
pH 7.5
Cu tot mg/kg 73.9
Mg/K 35
K,0 mgl/kg 129
Silt g/kg 415
Total organic carbon g/kg 12.8
Organic matter g/kg 22
Sand g/kg 399
Stable organic carbon g/kg 10.4
CEC meq/100g 14
P,0Os mg/kg 34
Labile organic carbon (POM) g/kg| 2.8
Labile organic carbon t/ha 10.1
C % SO 0.58
N tot. g/kg 1.4
Clay g/kg 180
%POM 21

Franciacorta median soil physicbemical parameters are presented in Table 3.2. The soils
displayed a slightly alkaline pH, with a median of 7.5, and were classified asaluameous,

with values of both active and total limestone below 10 g/kg. Theesailre corresponded to

a loam (USDA classification). Magnesium availability was high, with a median of 202 g/kg
Mg O, and exchangeable potassium | evels wer
indicating good nutrient availability. Assimilable phosphonua s pr esent at 34
corresponding to average values for vineyard soils. Franciacorta soils contained sufficient
levels of total nitrogen (median 1.4 g/kg). The cat#xechange capacity was average (14
meqg/100g). Franciacorta also had an aveaaganic matter content, with a median of 22 g/kg,

and the organic carbon dynamics between labile organic carbon (POM) and stable organic
carbon were balanced, with 21% POM. The soils in Franciacorta exhibited a high copper
content of 73.9 mg/kg, althoughilsbelow the attention threshold of 100 mg/kg (Alloway,
1995).
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3.2 LUGANA SOILS PHYSICO-CHEMICAL CHARACTERIZATION

Table 3.3: Soil physicechemical parameters in Lugana.

Active limestone g/kg 75
Limestone tot. g/kg 374
MgO g/kg 360
pH 8.1
Cu tot mg/kg 37.6
Mg/K 5.4
K20 mg/kg 175
Silt g/kg 444
Total organic carbon g/kg 15.5
Organic matter g/kg 27
Sand g/kg 394
Stable organic carbon g/kg 11.8
CEC meq/100g 18.4
P,Os mg/kg 28
Labile organic carbon (POM) g/kg| 3.5
Labile organic carbon t/ha 12.6
C % SO 0.58
N tot. g/kg 15
Clay g/kg 180
%POM 0.23

Lugana median soil physiedhemical parameters are presented in TableShi#s in Lugana

showed moderately alkaline conditions, with a median pH of Bufjana had strongly
calcareous soils (median 374 Limestone total g/kg), rich in active limestone. The soil texture
corresponded to loam (USDA). Nutrient availability was generally high. Lugana soils showed

a very high exchangeable magnesium content, wittedian of 360 g/kg MgO, and a good

|l evel of exchangeable potassium (median 175
content was 28 mg/ kg P O , vioeyardsels potaimidrogeng t o
content was sufficient (median 1.5 g/kg). The median cagi@mmange capacity (CEC) was 18.4
meqg/100g, an average value. Lugana vineyards had a high organic matter content, with a
median of 27 g/kg. Organic carbon dynamicsueen the labile organic carbon (POM) and the
stable organic carbon were balanced, with 23% POM. Copper concentrations were relatively
low for vineyards, with a median of 37.6 mg/kg, well below the 100 mg/kg attention threshold
(Alloway, 1995).

3.3 PRODUCTION SYSTEM AND SOIL PHYSICO -CHEMICAL CHARACTERISTICS

All the conventional vineyards considered in the experiment were in Lugana, while all the
biodynamic vineyards were in Franciacorta. For this reason, the analysis of differences between

production systems was performed separately for Franciacorta andalLugan
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In Lugana, the Wilcoxon rarkum test revealed no significant difference in the soil physico
chemical characteristics between conventional and organic vineyards. The organic and
conventional vineyards examined in this study employ similar managementgsactpart

from pest control. Both systems maintain a permanent grass cover on,ttie sotlimplement

soil tillage as part of their standard soil manageraadtuse organitertilizers This similarity

may explain why no differences were observed. Previous studies had contrasting results; some
indicated an increase in soil organic matter and nutrients in organic vinégatidst al., 2011,

while others showed no differencé@Brobst et al., 2008)t's interesting to notice that no
significant difference between conventional and organic soil copper levels was found, despite
many studies showing higher accumulation of this metal in organic vineyards due to the
extensive use of copperrfgicides(Colautti et al., 2023; Ochmian & Malinowski, 202Zhis

could suggest that in organic vineyards, it is possible to prevent excessive copper accumulation

in soil with proper pest management.

In Franciacorta, significant differences were observed in the soil phgiseical
characteristics between biodynamic and organic vineyards. Soils in organic vineyards had a
significantly higher content of organic matter (Figure 3.1), total organic cgfigure 3.2),

and stable organic carbon (Figure 3.3). Organic soils also showed a significantly higher CEC
(Figure 3.4), consistent with the higher organic matter content. Organic matter is known to be
positively correlated with CEGThompson et al.,, 1989 Organic vineyards displayed a
considerably higher content of exchangeable magnesium and potassium (Figures 3.5 and 3.6),
which could relate to the increased organic matter content and CEC observed. Soils with high
CEC have an improved capacity to retiinand Mg* (Sparks, 2003)These results are in
contrast with the literature, which generally reports higher organic matter content in biodynamic
vineyardgHendgen et al., 202@) no significant differences between organic and biodynamic
vineyards (Reese et al., 2005) The lower organic matter and mineral content found in
biodynamic soils might not be due to management, as it is very similar to thatinallyeed
organic vineyards, but could be attributed to the soil texture. Biodynaoiis had a
significantly higher sand content, which can lead to famteeralizationof organicmatter and

a lower CEQHassink, 1997; Mengel, 1993)
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Figure 3.2: Soil organic carbon in Franciacortodynami
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Figure 3.4: Cation exchange capacity in Franciac
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3.4 BIOINDICATORS AND SOIL PHYSICO-CHEMICAL CHARACTERISTICS
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Figure 3.7: Heatmap showin§pearmarcorrelationsbetweentie set of indicators and sghysicechemicalproperties. Th
colourindicatesthe correlation direction only the R of significant correlatiorfp<0.05)is displayed
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Figure 3.8: Heatmap showing Spearman correlations between the set of indicators giysicibchemicalproperties in
Lugana. The colouindicates the correlation direction, only the R of significant correlations (p<0.05) is displayed.
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Figure 3.9: Heatmap showing Spearman correlations between the set of indicators gig/sicibchemicalproperties in
Franciacorta. The colour indicates the correlation direction, only the R of significant correlations (p<0.05) is display

Correlations between the set of bioindicators and soil physiemical characteristics are
presented in Figure 3.7. Lugana and Franciacorta data were also sepaadyelgdstatistically

to control for the area effect; the results are displayed in Figure 3.8 and Figure 3.9.

The clay content negatively correlategh the VSA(R =-0.41, p = 0.0001) and, only in
Lugana, with the vegetative VSA (R-6.47, p =0.03. Silt content also negativelyorrelates
with the VSA (R=-0.29, P=0.009), while the sand content positively correlates with the VSA
(R=0.44, P=0.00004. These results are in accordandgé the VSA guidelinesthat assign a
low score taclay and silt soils. Finer soitend to be more vulnerable to structural damage than
their coarseitextured (silt loam and sandy loam) counterpa(Shepherd et al., 2008)
Ammoniaoxidizing bacterig AOB) showed a positive correlatiavith clay content (R = 0.21,

p = 0.049, in accordance with previous studi@duema et al., 2016; Pereira e Silva et al.,
2012) Denitrifiers(nos2 werepositivelycorrelatedn Luganawith the sand conterfR=0.47,
p=0.017. A positive correlation between ti@sZgene abundance and sand content in theory
should not be expected as sand represents more aerobic conditions and thus, less prone to
denitrification, However, this is seen only for the terminal denitrification ges&and not

for the intermediate denitrificationirK gene, and only in Lugana vineyards, which have a
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copper content of 37.6 mg/kg while Franciacorta has 73.9 mg/kg, reflecting the prevalence of

organic vineyards .

The unexpected positive correlation betwaesZgene abundance and sand content, in soils
with lower copper levels, may be interpreted under a number of possible mechanisms; 1)
Microbial niche specializatiorSomenosZcarrying microbes (especially those with clade I

nosZgenes) are more versatile and can persist in less strictly anaerobic environments, including

sandy soils with fluctuating oxygen levels; @xygen tolerancewhile denitrification is

traditionally anaerobicnosZexpression can occur under microaerophilic conditions. Sandy
soils may have microsites with transient anoxia, allowmgsZ expression even in

predominantly aerobic matrices; @ppper limitation effectsAt 37.6 mg/kg Cu, copper may

be limiting but not inhibitory. This could selectively favor muibes that tightly regulateosZ
expression or possess higfiinity copper uptake systems, leading to increased gene abundance
despite lower total Cu.

The reason by which instea@tK does not display a parallel pattern can also be commented on

the following basest) nirK vs nosZregulation nirK encodes nitrite reductase and is expressed

earlier in the denitrification pathway. Its regulation is less tightly linked to copper availability
compared tonosZ which requires copper for its active site (Cu_Z cluster),CRpper
sensitivity: nosZis more sensitive to copper fluctuations. At higher Cu levels (73.9 mg/kg),
excess copper may inhibit microbial activity or shift community comiposisuppressingosZ
expression despite sufficient metal availabilityG®&ne abundance vs activityirKk abundance

may not reflect activity under aerobic conditions, whitsZabundance could be a response to

N O accumulation or copper stress. Besi des
texture and copper interactions are part of the play. As regards sandy soils and metal
bioavailability: Sand has lower cation extlye capacity, which can reduce copper retention

and increase its mobility. his may create localized zones of copper stress or deficiency,
influencing microbial gene expression. In additissmdy soils mayarbordistinct microbial
communities with different denitrification strategies. Claded$Zorganisms, often found in

non-denitrifying taxa, may be more prevalent in these conditions.

Nitrogenfixing microorganismsr{ifH) were positively correlated witkilt content (R = 0.30, p
=0.005) in accordance witprevious studiefYang et al., 2022)The dsDNA contendetected
with Qubit negativelycorrelated with the clay conterR€ -0.28 p= 0.008 and correlated
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positively with the sand content (R&.22,p=0.039. This could bepartly causedalsoby the
inhibition clay has on DNA extractiofDireito et al., 2012)

VSA wasnegatively correlated with soil pH (R8.23, p=0.038). Arbuscular mycorrhizal fungi
(AMF) had a positive correlation with soil pH (R= 0.31, p= 0.004). pH is one of the primary
environmental factors influencing AMF species diversity and community structure, with
colonisation generally increasing with g@oughlan et al., 2000; Fang et al., 2023)ngi
(189 had a negative correlation with soil pR<-0.32, p=0.003, consistent witltheir known
wider range of tolerance towards acidity with respect to bacteria, grévimus research on
the topic(Rousk et al., 2009Nitrogenrfixing microorganismsr(ifH) positively correlated with

soil pH (R=0.24, p= 0.028). This finding aligns with the woflSilvaet al.(2013 and Wang

et al. (202). ThedsDNA quantityin Franciacorta showed a negative correlation with soil pH
(R=-0.27, p=0.03p

The VSA and vegetative VSA showed a negative correlation with the cation exchange capacity
(CEC) R=-0.41, p=0.0001; R=0.29, p=0.02. Soils with high CEC have a better capacity to
retain nutrients and are generally more fertiowever,CEC is mainly linked to soil clay
content, which, as mentioned earlier, can negatively correlate with the VSA and vegetative
VSA. The dsDNA quantity also had a negative correlation with GE€-0.27, p=0.012),
which could be due to cl abirgi® etialn2012)Denitrifieosn o f
(nosg exhibited a negative correlation with CEC (R=21, p= 0.047).

Soil limestone content showed a positive correlation withQB&-ar (R= 0.22, p= 0.041),
contrary to the findings dfeone et al. (2023)AMF exhibited a positive correlation with the
soil 6s tot al |l i mestone content (R= 0.27,
Labidi et al. (2012)however, reported a negative effect of limestone on AMF development and
symbiosis. ConverselyWenyika et al. (2025)emonstrated that lime applications can enhance
AMF root colonization Fungi negatively correlated with total limestone (=37, p= 0.0004)

and active limestone (R6.37, p=0.0004), aligning witWenyika et al. (2025who found that
liming reduces the abundance, biomass, and activity of most fungi, which tend to favour acidic
soils. Denitrifiers QirK) displayed a negative correlation with total limestone {22, p=
0.045) and active limestone (R8.23, p=0.03). SincenirK-bearing denitrifiers are Cu
dependent and alkaline soils rich in limestone have low Cu aili@yafMengel, 2001; Misra

& Sharma, 1961; Ward et al., 2008)is may explain the negative correlation observed. AOA
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showed a negative correlation with both total limestone {830, p=0.0049) and active
limestone (R=0.31, p=0.003). Calcareous soils are alkaline, and studies indicate that AOA
prefer more acidic soils, whereas AOB are more prevalent in alkalingGoitsy-Rangin et

al., 2011; Zhang et al., 201 Nitrogenfixing microorganismsr(ifH) correlated positively with

soil active limestone content (R= 0.34, P:903), possibly linked to the positive correlation
betweemifH and pH. VSA showed a negative adation with active limestone (R9.24, p=

0.03). High active limestone content can lead to soil crusting, compaction, and reduced
aggregate stabilityBolan et al., 2023)resulting in lower VSA scores. Vegetative VSA in
Lugana positively correlated with limestone content (R= 0.64, p= 0.0019). Although excessive
limestone can cause mineral deficiencies in grapevine, many of the most vocated viticulture
areas are situatedh @alcareous soils (White et al., 2007). The dsDNA quantity was negatively
correlatel with active limestone content (R#9.25, p=0.022) and, in Franciacorta, with
limestone (R=0.37, p=0.003).Available literaturglLazcano et al., 2020; Visconti et al., 2024;
Wydro, 2022)offers clues for the interpretation of such data. A negative correlation between
soil DNA content and limestone content, despite slightly higher organic matter in the soils that
have higher limestone content, as in our case for Lugana vs. Franciacorthe rdag to
different possible reasons. 1) limestanduced shifts in microbial community composition.
Limestoner i ch soil s (high CaCO ) favoscedaintmarobmle mo 1
taxa (e.g., Actinobacteria, Firmicutes) while suppressing others (e.g., Acidobacteria,
Proteobacteria). These shifts may result in lower total microbial biomass or fewer cells with
extractable DNA, even if organic matter is slightly highlinctional diversity may be reduced,

leading to lower DNA yield despite carbon availabijli®y pH-Driven DNA Degradationhigh

pH environments can accelerate DNA hydrolysis and degradation, especially extracellular
DNA in the soil matrix. This may reduce the measurable DNA content even if microbial

biomass is preser) ExtractionEfficiency Interferencegarbonateich soils can interfere with

DNA extraction protocol s: CacCoO may bind
capacity can reduce lysis efficiency; chelating agents used in extraction may be neutralized by
excess calcium. These factors daad to underestinti@n of DNA content, not necessarily
lower microbial abundanc&ome correlations between mineral nutrients and the indicators
were identified. Assimilable phosphorus showed a positive correlation in Lugana with the VSA
(R= 0.53, p= 0.01). In Lugana, AMF exhibited a negative correlation with assimilable
phosphorus commtration (R=0.42, p=0.0035). High external phosphate levels activate plant
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signalingpathways that inhibit AMF establishment and arbuscule developareastablished
Aphosphate repression” response. Consequen
uptake and allocates less carbon to AlBRlzergue et al., 2013MOB positively correlated

with exchangeable potassium (R= 0.26, p= 0.019), aligning with previous sf\iag et al.,
2023) Denitrifiers Q0s2 in Lugana had a negative correlation with exchangeable potassium
(R= -0.44, p= 0.0029). Bacterial abundance in Lugaves negatively correlated with
exchangeable potassiuiR=-0.44, p=0.036), consistent with the work Bighia et al. (2025)
Exchangeable magnesium content in soils showed a negative correlation with the VSA (R=
0.34, p=0.002). High magnesiunn spite of its divalent cation natuiegnneverthelessause
dispersion of soil colloids and degradation of soil structure, especially when Ca is low
(Dontsova & Norton, 2001which might decrease the VSA score. Exchangeable magnesium
showed a positive correlation with AMF (R=29, p=0.006). Nitrogerixing microorganisms
(nifH) correlated positively with exchangeable magnesium (R= 0.32,023), consistent with
Bossolani et al.(2020) Additionally, nifH showed a positive correlation with the Mg/K ratio
(R=0.34, p=0.0016).NRPSexhibited a positive correlation with the Mg/K ratio (B:24, p=
0.002). In Franciacorta, AOB demonstrated a negative correlation with the Mg/K ratio (R=
0.27, p=0.038), which could relate to the previously observed positive correlation with
potassium.Total nitrogenshowed goositive correlation withVSA in Lugana (R=0.54, p=

0.01), while a negative corfation in FranciacortéR=-0.30, p#9.02), where the correlation was
negative also with theegetative/SA (R=-0.40, p=0.009) Franciacorta results are contrasting
with Teixeira & Basch (2019) results, showing a positive correlation bettetsdmitrogen and
VSA. nifH andnosZshowed a negative correlation with total copp&r {0.27, p=0.012;R=-

0.24, p=0.023).Yin et al. (2018)ound that high concentrations of Cu can inhibftd copy
number.Black et al. (2019pbserved that high concentrations of Cu negatively correlate with
nosZ AOA showed a positive correlation with Cu concentration, consistent with previous
studies theashow a positive correlation between AOA and Cu at moderate [deelsins et al.,
2016; Reyes et al., 2020Yegetative VSA displayed a negative correlation with total Cu in
soils. Toselli et al. (2009jound that in san@nriched soils, Cu concentrations exceeding 200
mg/kg can cause a reduction in shoot growth and leaf chlorosis. The majority of vineyards
analyzedhad a Cu content below 100 mg/kg, but some had higher levels reaching up to 317
mg/kg. These findings could suggetstat high soil Cu might harm some of thesoil
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microorganisms involved in the nitrogen cyckuc¢h asnifH and nosg and the grapevine
vegeteproductive status.

The VSA displayed significant positive correlatiowith many soil carbon parameters
Lugana. It showed a positive correlation with the soil organic mattdrthe total organic
carbon(R=0.46, p=0.037), with thdabile organiccarbon (POMjand the percentage of POM
(R=0.58, p=0.0056 R=0.59, p=0.0047. Organic matter enhances the VSA score since it
forms the basis of visible soil quality. It supports soil structure, porosity, biological activity,
darker color, and surface protection, all of which are directly assessed by VSA indicators
(Shepherd et al., 20080OM, in particular, ishe coarser and more visible part of the organic
matter during a visual assessment. It can be directly linked to organic matter additions and
proper soil managemer{fCambardella & Elliott, 1992; Marriott & Wander, 2006)he
vegetative VSAshowed a negative correlation with the labile organic canbdfranciacorta
(R=-0.31, p=0.044) and with the carbon percentage in the organic matter in L(iRard.50,

p= 0.021).High levels of labile organic carbon (POM) often indicate recent inputs of fresh
organicmatter that haven't decomposed into forms available to plants. In this initial phase, soll
microbesutilize nitrogen to decompose these residues, which temporarily decreases nitrogen
availability for vines and may result in lowégor or growth. Therefore, although a high POM
content suggests enhanced soil biological quality, it can also be associated witiershort
reductions in vegetative performance because of microbial nitiogeabilization(Gregorich

et al., 2006; Recous et al.,1998) Lugana, bacteria abundand&$ negatively correlated

with organic matter (R=0.52, p=0.0118) and stable organic carbon @®=49, p=0.016). Soils

with high levels of stable organic carbon often containfthia of carbon in minerahssocited
fractions, which are less accessible to soil bacteria. Since many bacteria thrive on more labile,
easily decomposed substrates, their abundance may decrease as stable carbon increases
Additionally, soils rich in stable organic matter tend to suppoitrabial communities
dominated by slowegrowingorganismgike fungi (Liu et al., 2023; Mayer et al., 2021; Xiang

et al., 2017)This could explain why there is a negative correlation between bacteria and stable
organic matter, as well as between furt§§ and POM (R=0.23, p=0.036).Denitrifiers
showed a negative correlation with labile organic carboi had a negative correlation with

POM in Lugana (R =0.47, p = 0.017), whilmosZ had a negative correlation with the
percentage of POM in Franciacorta (R0=28, p = 0.02%6 Denitrifiers exhibited a negative
correlation with labile organic carbonirK had a negative correlation withe labile organic
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carbonin Lugana (R =0.47, p = 0.017), whilemosZshowed a negative correlation with the
percentage of POM in Franciacorta (R0=28, p = 0.026). These findings contrast with those

of Surey et al. (2020Wwho observed a positive correlatiornaisZandnirK with labile organic
carbon.Gh48 a gene coding foia cellobiohydrolasgewas positively correlated witlabile
organic carbonR= 0.34, p=0.008) and the percentage of POM (R332, p=0.014) in
Franciacorta. These correlations could be explained by the significant presence of cellulose in
POM (Witzgall et al., 2021)The results are consistent with findings fréang et al. (2021)

which show thagh48positively correlates with C/N ratio, a parameter that is high in POM and

in recently added organic matter.

The ®t of gensanalyzed summarizing thabovedescribedesults, displayedood sensitivity

to the chemical and physical soil parametai$d showedcorrelationswith soil texture $ilt
content)and chemical parameter€y, pH,total limestone, active limestone, exchangeable
magnesium and Mg/KnirK showed sensitivity to the limestone content &tule organic
carbon; nosZ correlated withsoil texture (sand content) arahemical parameters (CEC,
exchangeable potassium, Cu and %PORMQDA showed correlations wittsoil chemical
properties (Cu, limestone and %PORNHd AOB with both texture (clay content) asdme
mineral content (exchangeable potassium and MgIKP displayed correlations with the
organic matter contenstable organic carboand exchangeable potassium conterttile 18S
was correlated with the labile organic loan, limestone,and soil pH. AMG1 showed good
sensitivity to soil chemical parameters pH, limestone, assimilable phosphorus and
exchangeable magnesiungh48 showed as expectedjood sensitivity to the carbon pools.
dsDNA quantity showed correlations with soil texture (g sanctontent) and chemical
parameterspH, CEC,limestong. VSA showed correlations with soil textuaed, despite the
method not focusing directly on themyith chemical parametergll, CEC, limestone,
exchangeable magnesiuand potassiumassimilable phosphorusotal nitrogen,organic
matter and its dynamics)confirming its suitability asn indicator of soil physicohemical
status.QBS-ar, despite being one of the most established bioindicators ohesaith,only

showed correlation with the limestone content and only in Franciacorta.

It needs to be also remarked that the correlations observed between the tested variables,
including chemical, physical and biological parameters, displayed a very noticeable site

dependenbehavior splitting Franciacorta and Lugana quite clearly apart and highlighting that
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the putative relationships among data values do not comply with a common trend, but are rather
tiedtoacomplexsetofemc cur ri ng variabl es t Ibehviomppear

3.5 INDICATORS AND VITICULTURE AREA

Franciacorta and Lugana showed significant microbial differences highlighted in Figure 3.10
AMG1 showed the greatest differences (FigurelB.tvith a median of 120.5 gene copies in
Lugana and 54.7 in Franciacorta (p60007). As previously noted, soil pH is a key factor
influencing AMF abundance, and Lugana vineyards were significantly more alkaline.
Conversely, the total amount of fundB8 was significantly higher in Franciacorta (p92),

with a median of 14683.7 gene copies, compared to 9464e(cgeres in Lugangdigure 3.2).

As mentioned earlier, fungi showedhagative correlatiowith soil pH and limestone content.
Nitrogenfixing microorganisms rifH) were significantly more abundant in Lugana (p=
0.00059), with a median of 791.0 gene copies compared to 320.7 in Franciacorta (FR)ure 3.1
This difference could be related to soil pH and limestone content, which, as observed earlier,
are positively correlated withifH. NRPSwere more prevalent in Lugana (p=024), with a
median of 0.246 gene copies, agaihd25 in Franciacorta (Figure 3)1 AOA was higher in
Franciacorta (p9.017) with a median of 11754.1 gene copies, while in Lugana it was 6472.9
(Figure 3.5). Microbial differences between Franciacorta and Lugana are represehRigdre

3.15 QBS-arandVSA did notshow significant differences between the areas.

The significant microbial differences between the two viticulture areas, as shown by the study,
highlight that Franciacorta and Lugana have distinctive microdiedirs. The idea oterroir
encompasses many analytical factors fundamental to knowtetigebenology For years, the
biological component of soils was underestimated, despite its rich microbial diversity. This soil
microbiota is crucial not only for soil chemistry and nutrition but also significantly impacts the
health, yield, and quality ofrgpevines. Recent research further highlights the soil microbiome
as the reservoir for grapevhassociated microbes and its influence on the sensory
characteristics of wingBelda et al., 2017; Gilbert et al., 2014)

Some farms, even within the same region, showed notable differences in thamgyesd
AMG1, nirK, nifH, AOA, and VSA exhibited significant differences whamalyzedwith the
KruskalWallis test (p=0.014, p=0.018, p=0.022, p=0.034, p=0.017). This could indicate that

these genes are capable of discriminate between vineyards from different farms. Different
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microclimates, geopedological characteristi@d management practices could cause

differences
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Figure 3.10: Principal Component Analysis (PCA) biplot showingath@lyzeds a mp |l es d spati al
genesanalyzed Only the genes with significant differences between the areas were included.
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Figure 3.11: AMGL1 gene copies in Franciacorta and Luga  Figure 3.12: 18Sgene copies in Franciacorta and Luga
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3.6 COMPARISON WITH VSA AND QBS-AR

Correlations between tlanalyzedyene set and the established soil health indicators, VSA and
QBSar, were examined. Correlations are shown in Figure 3.16. Lugana vineyards also
displayed different correlations from the overall results, as shown in Figure 3.17. Few
correlations were identified, particularly witQBS-ar. VSA displayed significant positive
correlations witHL8S(fungi) (R= 0.24, p= 0.03) and dsDNA quantity (R=0.23, p= 0.036). Soil
with high VSA usually has good structure, porosity, and a good amount of organic matter, all
conditionsfavorablefor fungi. The positive correlation between dsDNA and VSA could be
linked to the better suitability for life of soils with high VSA scores, resulting in higher biomass
and dsDNA. Despite the positive correlation of the total amount of fungi with VSA, AMF
showed a negative correlation with it (R%24, p= 0.034). This could be caused by the high
phosphorus with VSA,
on AMF. AOB and AOA (only in Lugana) exhibited néiga correlations with vegetative VSA
(R=-0.28, p=0.027; R=0.57, p= 0.0068)Those nitrifiers activities are carried out by carbon

autotrophic bacteria which thrive and compete in conditions that can be totally independent

content associated wh i

from organic matter availability, whose presence is instead compliant with a good score in
vegetative soil visal assessmen@BS-ar demonstrated only a positive correlation wiihk.

Also, this occurrence is consistent with a plausible interpretation. Namely, denitrifyers,
oppositely fran nitrifyers as the AOB and AOA, are heterotrophic bacteria relying on organic
matter, whose availability isieling the trophic webs that concur to the arthropods QBS score
No correlation was found betwe@BS-arand VSA, nor between the vegetative VSA and the
soil VSA.
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Figure 3.16: Heatmap showing Spearman correlati
between the set of genes and the VSA, vegetativant
QBSar. Thecolor indicates the correlation direction, ot
the R of significant correlations (p<0.05) is displayed.

Figure 3.77: Heatmap showing Spearman correlations bet\
the set of genes and the VSA, vegetative VSAQ&®hr, in
Lugana. Thesolor indicates the correlation direction, only th
of significant correlations (p<0.05) is displayed.
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To better understand the relationship between the VSA and the set of genes, the correlations
with the VSAitemswereanalyzedThosehave higher scores for better conditions; for example,

a high score for erosion indicates that the vineyard does not exhibit erosion. Ongnthe
concerning skeleton size and percentagemnber of earthworm@and topsoil depth are
quantitative. Results are shown in Figure83.1
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Figure 3.18: Heatmap showing Spearman correlations between the set of genes anditam¥$he colouindicates the
correlation direction, only the R of significant correlations (p<0.05) is displayed.

NifH abundance exhibited a negative correlation with W8s asvater stagnation (R€.28,
p=0.011), and with the volume percentage of skeleton in the deep, intermediate, and topsoll
layers (R=-0.35, p=0.005; R=-0.30, p=0.042; R=-0.28, p=0.0043). These results indicate

that nifH abundance was higher in soils with less skeleton, leading to reduced drainage and
increased water retention. This finding aligns with previous studies that reported positive
correlations betweenifH and soil water content and flooding practi¢€hen et al., 2024;
Wang et al., 2021 NifH also showed a positive correlation with the number of earthworms (R=
0.30, p=0.0059). AOB displayed a negative correlation withiteenfi s me | | i n-the
0. 25, p=0.026), where high scores indicate
a smell of reductionNirK displayed a positive correlation with earthworms (®32, p=
0.0029) and a negative correlation with the smell in the pit-(R8, p=0.012). Low scores in

the smell test are associated with anoxic conditions and water stagSatitacs et al(2010)

found thatnirK abundance increased under wet conditiddssZ denitrifiers exhibited a
positive correlation with earthworms (R=27, p=0.012) and the percentage of skeleton in the

intermediate layer (R6.29, p=0.043), and a negative correlation witieitemserosion (R=
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0.27, p=0.040), smell in the pit (R=0.24, p=0.030), and reduction in the topsoil (R%28,
p=0.0087). These correlations suggest ti@Zis more abundant in anoxic soils, consistent
with findings byDandie et al(2011) Fungi (89 showed positive correlations with the VSA
and the VSAitems earthworms (R=0.24, p=0.030), soil porosity (R.28, p=0.010),
compaction (R9.28, p=0.010), and the percentage of skeleton in deep and intermediate layers
(R=0.34, p=0.019; R=0.30, p=0.0038). These correlations imply that, in tealyzed
vineyards, fungi prefer soils with good drainage, aeration, and porosity. Fungi had a negative
correlation with topsoil depth (R9.23, p=0.048) but mycorrhizal fungi (AMF) did not share
such outputThis could be explained by the following considerat@mieeper topsoil is due to

a more effective downwards ext ensoo@pparadi,nd pl
thus competing with generic saprophytic fungi but not affecting their potentially interactive
partners as the mycorrhizal onéddVF showedin fact an opposite trend compared to other
fungi, with negative correlations with erosion (R3:33, p=0.0021), water stagnation (R=

0.34, p=0.0014), porosity (R=0.27, p=0.011), soil structure (R8.24, p=0.026), the touch

test (R=0.24, p=0.027), and reduction across deep, intermediate, and top layer8.@5p=
0.004; R=-0.27, p=0.014; R=-0.30, p=0.0051). These results suggest that in soils with poor
structure, porosity, and aeration, where root nutrient absorption is compromised, AMF
abundanceouldincreasedo compensate and supply nutrients to the pl&t<l8displayed a
positive correlation with soil structure (R=27, p=0.017) and the percentage of skeleton in
the topsoil (R=0.32, p=0.017), and a negative correlation with topsoil depth (R26, p=
0.030). dsDNA content positively correlated with colour (R32, p=0.018). The positive
correlations between several genagH, nirkK, nosZ and 189 and earthworm abundance
support the idea that earthworms creati@arable environment for microorganisms; the
drilosphere is a microbial activity hotspdledinaSauza et al., 2019Among the microbial
genesanalyzed 18Sshowed the greatest ability to discriminate soils with a good \tekes

correlating positively with the overall VSA score and several VSA voices.

3.7 |INDICATORS AND VINEYARD MANAGEMENT

3.7.1 Indicators in different production systems
The set of genes, VSA, a@BS-ar were compared across different production systems. As
previously done, since conventional samples were only available in Lugana and biodynamic

samples only in Franciacorta, these two regions weadyzedseparately. Despite Maretto et
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al. (2023) finding significant differences with a similar set of genes between organic and
conventional sugar beet fields, no indicator showed significant differences between organic and
conventional vineyards in Lugana. In Franciacorta, no indidadra significant difference
between organic and biodynamic farms. This likely results from the similar management
practices adopted by all farms, aside from pest control. All farms adhered -faesmily
practices, such as maintaining a permanent grass,axoiding soil tillage as part of their

standard soil management, and using orgimtdizers

3.7.2 Indicators andfertilization

Farms were adopting differefartilization strategies. Indicators differences between vineyards
adopting differentertilizerswere examined. All farms employed orgafedilizers Theones

used included: cattle manure (COL), digestate (COD), compost (COC),edeadieganic
fertilizers(COP), and ndertilization control(0OC). Cattle manure is an orgaméctilizer rich in
nitrogen, phosphorus, and potassium, which improves soil structure and provideseedoe

source of nutrients. It has a maximum C/N ratio of 50 (Amicabile, 2016). Solid digestate is a
byproduct of anaerobic digestion used as an ordeniizer. It supplies plants with readily
available nutrients and acts as a soil improver thanks to its high content of carbon. Compost is
the product othe transformation andtabilizationof organic material It is rich in organic

matter and has a maximuniNCratio of 25. Most nutrients in compost are not immediately
available but are released graduallyganic pelleffertilizer encompassea diverse group of
products; most are composed of dry manure, which can be combined with secondary materials.

They contain 3% N and have a maximum C/N ratio of 15 (Amicabile, 2016).

nifH was significantly higher in COL compared to COC (p609) and COP (p8.045).nifH

was also higher in COD compared to COC Qp313) (Figure 3.19). COL had the highegH

median, suggesting that cattle manure most strongly stimulated diazotrophic activity in the soil.
Cattle manure has a high content of labile organic carbon, which can supply nutrients to
diazotrophs. In COL and CORMGL1 was significantly higher than COC (30004, p=

0.031), COL had the highest median (Figure 3.20). Previous studies showed the positive effect
of manure application on AMF bioma&3in et al., 2015)Vineyards where COD was applied
showed a significantly higher vegetative VSA compared to COC and COB.{p86, p=

0.020) (Figure 3.21). This finding indicates a positive effect of digestate on vine vegeto
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productive status, likely due to its higher content of available nitrogen and organic matter that

improves soil fertility in the short term
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3.7.3 Indicators and soil management

Farms were adopting differesbil managemerthatare displayed in Table 4.

Table 34
Abbreviation Soil management
FA SA Seededtover cropn alternae rows
TF IS Every row pontaneous grassing
TF SA Every rowseedecatover crop

AOA, 18S and the VSA were significantly higher in FA SA compared to TF IS)(p600%

p= 0.025 p= 0.028), as shown in Figures 3.22, 3.23, and 3.24. These findings agree with
previous studies indicating that cover crops in vineyards can improve SOC and soil structure,
leading to increased soil microbial biomass and act{Atyad et al., 2021)TF SA likely did

not show significant differences because there was only one vineyard. All other genes and

indicators did not show significant differences.
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Figure 3.22: AOA gene copies in different soil managements
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Figure 3.24: VS/coresn different soil managements

3.7.4 Indicators and soil tillage

All vineyards considered were generally managed with a permanent grass cover. Some
vineyards had undergone tillage with rippers or harrows to reduce compaction and aerate the
soil, or preplanting tillage for soil preparation. In tilled vineyards, fungdanrK were
significantly lower (p= 0.023, p= 0.04) (Figure 3.25, Figure 3.26). Fungi are sensitive to soil
tilage and usually decrease in tilled vineyards compared-tdl f@hen et al., 2020; Sun et

al., 2018). The bacterial biomasks§ did not show significant changes in tilled vineyards,
which could indicate that bacteria are less sensitive to tillage, as seen in previous studies (Chen
et al., 2020). All the other genes and indicators did not show significant differences.
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Figure 3.26: 18Sgene copies in ntlled and tilled vineyardsVineyards not tilled had i
median 0fL3139 gene copies, while tilled vineyards 8805 gene copies.

3.7.5 Indicators and under-row managenent
Among the vineyardanalyzed three different undemow strategies were adopted to manage

the weeds: the use of tillage, herbicides or a more conservative approach, only mowing the
grassAMG1 was significantly (p#9.0009) higher in vineyards with the unaew only mowed
compared to the tilled (Figure 32 while the VSA was significantly higher under tillage (p=
0.018) (Figure 3.8). The results support the findings ®threiner & Linderman (200%hat

AMF decrease in vineyards tilled undew because it can cut their hyphae. In the vineyards
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with the under row mowed was also adopted spontaneous grassing, which, as seen before, had
lower VSA Thisconservative approach could benefit &MdF but could alsadringadecrease

in the VSA due t@possible decrease in soil structarel compaction causég the machinery

transit. The underrow herbicide management dimbt show significant differenceprobably

because there was only one vineyard.
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Figure 3.277: AMG1 gene copies under different uneemw managements
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Figure 3.8: VSA under different undeow managements
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3.8 INDICATORS AND VINEYARDS' AGE AND YEARS OF ORGANIC MANAGEMENT

Correlations between the indicators andheeyards' age and years of organic management
were analyzed Resultsfor the entire dataset are displayed in Figuré@A,2vhile results for

Lugana and Franciacorta are shown in Figure8B&hd 3.2C.
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Figure 329: Heatmays showing Spearman correlations between the s@idi€ators andthe vineyard age anthe years ¢
organic managemenThecolor indicates the correlation direction, only the R of significant correlations (p<0.05) is disp
Full dataset correlationsre displayed in figuré\, Lugana dataset iB and Franciacorta irC.

NifH had a positive correlation with vineyard age (29, p=0.007). Additionally, AOA
showed a positive correlation, but only in Franciacorta @84, p=0.007). In Franciacorta,
AMG1 also exhibited a positive correlation with vineyard age (R28, p=0.030). The
vegetative VSA was positively correlated with vineyard age @28, p=0.04). These results

may suggest that older vineyards can achieve a more active nitrogen cycle and develop a
stronger symbiosis with AMF, leading to a better vegetaductive status for the grapevines.

As vineyards age, perennial root systems deepen andyr supplying carbon exuded to
microbes and creating a more stable rhizosphere. Older vineyarcsllfypxperience fewer

recent disruptive events (such as ripping or replanting), allowing soil microbiology to develop.

The duration of organic management emerged as a key driver of soil functional microbiology
potential in vineyards. Across all vineyards, the years under organic management showed a
significant positive correlation withirK (R = 0.36, p = 0.049) antBS(R = 0.37, p = 0.041),
indicating an enhancement of denitrification potential and fungal abundance over time. In
Lugana, the years of organic management correlated very stronglyiftitiiR = 0.81, p =

0.028) andgh48(R = 0.97, p = 0.0048), suggesting tpatlonged organic practices stimulate
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biological nitrogen fixation and cellulose degradation, thus reinforcing carbon and nitrogen
cycling processes. Organic practices cdialdor the accumulation of carbench, nitrogen

poor residues, creating mild nitrogelimitations, which could favor nitrogenfixing
microorganisms to compensate. In Franciacorta, positive correlations were found between the
years of organic management &85(R = 0.47, p = 0.020) anAMG1 (R =0.50, p = 0.013),
indicating a gradual recovery of total fungal biomass and AdM#vorks under longerm

organic management. Collectively, these results suggest that in organic vineyards, soll
microbiology gradually develops, leading to a more complex and efficient soil microbiome
capable of sustaining nitrogen fixation, organic eraturnover, and symbiotic interactions

crucial for vine nutrition and resilience.

3.9 INDICATORS AND PROBLEMATIC VINEYARDS

Under
viruses, Flavescence dorée, black watdhillaria mellea significant problems of compaction

the | abel of Aprobl ematic vineyards,
and water stagnation, and unexplained plant deaths were grouped. In some cases, these
problems did not affedhe entirevineyard but only the sampling areshich was purposely

chosen to investigate such conditi@ome of these vineyards had been recently replanted in

an attempt to resolve these issues. Due to the presence of problematic vineyards solely in
Franciacorta, referred the researckamples, the statistical analysis focused only on this area.

In Table 35 are shown the resultsbfh e ¢ o mp ar iasveerr albgeet wa enre yfia r d s ¢

all the vineyardsvithout the problempreviouslymentioned and Apr obl emati c

Table 3.5: Indicators in problematic and average vyraeds significant differences evaluated by the Wilcoxon +sunk test

\ Median Average p-value

Variable Median Problematic p-adjusted

GC_nirK 993.078451] 4093.528219 0.00623295 0.08726132 **
GC_AOA 493.7177404 12285.26315 0.0066268 0.09277513 **
GC_NRPS 0.003193121 0.144362474 0.01064637 0.149049134 *
VSA_Veg 7 12| 0.01461264 0.204577294 *
GC_18S 6656.32051 15400.78743  0.02806697 0.39293763] *
dsDNA 20.8 41.2| 0.0344297] 0.482016004 *
GC_nosZ 355.3072775 1590.00785§ 0.04097086 0.573592077% *
QBS_ar 65 105| 0.04938107 0.691334984 *
GC_AMG1 11.176032¢ 63.91468414 0.07842406 1
GC_AOB 356.994208] 598.065337] 0.08567917% 1
GC_gh48 255.9286437 330.7505187 0.0903149¢ 1
GC_nifH 153.1249297 444.2222809 0.12294287 1
VSA 83 90| 0.21106684 1
GC_16S 981689.6473 1165256.324  0.28290874 1
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The vegetative VSA was significantly lower in problematic vineyards, confirmingltvear
vegetoproductive statugFigure 330). This aligns with the known physiological effects of
stress conditions such as virus infections, trunk diseases, and soil compaction, all of which can
limit water and nutrient uptake and consequently reduce canopy development. Notably, genes
associated wi the nitrogen cycle showed a marked reduction. The abundano& @Figure

3.31), AOA (Figure 3.2), andnosZ(Figure 3.3) genes was significantly lower in problematic
vineyards, with median values more than two to four times smaller than those in average
vineyards This indicates a substantial impairment of nitrification and denitrification processes,
reflecting a decline in the functionality of microbial communities responsible for nitrogen
cycles Such reductions could be linked to adverse edaphic conditions (e.g., waterlogging, low
oxygen availability. Similarly, fungi were more than two times lower in problematic vineyards
(Figure 3.3). The decline iNRPS(Figure 3.3), 45 times lower in problematic vineyards,
suggests a collapse in secondary metabolite production, often associated with microbial
competition and plantlefensemechanismsThe total dsDNA content was approximately
halved in problematic vineyard§igure 3.8), supporting the overall microbial depletion.
Likewise, theQBS-ar was markedly decreas¢Bigure 3.3), indicating a degradation of saill

arthropod populationand overall ecosystem functionality.

The consistent decline across microbial and arthropod indicators shows that soil biological
functioning in problematic vineyards is impaired, likely caused by both biotic stress (pathogens)
and abiotic stress (compaction, poor drainage). These findingbasizé¢he close connection

between microbial activity and vineyard health, highlighting the potential of this set of genes

as bioindicators of vineyard health.
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3.10 PRODUCTION AND NON -PRODUCTIVE VINE SASSESSMENTRESULTS

Resultdrom the production andon-productivédead vines assessment are showraiole3.6.

Table 36

Vineyard | Cultivar ' Bunches/plant Dead/nonproductive vines

Franciacorta] A1 Chardonnay 16.4 28
Franciacorta B1 Chardonnay 12.7 4
Franciacortal B2 Chardonnay 16.1 2
Franciacorta B3 Chardonnay 11.3 4
Franciacorta] B4 Chardonnay 135 16
Franciacorta] C1 Chardonnay 12.2 9
Franciacortal D8 Pinot noir 15.1 5
Lugana F2 Turbiana 4.7 5
Lugana F3 Turbianal 7.1 2
Franciacortal H4 Chardonnay 16.2 12
Franciacortal H7 Chardonnay 2 3
Franciacortal H8 Chardonnay 5.8 7
Franciacorta 12 Chardonnay 19.4 2
Lugana L1 Turbiana 104 3
Lugana M1 Turbianal 9.4 2
Franciacortal O1 Pinot noir 15 7
Franciacorta] O2 Chardonnay 9.8 10
Franciacorta] O3 Chardonnay 16 7
Lugana P1 Turbianal 11 1
Lugana R1 Turbiana 6.2 12
Lugana R2 Turbiana 10.4 3
Lugana S1 Turbiana 7.3 5
Lugana S2 Turbiana 9 8
Franciacorta] T2 Chardonnay 11.9 10
Franciacorta] T3 Pinot noir 14.7 6
Franciacortal T4 Pinot noir 14 13
Lugana V1 Turbianal 5.3 2
Franciacortal V2 Chardonnay 11.3 2
Franciacortal W3 Chardonnay 16.5 2

Correlations between the number of bunches per plant and the indicatoranagreed
Vineyards H7 and H8 were not considered due to their very low number of bunches caused by
a frost in the previous yearhe number of bunches per plant vaasilyzedseparatelyor each

variety due to the different production potentials.

Spearman Correlation (R)
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Figure 3.38: Heatmaps showing Spearman correlations between the set of indicators and the number of -greadirubive
plants. Thecolor indicates the correlation direction, only the R of significant correlations (p<0.05) is displayed.

The number of dead or ngmoductive plats hada general negative correlation with the
indicators, even if nostatistically significant (Figure 383. Only the VSA had a significant
positive correlation with the number of dead plgRs0.62, p=0.00096).
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A positive correlation between VSA scores and grapevine mortality, though counterintuitive,
has possible explanations. Firstly, legacy effects and vine age could be part of the issue. Older
vineyards may have higher VSA scores due to d@mgn organic magr accumulation,
earthworm activity, and surface structure improvements. However, older vines are also more
prone to decline due to cumulative stress, trunk diseases (e.g. EHsypg, or graft
incompatibility, which are factors unrelated to currentaeefsoil quality. Thus, high VSglus

high mortality may reflect historically good soils with aging or diseased vines, not poor soil

performance.

Besides, there could also be aspects of managentkrded decoupling between surface soil
quality and root health. High VSA scores may occur in awelhaged blocks (e.g., cover
cropping, reduced tillage), but these areas may also have higher plantiiigslensreasing
competition and vine stress, or be more intensively monitored, leading to more accurate
detection of dead/neproductive vines. This could create a reporting bias or management
induced stress not captured by VSA.

It also need$o be recalled that, as concerns disea$8#4 does not assess pathogen pressure
(e.g., fungal trunk diseases, nematodes, viruses), which are major causes of vine decline. Soils
with good structure and porosity may also favor fungal proliferation or vector activity,

especially if drainage is impexct.

In theChardonnay vineyardso significant correlation was found between the indicators and
the number of bunches per plaimt the Turbiana vineyardk6S showeda negative correlation
with the number of bunches per plant (R=81, p=0.004) (Figure 3.9).

Spearman Correlation (R)

- - - Bunches/plant Eos
02

% % @ % % % oo Oo Go Oo %o %, 5, 0,
- -0

LY

Figure 3.3: Heatmaps showing Spearman correlations between the set of indicators anehther of bunches per ptan
Thecolor indicates the correlation direction, only the R of significant correlations (p<0.05) is displayed

Clues for interpretation can be sought in light of some literature evidéhoe et al.,2017).
Nitrogen additions, which increase grapevine productivity, deereasehe number of 16S
copies Bacteriamay compete with grapevine roots for organic carbon and nutrients, especially

nitrogen and phosphorus. In nutridimited soils, this competition may reduce vine vigor and
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reproductive output, even if total organic matter is adeqéate=gative correlation between

soil bacterisabundance and bunch number in Turbiana vineyardgefiagtbacterialinduced
stress, competition for nutrients, or shifts in microbial balance that affect vine productivity. In
particular, eéacterialpathogen pressure could be involved. A higheterialabundance may
include pathogenibacteria(e.g.,Agrobacteriun that cause vascular dysfunction. Even when
symptoms are not visible, subclinicatfections can reduce carbohydrate allocation to
reproductive structures, lowering bunch formation. Alternatively or additionally ebhicjieria

load may indicate microbial imbalance or microbial dysbiosis in the rhizosphere. This can
suppress beneficial microbes that support nutrient uptake and hormonal signaling for flowering
and fruit set. Stress responses often prioritize survival over repiragutzading to fewer
bunches. In general, it can be considered that gPCRSfRNA detects totddacteriaDNA,

not just beneficial or pathogenic taxa. Therefore, high abundance may reflesgtmbiotic or
stressassociatedbacteria It could be also postulated that in this respect the Turbiana variety
may be particularly responsive to rhizosphere conditions, with bunch formation tightly linked

to root health and microbial interactions.
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4 CONCLUSIONS

This study assessed a set of microbial functional genes as potential bioindicators of soil health
and vineyard condition in Franciacorta and Lugana, two major viticultural regions of Northern
Italy. By integrating molecular, chemical, physicasual,and biological analyses, it provided

a comprehensive understanding of how vineyard practices and environmental factors influence

soil microbiota.

The correlations between microbial bioindicators and soil phyaheonical parameters
demonstrated that the set of genes was sensitive to soil texture, chemical composition, and
organic matter dynamicNifH correlated withboth soil texture (silt content) and several
chemical properties (Cu, pH, total and active limestone, exchangeable magnesium, Mg/K ratio),
confirming its responsiveness to nutrient and mineral condithins. was mainly influenced

by limestone and labile organic carbon, whhtesZ correlated with sand, CEC, exchangeable
potassium, Cu, and %POM. AOA was affected by Cu, limestone, and %POM, and AOB by
clay, potassium, and Mg/K ratid6S and 18S abundances correlated with organic matter
fractions, limestoneand pH, whileAMG1 and gh48 responded to soil fertility parameters such

as pH, limestone, phosphorus, magnesium, and carbon pools. The dsDNA quantity reflected
both soil texture and several chemical parameters (pH, CEC, limestone). The VSA showed
correlations not only witkoil texture but also with several chemical parameters, demonstrating
its reliabil ity aphysiecchemicalstatus.ahe@BSar, adspite beieg s o i |
one of the most established bioindicators of soil health, displage@lation only with
limestone content in Franciacorta. These results show that the combination of different
microbial indicators can provide a comprehensive understanding of the soil ptlyeioacal
characteristics and dynamiaad several pieces of information and proxies that can efficiently
complement the hitherto adopted methods of the vineyards' soil health assessment

Significant microbial differences between Franciacorta and Lugana suggest the presence of
distinct microbiaterroirs. AMGL1, nifH, andNRPSwere more abundant in Lugana, while AOA
and18Sfungi were higher in Franciacorta. Future research could improve understanding of the

distinct microbialterroirs in both regions through DNA sequencing.

Management practices were among the main drivers shaping the soil microbiota. Vineyards

fertilized with cattle manure exhibited the highest abundanaafbf and AMG1, suggesting
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its stimulating effect on soil microbiology. Vineyards with seeded cover crops in alternate rows
showed higher AOA18S and VSA values compared to those with spontaneous grassing,
indicating that cover crops may improve soil structure and microbial actiwitthese
agroecosystemsn contrast, tillage reduced fundi§S andnirK abundance, highlighting the
vulnerability of fungal networksand nitrogen cyclingto soil disturbance. Undeow
management also played a role: vineyards where the grass wasawdd, rather than tilled,

had higherAMG1 abundance, supporting the evidence that tillage damages mycorrhizal
hyphae. However, this conservative approach showed a reduction in VSA scores, suggesting
that the use of cover crops and soil tillage only under the row might be the best solution to cope
with the decrease in soil structure and compaction caused by the machinery transit. The
production system (conventional, organic, biodynamic) did not significantly affect
bioindicators, likely due to similar sefitiendly practices across all systenfdhevineyardsn

Franciacorta and Lugana that were investigated within this project

Temporal factors strongly influenced microbial indicators. Older vineyards had miHer
AMG1, and AOA abundance and better vegetative VSA scores, suggesting that mature
vineyards support more developed microbial netwofke duration of organic management
also strongly influenced soil microbiology, with positive correlations between time under
organic practices and several germagK(, 18S nifH, gh48 AMGL1), indicating that longerm
organicpractices gradually enhance soil functionality by reinforcing nitrogen cycling, cellulose

degradation, and symbiotic associations

Comparisons between molecular and traditional soil health indicators revealed that VSA
correlated positively with 18S fungi and dsDNA, showing that soils with good structure,
porosity, and organic matter support higher microbial biomass. Conversely, AMf&lated
negatively with VSA, likely due to phosphorus repression in fertile soils. Several genes
correlated positively with earthworm abundance, confirming the drilosphere as a microbial
activity hotspot. Among all bioindicators, 18S fungi exhibited #tengest ability to
discriminate soils with higher VSA scores, linking fungal abundance to soil quality.

Sites affected by diseases, compaction, or poor drainage exhibited markedly reduced levels of
nirk, noszZ AOA, 185 AMG1, NRPS dsDNA, andQBS-ar. This consistent decline across

biological indicators indicates generalizedoss of soil function and microbial abundance in
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problematic vineyards. These results highlight the potential of molecular bioindicators to

identify soil degradation and vineyard decline

The microbial genes quantified in this work proved to be sensitive bioindicators of soil health.
The set of genesffectively reflected variations in soil structure, chemistry, management, and
vineyardvegetative statyslemonstrating the deep interconnection between soil microbiology,
vineyard health, and agronomic practices. Integrating these microbial indicators with traditional
tools such as physiechemical analyses, VSA, ar@BS-ar would provide a more complete
assessment of vineyard soils with a deeper understandisgilofunctional biodiversity
Ultimately, this research demonstrates thaintifying soil functional microbial genes CR

can servenot only as a measure of soil hedltit also as a tool for sustainable viticulture.
Monitoring microbial functional genes over time can help viticulturists detect shifts in saill
balance, assess the impact of management choices, and promote regenerative practices. The
adoption of micrbial bioindicators thus represents a key step toward a more resilient,

knowledgebased, and sustainable viticulture.
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APPENDIX

Table A: gPCR resultexpressed irthermal cycles st andard errors are shown
determined and ANAO not available

Sample CT 16S SE CT nifH SE CTAOA SE CTAOB SE CTnikK SE CtnosZ SE CT18S SE CTNRPs SE CTgh48 SE

Al 1165 116 |ND ND ND ND ND ND ND 2164 0.19 |ND

Al 9.34 116 [ND ND ND 30.14 33.55 ND ND 22.02 0.19 |ND

B1 1168 0.07 |ND ND ND ND ND ND ND 22.42 0.23 |ND

B1 1183 0.07 |ND ND ND ND ND ND ND 2196 0.23 |[ND

B2 1163 0.50 |32.96 130 |ND ND 34.38 0.88 |ND 3106 0.27 |ND 22.65 0.32 |ND

B2 12.62 0.50 |35.56 130 |30.96 ND 32.62 0.88 |36.34 3161 0.27 |ND 22.02 0.32 |ND

B3 10.60 0.66 |ND ND ND ND ND 3140 ND 22.07 0.12 |ND

B3 1192 0.66 |ND ND ND ND ND ND ND 2183 0.12 |ND

B4 12.19 0.10 |23.29 0.20 |17.76 0.24 12109 0.35 |20.77 0.35 |19.91 0.26 |18.32 0.13 |32.84 0.10 |23.52 0.01 |25.07 0.08
B4 1199 0.10 |22.88 0.20 |17.27 0.24 12178 0.35 |20.07 0.35 |20.43 0.26 |18.05 0.13 |33.05 0.10 |23.53 0.01 |24.91 0.08
Cl 12.41 0.32 |23.68 0.24 |18.51 0.51 |2133 0.06 |2102 0.06 |2122 0.09 |19.11 0.09 |32.65 0.25 |23.16 0.00 |29.43 134
Cl 178 0.32 123.20 0.24 |19.52 0.51 |2121 0.06 |20.90 0.06 |2104 0.09 |18.93 0.09 |32.15 0.25 |23.16 0.00 |32.10 134
D1 13.84 2.50 |25.96 0.26 |17.06 0.07 |122.29 0.05 |18.99 0.06 |18.92 0.88 |18.26 0.03 |33.07 0.65 |22.58 0.43 |24.33 0.30
D1 8.83 2.50 |26.47 0.26 |16.92 0.07 |22.40 0.05 |18.86 0.06 |20.68 0.88 |18.32 0.03 |3177 0.65 |2173 0.43 |123.74 0.30
D10 1128 0.09 |22.09 0.10 |16.18 0.17 |2131 0.06 |19.09 0.28 |19.52 0.02 |17.69 0.19 |30.83 0.18 |22.22 0.21 |23.82 0.12
D10 1146 0.09 |22.29 0.10 |15.83 0.17 |2143 0.06 |18.52 0.28 |19.48 0.02 |17.32 0.19 |30.48 0.18 |2180 0.21 |23.59 0.12
D11 12.44 0.15 |22.18 0.22 |18.43 0.11 |22.95 0.23 |19.03 0.02 |20.26 0.22 |16.46 0.10 |3163 0.34 |123.19 0.37 |23.92 0.07
D11 12.73 0.15 |22.63 0.22 |18.20 0.11 |22.50 0.23 |18.99 0.02 |19.81 0.22 |16.26 0.10 |30.96 0.34 |122.46 0.37 |24.07 0.07
D2 12.03 0.10 |19.87 0.57 |17.60 0.40 |2155 0.18 |18.73 0.13 |19.14 0.16 |16.88 0.10 |32.10 0.63 |2190 0.31 |24.44 0.30
D2 12.24 0.10 |2101 0.57 |18.40 0.40 |2192 0.18 |18.48 0.13 |19.45 0.16 |16.68 0.10 |30.85 0.63 |22.53 0.31 |23.83 0.30
D3 1153 0.11 |2179 0.31 |18.94 0.58 |20.85 19.57 0.07 |30.44 4.09 |16.76 0.01 |33.99 0.18 |2164 0.36 |26.50 0.37
D3 1175 0.11 |22.41 0.31 |17.78 0.58 |ND 19.71 0.07 |22.26 4.09 |16.73 0.01 |33.64 0.18 |22.35 0.36 |27.25 0.37
D4 12.20 0.04 |23.66 0.29 |20.36 165 |2104 0.46 |18.31 0.08 |18.86 0.50 |17.33 0.23 |3191 0.16 |22.08 0.05 |23.96 0.58
D4 12.29 0.04 |23.08 0.29 |17.06 165 |2196 0.46 |18.46 0.08 |19.86 0.50 |16.88 0.23 |32.23 0.16 |22.18 0.05 |22.80 0.58
D5 8.84 186 |23.47 0.26 |17.07 0.07 |120.92 0.61 |19.13 0.20 |27.97 3.47 |17.85 0.12 |35.14 189 [19.58 131 |22.97 0.16
D5 12.55 186 [22.95 0.26 |16.93 0.07 |22.13 0.61 |18.72 0.20 |2103 3.47 |17.62 0.12 |3136 189 |22.20 131 |22.64 0.16
D6 1199 0.67 |120.86 0.12 |16.65 0.34 |120.53 0.09 |18.78 0.06 |18.89 0.53 |17.49 0.09 |3160 0.76 |22.10 0.10 |24.86 0.08
D6 10.64 0.67 |2110 0.12 |15.97 0.34 120.71 0.09 |18.89 0.06 |19.95 0.53 |17.30 0.09 |33.12 0.76 |22.31 0.10 |25.01 0.08
D7 1191 0.07 |23.16 0.29 |18.40 0.71 |2126 0.07 |18.41 0.14 |18.96 0.96 |16.82 0.22 |ND 211 0.44 |123.11 0.01
D7 12.05 0.07 |22.58 0.29 |16.98 0.71 |12139 0.07 |18.14 0.14 120.87 0.96 |16.38 0.22 |130.05 2198 0.44 123.09 0.01
D8 10.51 0.96 |22.24 0.46 |14.92 0.43 |122.31 0.01 |18.79 0.04 |20.17 0.03 |17.62 0.00 |30.86 0.44 124.05 0.95 |23.62 0.16
D8 12.43 0.96 |2133 0.46 |15.78 0.43 |122.34 0.01 |18.71 0.04 |20.11 0.03 |17.61 0.00 |3173 0.44 |122.15 0.95 |23.94 0.16
D9 12.57 0.78 |2101 0.14 |17.29 0.09 |22.12 0.13 |18.86 0.10 |20.09 0.09 |17.21 0.07 |30.49 0.31 |22.60 0.06 |24.50 0.10
D9 1102 0.78 |20.73 0.14 |17.12 0.09 |2186 0.13 |18.65 0.10 |19.91 0.09 |17.07 0.07 |29.87 0.31 |22.48 0.06 |24.31 0.10
EX 13.90 153 |20.28 0.33 |18.24 0.39 |23.05 0.12 |19.29 0.14 |20.17 0.05 |16.65 0.08 |33.55 0.80 |23.58 105 |24.42 0.06
E1l 10.84 153 |20.94 0.33 |17.46 0.39 |23.29 0.12 |19.01 0.14 120.08 0.05 |16.81 0.08 |3195 0.80 |2149 105 [24.55 0.06
E2 1125 0.26 |24.62 0.43 |17.73 0.29 |23.82 0.05 |20.29 0.13 |2111 0.18 |17.16 0.13 |33.98 0.30 |2171 0.02 |28.82 0.00
E2 n77 0.26 |23.77 0.43 |18.31 0.29 |23.92 0.05 |20.03 0.13 |2147 0.18 |16.91 0.13 |33.38 0.30 |2175 0.02 |28.83 0.00
F1 1104 0.84 |22.53 0.68 |19.71 0.02 |20.44 0.03 |20.46 0.49 |22.82 107 [19.40 0.62 |35.22 0.32 |24.86 136 (22.14 0.15
F1 12.71 0.84 |121.17 0.68 |19.67 0.02 |120.50 0.03 |19.47 0.49 |20.68 107 [18.17 0.62 |34.58 0.32 |22.13 136 |22.43 0.15
F2 142 150 |20.55 0.59 |18.27 0.28 |2176 0.10 |18.74 0.04 |20.45 0.48 |17.19 0.10 |3142 179 [2186 0.25 |23.86 0.10
F2 8.43 150 |19.37 0.59 |17.71 0.28 |2197 0.10 |18.82 0.04 |19.48 0.48 |17.39 0.10 |27.83 179 [22.36 0.25 |23.67 0.10
F3 1186 0.66 |120.59 0.15 |18.15 0.15 |2129 0.06 |19.14 0.06 |19.66 0.29 |17.98 0.18 |30.40 170 (2173 0.06 |22.43 0.10
F3 10.54 0.66 |20.89 0.15 |17.85 0.15 |2142 0.06 |19.27 0.06 |20.24 0.29 |17.63 0.18 |27.00 170 [2160 0.06 |22.63 0.10
F4 1140 0.53 |20.51 0.25 |19.59 0.40 |2170 0.09 |19.52 0.15 |20.04 0.31 |18.15 0.21 |3160 0.28 |2181 0.23 |2198 0.09
Fa 12.47 0.53 12101 0.25 |18.78 0.40 |2152 0.09 |19.22 0.15 |20.66 0.31 |17.73 0.21 |32.17 0.28 |2136 0.23 |2181 0.09
G1 12.46 0.29 |2118 0.14 |17.65 0.46 |2192 0.72 |120.27 0.44 120.87 0.23 |18.23 0.44 138.05 2.19 |22.40 0.03 |23.97 0.40
G1 1188 0.29 |120.91 0.14 |16.73 0.46 |120.48 0.72 |19.38 0.44 12133 0.23 |17.34 0.44 133.68 2.19 |22.46 0.03 |23.16 0.40
G2 174 0.13 |2171 0.13 |17.75 0.10 |2106 0.67 |18.32 0.30 |19.52 0.25 |16.82 0.00 |3145 0.21 |2173 0.32 |123.71 0.20
G2 1147 0.13 |2146 0.13 |17.56 0.10 |19.72 0.67 |18.93 0.30 |20.02 0.25 |16.82 0.00 |3103 0.21 |22.38 0.32 |23.31 0.20
G3 12.22 0.07 |22.31 0.00 |17.20 0.06 |20.92 0.04 |120.04 0.22 |120.49 0.00 |16.79 0.18 |32.20 0.01 |2165 0.26 |24.55 0.02
G3 12.36 0.07 |22.31 0.00 |17.07 0.06 |20.83 0.04 |19.59 0.22 |120.48 0.00 |16.44 0.18 |32.23 0.01 |22.16 0.26 |24.59 0.02
H1 ni7 0.53 |32.61 0.52 |127.91 0.71 |ND 29.44 0.01 |3165 0.14 |26.72 0.15 |ND 22.18 0.14 |ND

H1 12.23 0.53 |33.65 0.52 |29.34 0.71 |32.56 29.42 0.01 |3137 0.14 |26.41 0.15 |ND 22.47 0.14 |ND

H2 12.01 0.22 |122.70 0.12 |16.15 0.14 120.45 0.23 |19.38 0.03 |20.44 0.13 |17.26 0.04 |33.68 0.13 |2166 0.54 |127.73 0.15
H2 1158 0.22 |122.94 0.12 |16.43 0.14 |20.00 0.23 |19.33 0.03 |20.71 0.13 |17.18 0.04 |33.94 0.13 |22.73 0.54 128.03 0.15
H3 121 0.57 |122.74 0.17 |22.46 0.02 |2128 0.04 |120.62 0.06 |2194 0.05 |18.36 0.12 |36.67 0.24 |123.06 0.27 |27.54 118
H3 12.35 0.57 |123.09 0.17 |22.41 0.02 |2120 0.04 120.73 0.06 |22.04 0.05 |18.12 0.12 |37.15 0.24 123.61 0.27 129.90 118
H4 10.26 0.35 |120.69 0.26 |15.38 0.27 |2112 0.28 |19.46 0.36 |19.17 0.41 |17.01 0.08 |30.19 0.79 |2196 0.44 |127.22 0.30
H4 10.96 0.35 |20.17 0.26 |15.92 0.27 |120.57 0.28 |18.75 0.36 |19.98 0.41 |16.85 0.08 |3176 0.79 |22.84 0.44 127.82 0.30
H5 12.87 0.44 12159 0.19 |17.73 0.28 |22.37 0.09 |18.77 0.07 |18.69 0.33 |16.81 0.17 |30.89 0.66 |22.93 0.14 |24.04 0.28
H5 12.00 0.44 12122 0.19 |18.28 0.28 |22.56 0.09 |18.63 0.07 |19.34 0.33 |16.46 0.17 |29.57 0.66 |22.66 0.14 |23.47 0.28
H6 12.27 0.02 |122.63 0.27 |17.51 0.02 |2194 0.11 |19.82 0.00 |24.14 173 [16.80 0.51 |36.69 2.07 |22.15 0.10 |25.47 0.32
H6 12.30 0.02 |122.09 0.27 |17.46 0.02 |2172 0.11 |19.81 0.00 |20.69 173 [15.79 0.51 |32.55 2.07 |22.34 0.10 |24.83 0.32
H7 1143 0.69 |19.61 2.12 |18.60 0.01 |20.28 0.11 |18.70 0.08 |18.89 0.12 |17.63 0.36 |27.94 144 |20.87 0.16 |23.91 0.26
H7 12.82 0.69 |15.37 2.12 |18.58 0.01 |20.50 0.11 |18.87 0.08 |19.12 0.12 |16.91 0.36 |30.83 144 (2119 0.16 |24.43 0.26
H8 12.81 0.04 |30.18 0.34 |18.22 0.00 |2116 0.63 |18.32 0.19 |19.43 0.06 |17.21 0.15 |33.98 0.28 |23.05 0.17 |25.10 0.04
H8 12.72 0.04 |129.51 0.34 |18.22 0.00 |19.89 0.63 |17.94 0.19 |19.31 0.06 |16.90 0.15 |33.43 0.28 |123.39 0.17 125.02 0.04
11 10.86 104 |23.45 0.42 |17.99 0.40 |20.70 0.86 |19.68 0.49 |3140 5.13 |2154 37.90 2.00 |2127 0.08 |24.75 0.16
11 8.78 104 [22.62 0.42 |18.79 0.40 |18.98 0.86 |18.70 0.49 |2114 5.13 |ND 33.89 2.00 |2110 0.08 |25.06 0.16
12 10.33 0.39 |2131 0.05 |20.14 0.38 |2108 0.15 |18.49 0.22 |20.16 0.02 |15.66 0.14 |32.51 0.30 |2144 0.94 |122.83 0.01
12 9.54 0.39 |2141 0.05 |19.39 0.38 |2137 0.15 |18.05 0.22 120.20 0.02 |15.37 0.14 |3191 0.30 |23.32 0.94 |122.81 0.01
13 13.66 0.17 |24.19 0.39 |21.22 0.45 |22.67 0.15 |22.37 0.12 |22.52 0.16 |20.37 0.10 |37.60 0.56 |24.46 0.01 |26.81 0.65
13 14.00 0.17 |24.97 0.39 |22.13 0.45 |122.98 0.15 |22.13 0.12 |22.84 0.16 |20.16 0.10 |36.49 0.56 |24.48 0.01 |28.10 0.65

-57-




Sample CT 16S SE CT nifH SE CTAOA SE CTAOB SE CTnirKk SE CtnosZ SE CT18S SE CTNRPs SE CTgh48 SE CTAMG1 SE
1 10.86 104 |23.45 0.42 |17.99 0.40 |20.70 0.86 |19.68 0.49 |3140 5.13 |2154 37.90 2.00 |2127 0.08 |24.75 0.16
11 8.78 104 [22.62 0.42 |18.79 0.40 |18.98 0.86 |18.70 0.49 |2114 5.13 |ND 33.89 2.00 |2110 0.08 |25.06 0.16
12 10.33 0.39 |2131 0.05 |20.14 0.38 |2108 0.15 |18.49 0.22 |20.16 0.02 |15.66 0.14 |32.51 0.30 |2144 0.94 |22.83 0.01
12 9.54 0.39 |2141 0.05 |19.39 0.38 |2137 0.15 |18.05 0.22 |120.20 0.02 |15.37 0.14 |3191 0.30 |23.32 0.94 |22.81 0.01
13 13.66 0.17 |24.19 0.39 |2122 0.45 |22.67 0.15 |22.37 0.12 |22.52 0.16 |20.37 0.10 |37.60 0.56 |24.46 0.01 |26.81 0.65
13 14.00 0.17 |24.97 0.39 |22.13 0.45 |22.98 0.15 |22.13 0.12 |22.84 0.16 |20.16 0.10 |36.49 0.56 |24.48 0.01 |28.10 0.65
4 12.54 0.20 |20.49 0.16 |13.10 157 |2168 0.08 |19.42 0.17 |19.68 0.14 |16.67 0.08 |32.15 0.35 |22.88 0.28 |23.62 0.11
4 12.13 0.20 [20.82 0.16 [16.23 157 [2184 0.08 |19.07 0.17 |19.95 0.14 |16.50 0.08 |3146 0.35 [22.32 0.28 |23.84 0.11
L1 12.25 0.32 |23.36 0.34 |17.55 0.02 |22.46 0.01 |19.17 0.02 |19.49 0.13 |17.46 0.10 |28.99 0.49 |20.72 0.78 |2187 0.20
L1 12.89 0.32 |22.69 0.34 |17.50 0.02 |22.44 0.01 |19.12 0.02 |19.75 0.13 |17.25 0.10 |29.98 0.49 |22.29 0.78 |22.26 0.20
M1 12.58 0.29 |19.56 0.11 |17.36 0.11 |2179 0.20 |18.74 0.17 |19.89 0.19 |17.83 0.08 |3109 0.26 |2192 0.37 |23.65 0.04
M1 12.01 0.29 |19.77 0.1 |17.13 0.11 |2140 0.20 |18.41 0.17 |20.27 0.19 |17.98 0.08 |3160 0.26 |22.67 0.37 |23.74 0.04
N1 12.45 0.57 |2113 0.08 |17.63 0.20 |20.38 0.11 |20.13 0.14 |28.66 3.97 |18.48 0.57 |36.90 2.34 |22.23 0.10 |23.80 0.37
N1 1132 0.57 |2128 0.08 |17.23 0.20 |20.59 0.11 |19.85 0.14 |20.72 3.97 |17.33 0.57 |32.23 2.34 |22.42 0.10 |23.06 0.37
01 12.57 111 |ND 16.85 0.27 |17.79 0.94 |18.29 0.64 |120.86 6.22 |16.52 0.12 |33.96 0.49 |22.25 0.22 |23.50 0.12
01 14.79 111 [ND 17.39 0.27 |19.66 0.94 |17.02 0.64 |33.30 6.22 |16.29 0.12 |32.98 0.49 |2181 0.22 |23.25 0.2
02 13.26 0.79 |2126 0.16 |17.61 0.08 |19.32 0.23 |18.79 0.11 |19.13 0.12 |15.99 0.00 |34.42 181 [23.36 0.24 ]23.29 0.17
02 1169 0.79 [2157 0.16 [17.76 0.08 |18.86 0.23 |18.57 0.11 |19.38 0.12 |15.98 0.00 |30.80 181 |22.88 0.24 |22.94 0.17
03 12.84 0.43 [19.02 0.38 |17.08 0.71 |120.79 0.20 |19.20 0.11 |19.53 0.01 |17.28 0.16 |32.93 0.00 [20.92 0.68 [23.88 0.27
03 197 0.43 |19.77 0.38 |18.50 0.71 |2119 0.20 |18.99 0.11 |19.56 0.01 |16.95 0.16 |32.92 0.00 |22.29 0.68 |23.33 0.27
04 7.23 2.20 |3162 0.57 |27.26 0.89 |3160 0.33 |29.16 6.07 |3115 0.76 |27.70 0.24 |IND 23.35 3.43 |IND

04 1163 2.20 |32.76 0.57 |29.04 0.89 |30.94 0.33 |17.02 6.07 |29.62 0.76 |27.22 0.24 |IND 16.49 3.43 IND

05 10.37 0.77 |28.74 0.49 |26.67 0.06 |28.90 0.11 |25.71 3.76 |25.45 112 [23.32 0.52 |[ND 2163 170 [3164 0.43
05 1191 0.77 |29.72 0.49 |26.54 0.06 |28.67 0.11 |18.19 3.76 |27.70 112 [22.28 0.52 |[ND 18.22 170 [30.77 0.43
06 NA 25.24 0.33 |2160 0.03 |24.74 0.20 |23.01 0.19 |23.78 0.18 |20.57 0.13 |ND NA 26.46 0.03
06 NA 24.59 0.33 |2154 0.03 |25.14 0.20 |22.63 0.19 |23.42 0.18 ]20.31 0.13 |39.04 NA 26.40 0.03
o7 9.14 0.72 |19.83 0.96 |17.95 0.04 |20.52 0.10 |19.03 0.23 |19.69 0.28 |16.52 0.27 |30.76 0.21 |2150 0.14 ]23.80 0.09
o7 10.58 0.72 |2175 0.96 |17.87 0.04 120.33 0.10 |18.57 0.23 |19.13 0.28 |15.99 0.27 |3117 0.21 |2122 0.14 |23.61 0.09
Pl 1165 0.32 |2131 0.13 |17.89 0.03 |22.52 0.02 |18.68 0.07 |20.04 0.06 |17.41 0.02 |3158 0.03 |22.24 0.04 |22.98 0.31
Pl 1101 0.32 |2156 0.13 |17.96 0.03 |22.56 0.02 |18.55 0.07 |19.91 0.06 |17.37 0.02 |3164 0.03 |22.31 0.04 |23.60 0.31
Q1 10.93 0.19 [2122 0.13 |17.61 0.43 12197 0.06 |18.67 0.19 |19.21 0.09 |17.22 0.38 [32.71 122 |2105 0.08 [23.37 0.31
Q1 10.55 0.19 |2147 0.13 |16.76 0.43 |2184 0.06 |19.05 0.19 |19.39 0.09 |16.45 0.38 |30.27 122 |2120 0.08 |22.75 0.31
Q2 1156 0.48 |24.02 0.67 |17.02 0.82 |23.35 0.17 |19.27 0.14 |22.79 0.61 |18.64 0.46 |33.96 182 [2192 0.16 |23.28 0.01
Q2 10.60 0.48 |22.68 0.67 |15.39 0.82 |23.70 0.17 |19.55 0.14 |2156 0.61 |17.72 0.46 |30.31 182 [2161 0.16 |23.30 0.01
Q3 1190 0.93 |20.83 0.10 |16.82 0.05 |2153 0.10 |18.71 0.15 |19.92 0.11 |17.00 0.03 |30.64 0.07 |20.96 0.41 |25.38 0.14
Q3 10.05 0.93 |20.64 0.10 |16.93 0.05 |2173 0.10 |18.41 0.15 |19.70 0.11 |16.93 0.03 |30.50 0.07 |2178 0.41 |25.65 0.14
Q4 12.27 0.03 |20.36 0.20 |18.06 0.11 |2122 0.05 |19.12 0.35 |19.47 0.17 |17.68 0.02 |32.05 0.93 |20.87 0.04 |23.67 0.05
Q4 12.20 0.03 ]20.77 0.20 |18.29 0.11 |2132 0.05 |18.42 0.35 |19.80 0.17 |17.65 0.02 |30.19 0.93 ]20.79 0.04 |23.56 0.05
Q5 10.14 0.79 |2109 0.16 |17.59 0.36 |120.90 0.58 |18.97 0.24 |19.20 0.09 |17.08 0.12 |32.27 154 |2180 0.46 |25.21 0.25
Q5 1173 0.79 [2140 0.16 [16.87 0.36 |19.75 0.58 |18.48 0.24 |19.38 0.09 |16.85 0.12 |29.18 154 |22.73 0.46 [25.70 0.25
Q6 12.18 0.32 [20.36 0.10 |17.78 0.16 |2118 0.13 |18.62 0.09 |19.75 0.02 |17.39 0.24 [32.15 0.23 [23.36 0.16 [25.98 0.37
Q6 1154 0.32 |20.56 0.10 |18.09 0.16 |20.92 0.13 |18.79 0.09 |19.71 0.02 |16.90 0.24 |3170 0.23 |23.03 0.16 |25.23 0.37
Q7 1103 0.04 |2139 0.01 |16.35 0.07 |2136 0.43 |18.75 0.32 |2107 0.45 |18.24 0.81 |34.90 22.44 0.24 |24.77 0.04
Q7 nu 0.04 |2142 0.01 |16.49 0.07 |22.23 0.43 |18.11 0.32 |20.18 0.45 |16.63 0.81 |[ND 2195 0.24 |24.69 0.04
Q8 12.35 0.11 |2156 0.11 |18.73 0.30 |23.58 0.11 |19.68 0.01 |2137 0.33 |18.60 0.13 |33.43 0.82 |2196 0.17 |25.44 0.09
Q8 12.57 0.11 |2134 0.11 |19.32 0.30 |23.36 0.11 |19.71 0.01 |20.71 0.33 |18.33 0.13 |3180 0.82 |2161 0.17 |25.26 0.09
R1 14.42 3.59 |26.27 3.02 |19.11 0.34 |124.64 146 |20.44 0.19 |30.27 6.01 |18.81 0.00 |[ND 20.24 0.83 |2166 0.16
R1 7.23 3.59 |20.23 3.02 |18.44 0.34 12173 146 |20.06 0.19 |18.25 6.01 |18.81 0.00 |32.30 2191 0.83 |2134 0.16
R10 1164 123 |2132 0.06 |17.45 0.27 |2138 0.47 |19.16 0.18 |19.46 0.17 |17.64 0.20 |30.88 0.05 |22.01 0.81 |23.73 0.29
R10 9.18 123 |2121 0.06 [16.91 0.27 |20.44 0.47 |18.81 0.18 |19.79 0.17 |17.24 0.20 |30.78 0.05 |23.64 0.81 [24.30 0.29
R11 1145 0.61 [2160 0.33 |2190 0.14 12134 0.04 |19.49 0.17 |20.05 0.16 |17.86 0.03 |37.48 2.28 [2191 0.05 [24.11 0.06
R11 10.23 0.61 [22.26 0.33 [2162 0.14 12126 0.04 |19.15 0.17 |19.73 0.16 |17.81 0.03 [32.92 2.28 |2181 0.05 |24.24 0.06
R12 10.25 0.66 [19.56 0.98 |18.09 0.20 |23.78 0.42 |19.05 0.06 |19.36 0.04 |18.06 0.29 [3164 0.33 |20.45 0.77 [24.50 0.20
R12 1156 0.66 |2153 0.98 |18.48 0.20 |22.94 0.42 |19.17 0.06 |19.28 0.04 |17.48 0.29 |30.98 0.33 |2199 0.77 |24.90 0.20
R13 1161 0.44 |19.26 123 |19.11 0.17 |20.83 0.26 |19.30 0.41 |120.14 0.18 |17.53 0.07 |30.81 0.20 |2105 0.71 |24.50 0.17
R13 10.73 0.44 |2172 123 |19.44 0.17 |2135 0.26 |18.49 0.41 |19.79 0.18 |17.38 0.07 |3122 0.20 |22.47 0.71 |24.84 0.17
R14 7.39 2.51 ]20.88 0.40 |2121 0.14 |2160 0.01 |18.89 0.09 |19.53 0.03 |17.58 0.04 |29.98 0.02 |22.04 0.03 |22.90 0.20
R14 12.41 2.51 ]20.09 0.40 |2150 0.14 |2157 0.01 |18.71 0.09 |19.48 0.03 |17.66 0.04 ]30.03 0.02 |2197 0.03 |22.50 0.20
R2 23.42 0.61 |20.50 0.35 |17.82 0.56 |20.56 0.50 |18.73 0.47 |19.08 0.33 |17.50 0.12 |30.30 0.16 |32.25 0.66 |22.41 0.83
R2 24.65 0.61 |2120 0.35 |16.70 0.56 |2156 0.50 |17.79 0.47 |18.42 0.33 |17.26 0.12 ]29.97 0.16 |33.58 0.66 |24.08 0.83
R3 12.42 0.71 |2158 0.14 |17.20 0.15 |20.76 0.55 |19.10 0.13 |19.43 0.03 |17.09 0.04 ]29.58 0.55 |2160 0.28 |23.10 0.20
R3 1100 0.71 [2130 0.14 [17.50 0.15 |19.66 0.55 |18.84 0.13 |19.38 0.03 |17.00 0.04 |30.68 0.55 [22.17 0.28 [23.49 0.20
R4 NA 20.68 0.28 |17.75 0.60 |2148 0.06 |19.26 0.13 |19.32 0.32 |17.68 0.08 |29.87 0.05 [NA 23.31 0.47
R4 NA 2124 0.28 |16.56 0.60 |2135 0.06 |19.00 0.13 |19.96 0.32 |17.84 0.08 |29.76 0.05 |NA 24.25 0.47
R5 NA 2116 0.53 |17.31 0.02 |19.92 0.17 |19.20 0.14 |19.26 0.08 |17.27 0.07 |30.52 0.06 |[NA 24.94 0.61
R5 NA 22.21 0.53 |17.34 0.02 |19.58 0.17 |18.93 0.14 |19.42 0.08 |17.12 0.07 |30.65 0.06 |[NA 26.15 0.61
R6 18.46 3.55 |23.78 0.66 |20.09 0.29 |2184 0.06 |120.33 0.16 |29.54 4.65 |18.96 0.74 |37.97 0.74 ]29.93 2.60 |24.53 0.02
R6 25.55 3.55 |22.45 0.66 |19.51 0.29 |2196 0.06 |20.01 0.16 |20.24 4.65 |17.48 0.74 ]36.49 0.74 124.73 2.60 |24.57 0.02
R7 1190 0.21 |22.40 0.13 |2172 0.01 |2198 0.06 |19.52 0.09 |19.43 0.07 |17.95 0.12 |32.98 0.85 |22.88 0.07 |2159 0.34
R7 1148 0.21 |22.15 0.13 |2174 0.01 |22.10 0.06 |19.71 0.09 |19.58 0.07 |17.71 0.12 |3128 0.85 |22.74 0.07 |22.28 0.34
R8 12.26 0.09 |22.53 0.23 |19.72 0.18 |2175 0.08 |19.93 0.02 |120.97 0.05 |18.22 0.08 |3120 0.15 |23.22 0.36 |25.34 0.21
R8 12.09 0.09 [22.07 0.23 [20.08 0.18 |2159 0.08 |19.98 0.02 12106 0.05 |18.05 0.08 [3151 0.15 [23.95 0.36 [24.91 0.21
R9 12.06 0.26 |20.98 0.01 |18.03 0.36 |2189 0.04 |19.84 0.17 |19.92 0.02 |18.21 0.24 132.97 118 |2193 0.03 [24.08 0.08
R9 1153 0.26 |20.95 0.01 |17.31 0.36 |2197 0.04 |19.50 0.17 |19.96 0.02 |17.72 0.24 |30.62 118 [2199 0.03 |24.25 0.08
S1 1199 144 |19.86 0.73 |18.84 0.52 |22.43 0.06 |19.45 0.09 |20.83 0.67 |17.99 0.11 |33.04 0.46 |2152 0.34 |24.02 0.21
S1 9.10 144 |18.41 0.73 |19.88 0.52 |22.31 0.06 |19.28 0.09 |19.48 0.67 |18.20 0.11 |32.12 0.46 |20.84 0.34 |23.59 0.21
S2 10.23 0.72 |20.84 0.37 |22.10 22.35 0.43 |19.60 0.20 |29.57 5.29 |18.43 0.41 |[ND 23.03 0.82 |23.02 0.13
S2 1168 0.72 |20.10 0.37 |IND 2149 0.43 |19.19 0.20 |19.00 5.29 |17.61 0.41 |3143 2139 0.82 |22.76 0.13
Tl 1159 0.10 |2136 0.00 |16.79 0.35 |22.24 0.18 |18.44 0.09 |18.89 0.28 |18.01 0.11 |30.00 0.50 |22.14 0.23 |23.44 0.61
T1 1179 0.10 |2136 0.00 |16.10 0.35 |22.60 0.18 |18.62 0.09 |19.44 0.28 |17.78 0.11 |3100 0.50 |22.59 0.23 |24.65 0.61
T2 1198 0.08 |2191 0.39 |16.68 0.06 |2113 0.21 |19.19 0.30 |19.04 5.65 |17.11 0.10 |29.44 0.39 |22.51 0.19 |24.41 0.10
T2 12.15 0.08 |22.69 0.39 |16.55 0.06 |2155 0.21 |18.60 0.30 |30.34 5.65 |16.90 0.10 |28.66 0.39 |22.89 0.19 |24.21 0.10
T3 12.61 0.04 |2159 0.04 |17.29 0.14 |22.71 0.01 |18.65 0.12 |19.59 0.12 |17.23 0.11 |3130 0.96 |23.21 0.77 |24.63 0.36
T3 12.53 0.04 [2167 0.04 [17.56 0.14 |22.70 0.01 |18.90 0.12 |19.34 0.12 |17.02 0.11 [33.22 0.96 [2168 0.77 [23.91 0.36
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Sample CT 16S SE CTnifH SE CTAOA SE CTAOB SE CTnirk SE CtnosZ SE CT18S SE CTNRPs SE CTgh48 SE CTAMG1 SE

T4 10.51 0.46 |2132 0.60 |16.71 0.57 |16.66 0.68 |19.37 0.94 |2199 168 |17.53 0.22 |33.62 0.82 |18.74 0.95 |25.51 0.01
T4 9.59 0.46 |22.52 0.60 |15.56 0.57 |18.02 0.68 |17.48 0.94 |18.64 168 |17.10 0.22 |3198 0.82 [20.64 0.95 |25.49 0.01
Ul 13.18 0.53 |22.11 149 |25.53 0.01 |2179 0.69 |2164 0.57 |22.41 0.52 |18.64 0.11 |35.38 0.16 |22.74 0.09 |23.97 0.28
Ul ».1n 0.53 |19.13 149 |25.51 0.01 |23.18 0.69 |20.51 0.57 |2137 0.52 |18.42 0.11 |35.05 0.16 [22.55 0.09 |23.42 0.28
V1 1198 119 |19.81 0.05 |20.46 0.35 |20.02 0.20 |18.56 0.03 |19.16 0.12 |16.84 0.04 [3174 0.06 [2173 0.32 |22.00 0.20
V1 9.59 119 |19.90 0.05 |19.76 0.35 |20.43 0.20 |18.62 0.03 |18.92 0.12 |16.91 0.04 |3161 0.06 [22.37 0.32 |22.39 0.20
V1 1169 0.06 |19.43 0.31 |17.18 0.14 |23.98 0.32 |19.38 0.19 |19.83 0.64 |17.26 0.03 |34.82 125 |22.76 117 |24.41 0.52
V1 1156 0.06 |20.05 0.31 |16.91 0.14 |23.33 0.32 |18.99 0.19 |2112 0.64 |17.20 0.03 [32.33 125 |20.41 117 |23.37 0.52
V2 10.36 0.15 |2140 0.20 |15.34 0.15 |20.25 0.06 |18.98 0.02 |19.42 0.26 |17.75 0.09 [29.97 0.03 |22.05 0.05 |24.46 0.07
V2 10.65 0.15 |2181 0.20 |15.64 0.15 |20.38 0.06 |18.93 0.02 |19.95 0.26 |17.57 0.09 [30.03 0.03 [22.16 0.05 |24.32 0.07
W1 1180 107 |22.45 0.22 |16.70 0.08 |20.49 0.60 |18.94 0.08 |20.76 0.11 |17.01 0.14 |3130 0.05 [2174 0.01 |24.10 0.07
W1 9.67 107 |22.02 0.22 |16.85 0.08 |2169 0.60 |18.78 0.08 |20.98 0.11 |16.73 0.14 |3141 0.05 [2173 0.01 |24.24 0.07
W2 12.74 137 |2102 0.03 |16.90 0.05 |20.86 0.44 |19.78 0.03 [20.29 0.02 |17.80 0.12 |33.51 0.30 [2197 0.14 |22.99 0.05
W2 10.00 137 (2108 0.03 |16.80 0.05 |2174 0.44 119.83 0.03 |20.32 0.02 |17.57 0.12 |32.92 0.30 |22.26 0.14 123.08 0.05
W3 NA 22.88 0.47 |16.49 0.09 |20.80 0.24 |19.39 0.21 |20.14 0.16 |17.28 0.02 |3138 0.06 [NA 24.91 0.11
W3 NA 2195 0.47 |16.67 0.09 |2128 0.24 |18.97 0.21 |20.47 0.16 |17.23 0.02 [3150 0.06 [NA 25.13 0.11
W4 1165 0.02 |22.27 0.17 |19.21 0.29 |2125 0.00 |19.57 0.62 |2187 113 |17.00 0.20 |35.28 114 2132 0.82 |123.61 0.10
W4 161 0.02 |22.61 0.17 |18.63 0.29 |2125 0.00 |18.33 0.62 |19.60 113 |16.60 0.20 [32.99 114 |22.96 0.82 |23.82 0.10
W5 12.24 0.62 |19.48 0.54 |16.64 0.27 |2121 0.19 |19.16 0.12 |20.80 0.19 |18.16 0.21 [32.13 0.17 [2108 0.56 |23.60 0.02
W5 1100 0.62 |20.56 0.54 |16.10 0.27 |20.82 0.19 |19.41 0.12 |20.42 0.19 |18.57 0.21 |3179 0.17 [22.21 0.56 |23.65 0.02
W6 12.63 0.62 |120.44 0.00 |17.00 0.63 |20.12 0.08 |18.19 0.04 |19.46 0.11 |16.83 0.15 |35.85 2.89 |24.87 2.09 |22.22 0.08
W6 11.38 0.62 |20.44 0.00 |18.27 0.63 |20.28 0.08 |18.27 0.04 |19.24 0.11 |16.52 0.15 [30.07 2.89 |20.68 2.09 |22.06 0.08
Z1 12.10 0.09 |2170 0.03 |17.33 0.06 |2193 0.12 |19.77 0.20 |19.76 0.36 |17.68 0.10 |32.58 0.96 [19.91 143 |22.71 0.26
Z1 12.28 0.09 |2165 0.03 |17.21 0.06 |22.17 0.12 |19.36 0.20 [20.48 0.36 |17.87 0.10 |30.66 0.96 [22.77 143 |23.24 0.26

Table B: Physicechemical soil parameteiis Lugana conventional anarganic vineyardssignificant differences evaluat
by the Wilcoxon rankum test.

Median Conventional  Median Organic p value

Active limestone g/kg 78 62.5 0.6557 |1 ns
C%OM 0.58 0.58 0.6193 |1 ns
Clay g/kg 160 190 0.6787 |1 ns
CEC meq/100g 176 18.7 0.9746 |1 ns
Cu tot mg/kg 37.6 37.55 0.7026 (1 ns
K20 mg/kg 161 2225 0.0857 |1 ns
Labile organic carbon tha (11.9 14.04 0.9239 (1 ns
Limestone tot g/kg 386 367 0.9239 (1 ns
MgO ma/kg 360 390.5 0.7333 |1 ns
N tot g/kg 1.4 1.8 0.5582 |1 ns
Organic matter g/kg 27 29 0.6323 (1 ns
P205 mg/kg 28 27 0.9746 (1 ns
perc POM 0.24 0.215 0.3883 |1 ns
pH 8.1 8.15 0.4589 |1 ns
POM g/kg 33 3.9 0.9746 |1 ns
Sand g/kg 394 3785 0.8987 (1 ns
Silt g/kg 444 4415 0.7746 |1 ns
stable organic carbon g/kg |11.6 13.55 0.2937 (1 ns
Tot organic carbon g/kg 155 16.7 0.6558 (1 ns

Table B: Physicechemical soil parameters in Franciacorta conventional and organic vineyards, significant differenct
evaluated by the Wilcoxon raiskim test.

Median Organic Median Biodynam p value

%POM 0.21 0.22 0.4802 |1 ns
Active limestone g/kg 10 10 0.7169 (1 ns
C%OM 0.58 0.58 0.6353 |1 ns
Clay g/kg 190 140 0.0626 |1 ns
CEC meq/100g 15.6 11.35 0.0110 (0.22 ([*

Cu tot mg/kg 78 45.05 0.0572 |1 ns
K20 mg/kg 140 75 0.0162 |0.325 [*

Labile organic carbon g/kg|2.9 235 0.3047 |1 ns
Labile organic carbon tha (10.4 8.45 0.3048 (1 ns
Limestone tot g/kg 10 10 0.8818 (1 ns
Mg/K 8I5! 3.2 0.9149 |1 ns
MgO mg/kg 219 124 0.0022 (0.045 [**
N tot g/kg 15 1.2 0.0536 (1 ns
Organic matter g/kg 25 18 0.0082 |0.165 |**
P205 magl/kg 34 385 04167 |1 ns
pH 75 7 0.6149 (1 ns
Sand g/kg 363 487.5 0.0076 (0.151 [**
Silt g/kg 429 362.5 0.0043 [0.087 [**
Stable organic carbon g/kg(11.3 7.8 0.0157 |0.315 [*

Tot organic carbon g/kg 14.5 104 0.0091 (0.183 [**
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TableC: Indicators and physicehemical soil parameteiSparman correlation results

Row Column R R2 pvalue padj. Sig. Row Column R R2 pvalue padj. Sig.
dsDNA _ |Clayg/kg -0.2838 10.0805 [0.0081 |1.0000 [** GC AOA __ [Active limestone g/kg -0.312410.0976 [0.0034 |0.9532 [**
dsDNA  |CSC meq/100g -0.26820.0719 [0.0125 |1.0000 [* GC AOA _[Limestone tot g/kg -0.30410.0925 [0.0044 [1.0000 [**
dsDNA _ [Active limestone g/kg -0.246010.0605 [0.0224 |1.0000 [* GC AOA (% POM -0.2498 10.0624 (0.0204 |1.0000 [*

dsDNA  |Sand g/kg 0.2225 [0.0495 [0.0395 [1.0000 |* GC AOA _[Cu tot mg/kg 0.2241 [0.0502 0.0381 |1.0000 |*

dsDNA Limestone tot g/kg -0.2097 [0.0440 |0.0527 |1.0000 |ns GC AOA |Labile organic carbon t/ha [-0.1230 [0.0151 |0.2591 |1.0000 |ns
dsDNA C % OM 0.2034 ]0.0414 10.0604 |1.0000 |ns GC AOA _|Labile organic carbon g/kg [-0.1228 [0.0151 |0.2600 |1.0000 |ns
dsDNA _ [MgO mg/kg -0.1996 |0.0399 [0.0653 [1.0000 |ns GC AOA |pH -0.1048 10.0110 [0.3367 [1.0000 |ns
dsDNA __ |pH -0.1982 |0.0393 [0.0673 [1.0000 |ns GC AOA  |MgO mg/kg -0.0967 |0.0094 [0.3757 [1.0000 |ns
dsDNA K20 mg/kg -0.16780.0281 [0.1226 [1.0000 |ns GC AOA _|Stabile organic carbon g/kg [0.0921 [0.0085 [0.3992 [1.0000 |ns
dsDNA Stabile organic carbon g/kg |-0.1553 [0.0241 |0.1533 |1.0000 [ns GC AOA |CSC meq/100g 0.0859 ]0.0074 ]0.4315 |1.0000 |ns
dsDNA Organic matter g/kg -0.1336 [0.0179 |0.2199 |1.0000 |ns GC AOA |Totorganic carbon g/kg 0.0601 |0.0036 |0.5827 |1.0000 |ns
dsDNA Tot organic carbon g/kg -0.1267 [0.0161 ]0.2450 |1.0000 |ns GC AOA _ |Organic matter g/kg 0.0559 ]0.0031 |0.6090 |1.0000 |ns
dsDNA  |P205 mg/kg 0.1236 [0.0153 |0.2568 |1.0000 |ns GC AOA _|Clayg/kg 0.0531 [0.0028 |0.6272 [1.0000 |ns
dsDNA __|N tot g/kg -0.0866 |0.0075 [0.4418 [1.0000 |ns GC AOA  |Mg/K -0.04630.0021 [0.6723 [1.0000 |ns
dsDNA Silt g/kg -0.0471 |0.0022 0.6666 |1.0000 |ns GC AOA _|Siltg/kg -0.0357 (0.0013 |0.7442 |1.0000 |ns
dsDNA _ [Cu tot mg/kg 0.0449 [0.0020 [0.6816 [1.0000 |ns GC AOA  |K20 mg/kg -0.0336 |0.0011 [0.7586 [1.0000 |ns
dsDNA Labile organic carbon g/kg |-0.0425 |0.0018 [0.6978 [1.0000 |ns GC AOA |N tot g/kg 0.0302 |0.0009 |0.7892 |1.0000 |ns
dsDNA % POM 0.0418 |0.0018 |0.7021 [1.0000 [ns GC AOA |C % OM 0.0138 10.0002 |0.8997 |1.0000 [ns
dsDNA Labile organic carbon tha |-0.0400 |0.0016 [0.7147 [1.0000 |ns GC AOA _ |P205 mg/kg -0.0132 ]0.0002 [0.9042 [1.0000 |ns
dsDNA  |Mg/K 0.0334 [0.0011 |0.7600 |1.0000 |ns GC AOA |Sand g/kg -0.0022 |0.0000 [0.9837 [1.0000 |ns
GC 16S C % OM 0.2014 [0.0405 [0.0697 [1.0000 |ns GC AOB__ |K20 mg/kg 0.2524 10.0637 [0.0191 |1.0000 (*

GC 16S__ [MgO mg/kg 0.1186 [0.0141 [0.2887 [1.0000 |ns GC AOB__|Clayg/kg 0.2149 [0.0462 0.0469 |1.0000 |*

GC 16S__ |Siltg/kg 0.1011 [0.0102 |0.3660 [1.0000 |ns GC AOB |CSC meg/100g 0.1806 [0.0326 |0.0962 [1.0000 |ns
GC 16S % POM 0.0919 |0.0084 |0.4116 [1.0000 [ns GC AOB |Sand g/kg -0.1800 [0.0324 10.0972 |1.0000 |ns
GC 16S __ |K20 mg/kg 0.0687 [0.0047 |0.5398 [1.0000 |ns GC AOB _ |Mg K -0.174810.0306 [0.1074 [1.0000 |ns
GC 16S__ |CSC meq/100g -0.0452 10.0020 [0.6865 [1.0000 |ns GC AOB  |MgO mgl/kg 0.1463 [0.0214 ]0.1788 |1.0000 |ns
GC 16S __ |P205 mg/kg -0.0399 |0.0016 [0.7218 [1.0000 |ns GC AOB__|Stabile organic carbon g/kg [0.1354 [0.0183 |0.2138 [1.0000 |ns
GC 16S__|Stabile organic carbon g/kg [-0.0394 [0.0016 |0.7251 |1.0000 |ns GC AOB__|Totorganic carbon g/kg 0.1330 [0.0177 ]0.2221 1.0000 |ns
GC 16S _ |Mg/K 0.0338 [0.0011 |0.7631 [1.0000 |ns GC AOB__ [Organic matter g/kg 0.1311 [0.0172 |0.2289 |1.0000 |ns
GC 16S Organic matter g/kg -0.0305 |0.0009 |0.7858 |1.0000 |ns GC AOB  |pH 0.1216 |0.0148 |0.2648 |1.0000 [ns
GC 16S __|Labile organic carbon g/kg [0.0264 [0.0007 |0.8140 |1.0000 |ns GC AOB__|N tot g/kg 0.1171 ]0.0137 ]0.2978 |1.0000 |ns
GC 16S __ |Totorganic carbon g/kg -0.0264 [0.0007 |0.8141 |1.0000 |ns GC AOB  |% POM -0.0932 [0.0087 ]0.3933 |1.0000 |ns
GC 16S__ |Clayg/kg -0.0238 |0.0006 [0.8321 [1.0000 |ns GC AOB |Siltg/kg 0.0772 [0.0060 |0.4801 |1.0000 |ns
GC 16S__[Active limestone g/kg -0.02190.0005 [0.8453 |1.0000 [ns GC AOB__ [P205 mg/kg -0.04230.0018 [0.6990 |1.0000 [ns
GC 16S__|Labile organic carbon ttha |0.0211 |0.0004 [0.8506 [1.0000 |ns GC AOB |C % OM -0.0359 |10.0013 [0.7425 [1.0000 |ns
GC 16S Sand g/kg -0.0105 [0.0001 |0.9252 |1.0000 |ns GC AOB  |Cu tot mg/kg 0.0299 10.0009 |0.7843 |1.0000 [ns
GC16S _ [pH -0.00790.0001 [0.9441 |1.0000 [ns GC AOB__|Limestone tot g/kg 0.0263 [0.0007 [0.8097 [1.0000 |ns
GC 16S__ |N totg/kg -0.0070 |0.0000 [0.9516 [1.0000 |ns GC AOB__[Active limestone g/kg -0.0163 |0.0003 [0.8812 [1.0000 |ns
GC 16S |Limestone tot g/kg -0.0009 [0.0000 |0.9936 |1.0000 |ns GC AOB__|Labile organic carbon g/kg (0.0148 [0.0002 |0.8925 |1.0000 |ns
GC 16S __ |Cu tot mg/kg 0.0002 |0.0000 |0.9988 |1.0000 [ns GC AOB__|Labile organic carbon t/ha [0.0108 [0.0001 |0.9212 |1.0000 |ns
GC 18S___|Active limestone g/kg -0.3683 10.1356 [0.0005 [0.1358 |*** GC gh48 |Cu tot mg/kg 0.1955 [0.0382 |0.0784 [1.0000 |ns
GC 18S |Limestone tot g/kg -0.3683 [0.1356 |0.0005 [0.1358 |*** GC gh48 |Labile organic carbon g/kg |0.1905 [0.0363 |0.0865 |1.0000 |ns
GC18S _ [pH -0.3156 |0.0996 [0.0031 [0.8626 [** GC gh48 [Labile organic carbon ttha [0.1903 [0.0362 [0.0868 [1.0000 |ns
GC 18S__|Labile organic carbon tha |-0.2268 [0.0515 [0.0357 [1.0000 |* GC gh48 |% POM 0.1894 [0.0359 |0.0883 [1.0000 |ns
GC 18S__|Labile organic carbon g/kg |-0.2265 [0.0513 |0.0360 {1.0000 |* GC gh48 |K20 mg/kg 0.1153 [0.0133 |0.3022 [1.0000 |ns
GC18S (% POM -0.2096 |10.0439 [0.0528 |1.0000 [ns GC gh48 [Mg K -0.10990.0121 [0.3258 |1.0000 [ns
GC 18S__ |Organic matter g/kg -0.1684 |0.0284 [0.1211 [1.0000 |ns GC gh48 [Organic matter g/kg 0.0851 [0.0072 0.4471 [1.0000 |ns
GC 18S __ |Totorganic carbon g/kg -0.16710.0279 [0.1242 [1.0000 |ns GC gh48 |Totorganic carbon g/kg 0.0813 [0.0066 |0.4675 [1.0000 |ns
GC18S [N tot g/kg -0.1686 10.0284 [0.1324 |1.0000 [ns GC gh48 [pH 0.0699 [0.0049 [0.5327 [1.0000 |ns
GC 18S__ |MgO mg/kg -0.1612]0.0260 [0.1382 [1.0000 |ns GC gh48 |Clayg/kg 0.0655 [0.0043 |0.5587 |1.0000 |ns
GC 18S  |K20 mg/kg -0.1422 10.0202 [0.1914 [1.0000 |ns GC gh48 |C % OM -0.0493 |0.0024 [0.6602 [1.0000 |ns
GC 18S__|Stabile organic carbon g/kg |-0.1400 |0.0196 [0.1985 [1.0000 |ns GC gh48 |N totg/kg 0.0480 [0.0023 0.6786 {1.0000 |ns
GC 18S__ |CSC meq/100g -0.1029 |10.0106 [0.3457 [1.0000 |ns GC gh48 |MgO mg/kg 0.0404 [0.0016 |0.7186 |1.0000 |ns
GC 18S Cu tot mg/kg 0.1017 ]0.0103 |0.3513 |1.0000 [ns GC gh48 |Stabile organic carbon g/kg |0.0374 |0.0014 |0.7385 |1.0000 |ns
GC 18S _ [P205 mg/kg -0.0648 10.0042 [0.5536 |1.0000 [ns GC gh48 |Sand g/kg -0.0167 10.0003 [0.8817 |1.0000 [ns
GC 18S  |Mg/K -0.0469 |0.0022 [0.6681 [1.0000 |ns GC gh48 [Limestone tot g/kg 0.0152 [0.0002 0.8920 [1.0000 |ns
GC 18S _ |Clayg/kg 0.0404 [0.0016 |0.7116 |1.0000 |ns GC gh48 |CSC meg/100g 0.0111 [0.0001 |0.9210 |1.0000 |ns
GC18S [C% OM -0.02890.0008 [0.7918 |1.0000 [ns GC gh48 [Active limestone g/kg -0.008710.0001 [0.9385 |1.0000 [ns
GC 18S _ |Siltg/kg -0.0219 |0.0005 [0.8415 [1.0000 |ns GC gh48 |Siltg/kg 0.0080 [0.0001 |0.9429 [1.0000 |ns
GC 18S__|Sand g/kg 0.0005 [0.0000 |0.9964 [1.0000 |ns GC gh48 |P205 mglkg 0.0015 [0.0000 |0.9896 |1.0000 |ns
GC AMG1 [pH 0.3070 [0.0942 |0.0040 [1.0000 |** GC nifH __[Active limestone g/kg 0.3448 (0.1189 [0.0012 [0.3450 |**
GC AMG1 |Active limestone g/kg 0.2978 [0.0887 ]0.0054 {1.0000 |** GC nifH Mg K 0.3365 [0.1132 |0.0016 |0.4593 |**
GC AMG1 |MgO mg/kg 0.2918 [0.0851 |0.0064 [1.0000 |** GC nifH __[Limestone tot g/kg 0.3161 [0.0999 |0.0032 [0.8970 |**
GC AMG1 |Limestone tot g/kg 0.2694 10.0726 [0.0121 |1.0000 (* GC nifH MgO mg/kg 0.3155 10.0996 |0.0033 |0.9149 [**
GC AMG1 |Sand g/kg -0.184310.0340 [0.0893 [1.0000 |ns GC nifH __[Siltg/kg 0.2964 [0.0879 |0.0059 |1.0000 |**
GC AMG1 |C % OM -0.1786 [0.0319 |0.0999 |1.0000 |ns GC nifH Cu tot mg/kg -0.2704 [0.0731 |0.0123 |1.0000 [*

GC AMG1 K20 mg/kg 0.1708 [0.0292 [0.1158 [1.0000 |ns GC niftH __ |pH 0.2370 [0.0562 [0.0289 [1.0000 |*

GC AMG1 |Mg K 0.1630 [0.0266 |0.1337 [1.0000 |ns GC nifH _ |% POM -0.2100 |0.0441 [0.0537 [1.0000 |ns
GC AMGL1 |Clay g/kg 0.1620 [0.0262 |0.1363 |1.0000 |ns GC nifH  |Sand g/kg -0.1970|0.0388 [0.0707 [1.0000 |ns
GC AMG1 |P205 mg/kg -0.1566 [0.0245 ]0.1499 |1.0000 |ns GC nifH __|Labile organic carbon g/kg |-0.1612]0.0260 [0.1405 [1.0000 |ns
GC AMG1 |CSC meq/100g 0.1267 [0.0161 |0.2449 [1.0000 |ns GC nifH__[Labile organic carbon tha [-0.1608 [0.0259 [0.1415 [1.0000 |ns
GC AMGL1 |Siltg/kg 0.0963 [0.0093 |0.3776 [1.0000 |ns GCnifH  |C % OM -0.1207 |0.0146 [0.2710 [1.0000 |ns
GC AMG1 |Cu tot mg/kg -0.0963 [0.0093 |0.3779 |1.0000 |ns GC nifH P205 mg/kg -0.1207 [0.0146 |0.2712 |1.0000 |ns
GC AMGL1 |N tot g/kg -0.0701 |0.0049 [0.5339 [1.0000 |ns GC nifH __|N totg/kg -0.1231|0.0151 [0.2768 [1.0000 |ns
GC AMG1 [Labile organic carbon t/ha [-0.0264 [0.0007 |0.8091 |1.0000 |ns GC nifH  |Stabile organic carbon g/kg [0.0523 [0.0027 |0.6346 |1.0000 |ns
GC AMG1 |Labile organic carbon g/kg |-0.0258 [0.0007 |0.8133 |1.0000 |ns GC nifH K20 mg/kg 0.0446 10.0020 |0.6851 |1.0000 [ns
GC AMGL1 |Stabile organic carbon g/kg |-0.0212 |0.0005 [0.8461 [1.0000 |ns GC nifH __ |Clay g/kg 0.0320 [0.0010 |0.7709 1.0000 |ns
GC AMG1 |% POM -0.0197 |0.0004 [0.8570 [1.0000 |ns GC nifH__ [Tot organic carbon g/kg -0.0266 |0.0007 [0.8090 [1.0000 |ns
GC AMG1 |Organic matter g/kg 0.0189 |0.0004 10.8628 |1.0000 |ns GC nifH __|Organic matter g/kg -0.0260 [0.0007 0.8129 |1.0000 |ns
GC AMG1 |Tot organic carbon g/kg 0.0120 [0.0001 0.9128 [1.0000 |ns GC nifH _ |CSC meq/100g 0.0242 [0.0006 |0.8257 [1.0000 |ns
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Row Column R R2 pvalue padj. Sig. Row Column R R2 pvalue padj. Sig.

GC nirK __|Active limestone g/kg -0.2334 [0.0545 |0.0305 [1.0000 |* VSA Sand g/kg 0.4373 [0.1912 [0.0000 [0.0125 [***
GC nirk Limestone tot g/kg -0.216810.0470 |0.0450 |1.0000 [* VSA CSC meq/100g -0.4092 10.1675 |0.0001 |0.0416 |***
GC nirk__ |% POM -0.1529 [0.0234 |0.1600 [1.0000 |ns VSA Clay g/kg -0.4054 [0.1644 [0.0002 [0.0486 [***
GC nirK__ |CSC meq/100g -0.1253 [0.0157 |0.2505 [1.0000 |ns VSA MgO mg/kg -0.3354 [0.1125 |0.0022 [0.6185 |**
GC nirK __|Labile organic carbon tha |-0.1233|0.0152 [0.2580 |1.0000 [ns VSA Silt g/kg -0.2872 [(0.0825 [0.0093 [1.0000 [**
GC nirK__|Labile organic carbon g/kg [-0.1204 [0.0145 |0.2694 |1.0000 [ns VSA Active limestone g/kg -0.2401 [0.0577 ]0.0308 |1.0000 [*
GC nirkK__|N tot g/kg -0.1151 [0.0133 |0.3061 [1.0000 |ns VSA pH -0.2304 [0.0531 |0.0385 [1.0000 |*
GC nirk K20 mg/kg -0.0786 10.0062 |0.4720 |1.0000 |ns VSA K20 mg/kg -0.2070 |0.0428 |0.0638 |1.0000 |ns
GC nirk__ |P205 mg/kg 0.0767 [0.0059 |0.4826 [1.0000 |ns VSA Mg K -0.1661 [0.0276 [0.1382 [1.0000 |ns
GC nirk C % OM -0.0721]0.0052 [0.5097 [1.0000 [ns VSA Limestone tot g/kg -0.13630.0186 |0.2251 |1.0000 |ns
GCnirk__[pH -0.0620 [0.0038 |0.5708 [1.0000 |ns VSA % POM 0.0932 [0.0087 [0.4078 [1.0000 |ns
GC nirkK_ [MgO mg/kg -0.0508 [0.0026 |0.6421 |1.0000 [ns VSA Stabile organic carbon g/kg |-0.0836 |0.0070 |0.4582 |1.0000 |ns
GC nirK | Tot organic carbon g/kg -0.0488 |0.0024 10.6553 |1.0000 [ns VSA C % OM 0.0750 |0.0056 |0.5057 |1.0000 |ns
GC nirK  |Organic matter g/kg -0.0438 10.0019 [0.6887 [1.0000 [ns VSA N tot g/kg -0.0634 |0.0040 |0.5765 [1.0000 |ns
GC nirk__|Sand g/kg 0.0412 [0.0017 |0.7064 [1.0000 |ns VSA P205 mg/kg 0.0624 [0.0039 [0.5799 [1.0000 |ns
GCnirk__[Clay g/kg -0.0322 [0.0010 |0.7684 [1.0000 |ns VSA Organic matter g/kg -0.0614 (0.0038 [0.5862 |1.0000 [ns
GC nirK  |Mg/K -0.0316 {0.0010 |0.7724 ]1.0000 [ns VSA Tot organic carbon g/kg -0.0599 |0.0036 |0.5953 |1.0000 |ns
GC nirK __|Siltg/kg -0.0161 {0.0003 |0.8833 |1.0000 [ns VSA Labile organic carbon tha |0.0464 |0.0021 |0.6812 |1.0000 |ns
GC nirK__|Stabile organic carbon g/kg |-0.0159 |0.0003 [0.8845 |1.0000 [ns VSA Labile organic carbon g/kg |0.0437 |0.0019 |0.6984 |1.0000 |ns
GC nirk Cu tot mg/kg 0.0042 ]0.0000 [0.9693 [1.0000 [ns VSA Cu tot mg/kg -0.0310 |0.0010 |0.7837 |1.0000 |ns
GC nosZ _|Cu tot mg/kg -0.2448 [0.0599 |0.0231 [1.0000 |* VSAVeg [Cu tot mg/kg -0.2953 (0.0872 (0.0188 |1.0000 [*
GCnosZ [CSC meq/100g -0.2146 [0.0460 |0.0473 [1.0000 |* VSAVeg |[CSC meq/100g -0.2919 [0.0852 [0.0203 [1.0000 |*
GC nosZ _[Clayg/kg -0.1958 [0.0383 |0.0709 [1.0000 |ns VSAVeg [Mg K 0.2404 [0.0578 [0.0577 [1.0000 |ns
GC nosZ |K20 mg/kg -0.1954 (0.0382 [0.0713 [1.0000 [ns VSAVeg |[Clayg/kg -0.2284 [(0.0522 [0.0718 |1.0000 [ns
GCnosZ |Mg K 0.1753 [0.0307 |0.1065 [1.0000 |ns VSAVeg |Active limestone g/kg 0.2207 [0.0487 [0.0821 [1.0000 |ns
GC nosZ |% POM -0.1711]0.0293 [0.1152 [1.0000 [ns VSAVeg |N tot g/kg -0.22180.0492 ]0.0832 |1.0000 |ns
GC nosZ |Labile organic carbon tha |-0.16750.0281 [0.1231 |1.0000 [ns VSAVeg [Limestone tot g/kg 0.2171 [0.0471 ]0.0875 |1.0000 |ns
GC nosZ _|Labile organic carbon g/kg |-0.1654 |0.0273 [0.1281 |1.0000 [ns VSAVeg [Sand g/kg 0.1927 [0.0371 ]0.1303 |1.0000 |ns
GC nosZ _|Sand g/kg 0.1603 [0.0257 |0.1404 [1.0000 |ns VSAVeg |K20 mg/kg -0.1719 [0.0296 [0.1779 [1.0000 |ns
GC nosZ _|N tot g/kg -0.1588 |0.0252 |0.1567 |1.0000 [ns VSAVeg [Stabile organic carbon g/kg |-0.1292 [0.0167 [0.3129 [1.0000 |ns
GC nosZ |C % OM -0.1341 [0.0180 |0.2183 [1.0000 |ns VSAVeg |Organic matter g/kg -0.1104 [0.0122 [0.3890 [1.0000 |ns
GCnosZ |pH 0.1257 |0.0158 |0.2489 |1.0000 [ns VSAVeg |Totorganic carbon g/kg -0.1074 ]0.0115 ]0.4023 |1.0000 [ns
GC nosZ |Limestone tot g/kg 0.1152 ]0.0133 [0.2910 [1.0000 [ns VSAVeg |Labile organic carbon g/kg |-0.0599 |0.0036 [0.6412 [1.0000 |ns
GC nosZ_|[Siltg/kg -0.0985 [0.0097 |0.3668 [1.0000 |ns VSAVeg [% POM 0.0578 [0.0033 [0.6528 [1.0000 |ns
GC nosZ |Totorganic carbon g/kg -0.0924 [0.0085 |0.3972 |1.0000 [ns VSAVeg [Labile organic carbon t/ha |-0.0563 [0.0032 [0.6613 [1.0000 |ns
GC nosZ _|Organic matter g/kg -0.0918 |0.0084 [0.4003 [1.0000 [ns VSAVeg |pH -0.0487 {0.0024 10.7046 |1.0000 |ns
GC nosZ |Active limestone g/kg 0.0541 [0.0029 |0.6211 [1.0000 |ns VSAVeg |C % OM 0.0315 [0.0010 [0.8063 [1.0000 |ns
GC nosZ _|Stabile organic carbon g/kg |-0.0399 |0.0016 [0.7155 |1.0000 [ns VSAVeg |Siltg/kg -0.0314 [0.0010 [0.8069 [1.0000 |ns
GC nosZ |P205 mg/kg -0.0063 [0.0000 [0.9540 [1.0000 [ns VSAVeg |P205 mg/kg 0.0287 [0.0008 [0.8236 |1.0000 [ns
GC nosZ |MgO mg/kg 0.0052 [0.0000 |0.9619 [1.0000 |ns VSAVeg |MgO mg/kg 0.0206 [0.0004 [0.8726 [1.0000 |ns
GC NRPS |Mg K 0.2395 [0.0574 |0.0263 [1.0000 |*

GC NRPS [pH 0.1671 [0.0279 [0.1240 [1.0000 [ns

GC NRPS |% POM -0.1459 (0.0213 |0.1801 [1.0000 |ns

GC NRPS |Limestone tot g/kg 0.1351 |0.0183 [0.2148 [1.0000 [ns

GC NRPS |MgO mg/kg 0.1227 [0.0150 [0.2605 [1.0000 [ns

GC NRPS |Active limestone g/kg 0.1184 |0.0140 |0.2776 |1.0000 [ns

GC NRPS |Clay g/kg -0.1175 [0.0138 |0.2813 [1.0000 |ns

GC NRPS |Cu tot mg/kg -0.1129]0.0127 |0.3009 |1.0000 |ns

GC NRPS |Labile organic carbon t/ha [-0.1109 [0.0123 |0.3093 |1.0000 [ns

GC NRPS |Labile organic carbon g/kg |-0.1085 |0.0118 |0.3202 |1.0000 [ns

GC NRPS [CSC meq/100g -0.0931 [0.0087 |0.3939 [1.0000 |ns
GC NRPS |K20 mg/kg -0.0826 [0.0068 0.4493 [1.0000 |ns
GC NRPS |Sand g/kg 0.0776 [0.0060 |0.4776 [1.0000 |ns
GC NRPS |N tot g/kg -0.0742 [0.0055 [0.5106 [1.0000 [ns
GC NRPS |P205 mg/kg -0.0681 [0.0046 |0.5336 [1.0000 |ns
GC NRPS |C % OM 0.0254 [0.0006 |0.8164 [1.0000 |ns
GC NRPS |Stabile organic carbon g/kg [0.0252 [0.0006 |0.8180 |1.0000 [ns
GC NRPS |Organic matter g/kg -0.0225 |0.0005 |0.8369 |1.0000 [ns
GC NRPS |Tot organic carbon g/kg -0.0195 |0.0004 [0.8588 [1.0000 [ns
GC NRPS |Silt g/kg -0.0186 |0.0003 |0.8648 |1.0000 |ns
QBS ar Limestone tot g/kg 0.2203 |0.0485 |0.0415 |1.0000 [*
QBS ar pH 0.1758 [0.0309 |0.1053 [1.0000 |ns
QBS ar Active limestone g/kg 0.1650 0.0272 [0.1290 [1.0000 [ns
QBS ar % POM -0.1283 [0.0165 |0.2390 [1.0000 |ns

QBS ar Labile organic carbon tha |-0.1196 |0.0143 [0.2728 [1.0000 |ns

QBS ar Labile organic carbon g/kg [-0.11850.0140 |0.2772 [1.0000 |ns

QBS ar N tot g/kg -0.1212 [0.0147 |0.2810 [1.0000 |ns
QBS ar Clay g/kg 0.0968 [0.0094 |0.3752 [1.0000 |ns
QBS ar CSC meq/100g 0.0853 ]0.0073 [0.4351 [1.0000 [ns
QBS ar Sand g/kg -0.0747 [0.0056 |0.4945 [1.0000 |ns
QBS ar Cu tot mg/kg -0.0588 [0.0035 |0.5906 [1.0000 |ns
QBS ar Stabile organic carbon g/kg |0.0580 [0.0034 |0.5960 |1.0000 [ns
QBS ar K20 mg/kg 0.0476 [0.0023 |0.6633 [1.0000 |ns
QBS ar Silt g/kg 0.0435 [0.0019 |0.6910 [1.0000 |ns
QBS ar C % OM 0.0246 |0.0006 |0.8220 |[1.0000 |ns
QBS ar P205 mg/kg 0.0191 [0.0004 |0.8613 [1.0000 |ns
QBS ar MgO mg/kg 0.0186 [0.0003 |0.8648 [1.0000 |ns
QBS ar Organic matter g/kg -0.0034 |0.0000 [0.9749 [1.0000 [ns
QBS ar Tot organic carbon g/kg -0.0015 |0.0000 |0.9891 |1.0000 [ns
QBS ar Mg/K -0.0010 [0.0000 |0.9925 [1.0000 |ns
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TableD: Franciacorta Indicators and physiechemical soil parameters Spearman correlation results

Row Column R R2 pvalue pad. Sig. Row Column R R2 pvalue pad. Sig.
dsDNA Active limestone g/kg -0.4461 10.1990 |0.0003 |0.0880 | *** GC_AOA |%POM -0.2620 |0.0686 |0.0414 |1.0000(*

dsDNA Limestone tot g/kg -0.3724 (0.1387 |0.0031 |0.8738** GC_AOA [Labile organic carbon t/ha |-0.1294 {0.0167 |0.3203 |1.0000|ns
dsDNA Clay g/kg -0.3313 [0.1098 |0.0091 |1.0000[** GC_AOA _|Labile organic carbon g/kg |-0.1279 |0.0164 |0.3258 |1.0000|ns
dsDNA CSC meq/100g -0.2947 10.0868 |0.0211 |1.0000 [* GC_AOA _|Active limestone g/kg -0.12030.0145 |0.3557 |1.0000|ns
dsDNA pH -0.2738]0.0750 |0.0328 |1.0000* GC_AOA |Mg/K 0.1168 |0.0136 |0.3699 [1.0000|ns
dsDNA Sand g/kg 0.2331 |0.0544 |0.0706 [1.0000{ns GC_AOA |pH 0.1068 ]0.0114 |0.4124 |1.0000{ns
dsDNA C % OM 0.2049 [0.0420 [0.1132(1.0000|ns GC_AOA |Limestone tot g/kg -0.0953 |0.0091 |0.4648 [1.0000|ns
dsDNA MgO mg/kg -0.1990 |0.0396 |0.1242 |1.0000|ns GC_AOA [P205 mg/kg -0.0947 |0.0090 |0.4680 [1.0000|ns
dsDNA P205 mg/kg 0.1547 ]0.0239 |0.2340 [1.0000|ns GC_AOA |Totorganic carbon g/kg 0.0861 [0.0074 |0.5092 |1.0000|ns
dsDNA K20 mg/kg -0.1489 10.0222 |0.2522 |1.0000|ns GC_AOA _|Organic matter g/kg 0.0827 |0.0068 |0.5264 [1.0000|ns
dsDNA N tot g/kg -0.1297 |0.0168 |0.3233 |1.0000|ns GC_AOA |C% OM -0.0810 |0.0066 |0.5348 [1.0000|ns
dsDNA Stable organic carbon g/kg|-0.1157 [0.0134 |0.3746 |1.0000{ns GC_AOA [Stable organic carbon g/kg|0.0808 [0.0065 |0.5358 |1.0000|ns
dsDNA Organic matter g/kg -0.1004 |0.0101 |0.4415 |1.0000|ns GC_AOA |CSC meq/100g 0.0806 |0.0065 |0.5369 [1.0000|ns
dsDNA Tot organic carbon g/kg -0.0934 (0.0087 |0.4740 ]1.0000{ns GC_AOA [Cu tot mg/kg 0.0805 [0.0065 |0.5373]1.0000{ns
dsDNA Mg/K 0.0661 |0.0044 [0.6126 |1.0000|ns GC_AOA |[Siltg/kg 0.0469 |0.0022 |0.7199 |1.0000|ns
dsDNA %POM 0.0490 0.0024 |0.7076 |1.0000|ns GC_AOA |Clayg/kg 0.0466 |0.0022 |0.7213 |1.0000|ns
dsDNA Silt g/kg -0.0298 |0.0009 |0.8196 |1.0000|ns GC_AOA [Sand g/kg -0.0353 |0.0012 |0.7871 [1.0000|ns
dsDNA Cu tot mg/kg -0.0097 |0.0001 |0.9410 [1.0000{ns GC_AOA |[K20 mg/kg -0.0339 |0.0011 |0.7953 |1.0000{ns
dsDNA Labile organic carbon g/kg |-0.0060 |0.0000 |0.9634 |1.0000|ns GC_AOA |MgO mg/kg 0.0276 [0.0008 [0.8329 [1.0000|ns
dsDNA Labile organic carbon t/ha [-0.0031 |0.0000 |0.9813 [1.0000|ns GC_AOA [N tot g/kg 0.0105 [0.0001 |0.9368 |1.0000{ns
GC_16S _|Active limestone g/kg -0.1964 |0.0386 |0.1360 |1.0000|ns GC_AOB_ |[Mg/K -0.2662 |0.0709 |0.0381 |1.0000*

GC_16S |[C% OM 0.1896 |0.0359 |0.1504 |1.0000|ns GC_AOB |K20 mg/kg 0.2642 ]0.0698 |0.0396 |1.0000(*

GC_16S _|Limestone tot g/kg -0.1848 |0.0341 |0.1612 |1.0000|ns GC_AOB_|Clayg/kg 0.2440 |0.0595 |0.0581 [1.0000|ns
GC_16S |K20 mg/kg 0.1834 ]0.0336 |0.1645 [1.0000{ns GC_AOB [CSC meq/100g 0.2150 |0.0462 |0.0961 |1.0000{ns
GC_16S _|Labile organic carbon g/kg |0.1786 |0.0319 |0.1760 |1.0000|ns GC_AOB__|Tot organic carbon g/kg 0.1951 [0.0380 [0.1319 [1.0000|ns
GC_16S [Labile organic carbon tha |0.1740 [0.0303 |0.1875 |1.0000|ns GC_AOB [Sand g/kg -0.1949 (0.0380 |0.1324 |1.0000|ns
GC_16S _|Cu tot mg/kg 0.1725 ]0.0298 |0.1913 |1.0000|ns GC_AOB _|Organic matter g/kg 0.1906 [0.0363 |0.1411 |1.0000{ns
GC_16S__|pH -0.1695 |0.0287 |0.1992 |1.0000|ns GC_AOB _|Stable organic carbon g/kg|0.1715 |0.0294 |0.1863 |1.0000{ns
GC_16S |MgO mg/kg 0.1475 [0.0218 [0.2650 [1.0000|ns GC_AOB _[pH 0.1685 |0.0284 |0.1942 [1.0000|ns
GC_16S |Organic matter g/kg 0.1427 ]0.0204 |0.2811 [1.0000{ns GC_AOB [N tot g/kg 0.1679 ]0.0282 |0.1998 |1.0000{ns
GC_16S _|Totorganic carbon g/kg 0.1425 |0.0203 |0.2817 |1.0000(ns GC_AOB_ |MgO mg/kg 0.1451 [0.0211 [0.2644 [1.0000|ns
GC_16S _|%POM 0.1421 |0.0202 |0.2831 |1.0000|ns GC_AOB_[Cu tot mg/kg 0.1286 |0.0165 |0.3234 [1.0000|ns
GC_16S _|Siltg/kg 0.1415 [0.0200 [0.2851 [1.0000|ns GC_AOB _|%POM -0.1023 |0.0105 |0.4327 [1.0000|ns
GC_16S _ |[Mg/K -0.1406 |0.0198 |0.2882 |1.0000|ns GC_AOB _|Limestone tot g/kg 0.0747 ]0.0056 |0.5673 [1.0000|ns
GC_16S__|N totg/kg 0.1318 [0.0174 [0.3241 [(1.0000|ns GC_AOB _|C % OM -0.0692 |0.0048 |0.5963 [1.0000|ns
GC_16S [Stable organic carbon g/kg|0.1136 [0.0129 |0.3917 |1.0000|ns GC_AOB |[P205 mg/kg -0.0601 [0.0036 |0.6454 |1.0000{ns
GC_16S |P205 mg/kg 0.1006 |0.0101 |0.4485 |1.0000(ns GC_AOB __|Labile organic carbon g/kg |0.0599 |0.0036 |0.6468 |1.0000|ns
GC_16S__|Clayg/kg -0.0876 |0.0077 |0.5092 |1.0000|ns GC_AOB __[Silt g/kg 0.0584 |0.0034 |0.6546 [1.0000|ns
GC_16S _|Sand g/kg 0.0129 ]0.0002 |10.9225 |1.0000|ns GC_AOB __|Labile organic carbon tha |0.0564 |0.0032 |0.6662 |1.0000|ns
GC_16S _|CSC meq/100g 0.0023 ]0.0000 |0.9863 |1.0000|ns GC_AOB __|Active limestone g/kg -0.03190.0010 |0.8069 |1.0000|ns
GC_18S |Limestone tot g/kg -0.3152 [0.0993 [0.0134 [1.0000|* GC_gh48 |Labile organic carbon tha |0.3404 |0.1159 |0.0083 |1.0000|**

GC_18S |pH -0.3011 |0.0907 |0.0184 [1.0000(* GC_gh48 [Labile organic carbon g/kg |0.3404 |0.1158 |0.0083 |1.0000|**

GC_18S__ |Active limestone g/kg -0.2840 |0.0807 |0.0265 |1.0000(* GC_gh48 |%POM 0.3172 ]0.1006 |0.0144 |1.0000(*

GC_18S |%POM -0.1554 10.0242 |0.2316 |1.0000|ns GC_gh48 [Cu tot mg/kg 0.2526 |0.0638 |0.0536 [1.0000|ns
GC_18S _|Labile organic carbon g/kg |-0.1540 |0.0237 |0.2361 |1.0000|ns GC_gh48 |Mg/K -0.2425 [0.0588 [0.0643 [1.0000|ns
GC_18S _|Labile organic carbon tha |-0.1518 |0.0230 |0.2428 |1.0000|ns GC_gh48 |K20 mg/kg 0.2204 [0.0486 [0.0935 [1.0000|ns
GC_18S |N totg/kg -0.1105 |0.0122 |0.4008 |1.0000|ns GC_gh48 |Organic matter g/kg 0.2171 |0.0471 |0.0987 [1.0000|ns
GC_18S |[Clayg/kg 0.1077 [0.0116 |0.4088]1.0000{ns GC_gh48 |Totorganic carbon g/kg 0.2094 [0.0439 |0.1114 |1.0000{ns
GC_18S |P205 mg/kg -0.1073 [0.0115 [0.4102 [1.0000|ns GC_gh48 |Stable organic carbon g/kg|0.1249 |0.0156 |0.3458 |1.0000|ns
GC_18S |Sand g/kg -0.0959 |0.0092 |0.4622 |1.0000|ns GC_gh48 |N tot g/kg 0.1247 ]0.0155 |0.3511 [1.0000|ns
GC_18S _|Stable organic carbon g/kg|-0.0813 |0.0066 |0.5335 |1.0000|ns GC_gh48 |Limestone tot g/kg 0.1005 [0.0101 |0.4488 |1.0000{ns
GC_18S__|Organic matter g/kg -0.0807 |0.0065 |0.5366 |1.0000|ns GC_gh48 |MgO mg/kg 0.0972 ]0.0094 |0.4640 [1.0000|ns
GC_18S _ |Totorganic carbon g/kg -0.0763 |0.0058 |0.5591 |1.0000|ns GC_gh48 |[pH 0.0953 |0.0091 |0.4728 [1.0000|ns
GC_18S |[Siltg/kg 0.0626 |0.0039 |0.6318 [1.0000{ns GC_gh48 |[P205 mg/kg 0.0766 |0.0059 |0.5640 |1.0000{ns
GC_18S |C% OM -0.0594 |0.0035 |0.6493 |1.0000|ns GC_gh48 |C % OM -0.0676 |0.0046 |0.6111 [1.0000|ns
GC_18S  |Mg/K 0.0560 |0.0031 |0.6681 |1.0000|ns GC_gh48 |CSC meq/100g 0.0675 |0.0046 |0.6112 [1.0000|ns
GC_18S [Cu tot mg/kg 0.0378 [0.0014 [0.7723 [1.0000|ns GC_gh48 |Clay g/kg 0.0665 |0.0044 |0.6168 [1.0000|ns
GC_18S _|CSC meq/100g -0.0286 |0.0008 |0.8268 |1.0000|ns GC_gh48 |Active limestone g/kg 0.0251 |0.0006 |0.8503 [1.0000|ns
GC_18S |K20 mg/kg -0.0153 |0.0002 |0.9071 |1.0000|ns GC_gh48 |Sand g/kg -0.0226 |0.0005 |0.8651 [1.0000|ns
GC_18S |MgO mg/kg -0.0109 |0.0001 |0.9338 [1.0000{ns GC_gh48 |[Siltg/kg 0.0043 ]0.0000 |0.9744 |1.0000{ns
GC_AMG1 |C % OM -0.1957 |0.0383 |0.1307 |1.0000|ns GC_nifH _|Siltg/kg 0.2304 |0.0531 |0.0766 [1.0000|ns
GC_AMGL1 [Cu tot mg/kg 0.1788 |0.0320 |0.1679 |1.0000|ns GC_nifH _|%POM -0.2099 |0.0441 |0.1074 [1.0000|ns
GC_AMG1 [Sand g/kg -0.1312]0.0172 |0.3137 {1.0000|ns GC_nifH [Mg/K 0.2028 ]0.0411 |0.1202 |1.0000{ns
GC_AMG1 |MgO mg/kg 0.1252 10.0157 |0.3362 |1.0000|ns GC_nifH _|Labile organic carbon g/kg |-0.1754 |0.0308 |0.1801 |1.0000(ns
GC_AMG1 |K20 mg/kg 0.1218 |0.0148 |0.3497 [1.0000(ns GC_nifH |Labile organic carbon t/ha |-0.1736 |0.0301 |0.1846 |1.0000|ns
GC_AMGL1 [Clay g/kg 0.1145 ]0.0131 |0.3794 [1.0000|ns GC_nifH [C % OM -0.1588 10.0252 |0.2256 |1.0000{ns
GC_AMG1 |CSC meq/100g 0.0963 [0.0093 [0.4606 [1.0000|ns GC_nifH _[Cu tot mg/kg -0.1300 |0.0169 |0.3221 [1.0000|ns
GC_AMGL |Silt g/kg 0.0730 |0.0053 |0.5763|1.0000|ns GC_nifH _|Sand g/kg -0.1076 |0.0116 |0.4132 [1.0000|ns
GC_AMGL1 [P205 mg/kg -0.0709 |0.0050 |0.5873 |1.0000|ns GC_nifH _ [P205 mg/kg -0.0967 |0.0093 |0.4625 [1.0000|ns
GC_AMGL1 |Limestone tot g/kg -0.0693 |0.0048 |0.5958 |1.0000|ns GC_nifH |MgO mg/kg 0.0818 |0.0067 |0.5343 [1.0000|ns
GC_AMGL1 |%POM 0.0659 [0.0043 [0.6141 [1.0000|ns GC_nifH _|N tot g/kg -0.0794 |0.0063 |0.5498 [1.0000|ns
GC_AMG1 |Organic matter g/kg 0.0572 ]0.0033 |0.6616 [1.0000{ns GC_nifH |CSC meq/100g -0.0592 10.0035 |0.6532 |1.0000{ns
GC_AMGL1 |Labile organic carbon g/kg |0.0559 |0.0031 |0.6690 |1.0000|ns GC_nifH _|Clayg/kg -0.0577 [0.0033 [0.6614 [1.0000|ns
GC_AMGL1 [Labile organic carbon tha |0.0557 [0.0031 |0.6701 |1.0000|ns GC_nifH |Organic matter g/kg -0.0503 [0.0025 |0.7026 |1.0000{ns
GC_AMGL1 |Tot organic carbon g/kg 0.0488 0.0024 10.7090 |1.0000|ns GC_nifH _|Tot organic carbon g/kg -0.0501 [0.0025 |0.7036 |1.0000{ns
GC_AMG1 |Active limestone g/kg -0.03730.0014 |0.7755 |1.0000|ns GC_nifH _ |K20 mg/kg -0.03370.0011 |0.7980 |1.0000|ns
GC_AMGL1 [pH 0.0346 [0.0012 [0.7912 (1.0000|ns GC_nifH _[pH -0.0278 |0.0008 |0.8330 [1.0000|ns
GC_AMGL1 [N tot g/kg -0.0270 |0.0007 |0.8377 [1.0000|ns GC_nifH |Active limestone g/kg 0.0157 ]0.0002 |0.9055 |1.0000{ns
GC_AMG1 [Mg/K 0.0119 [0.0001 [0.9276 [1.0000|ns GC_nifH _|Limestone tot g/kg 0.0086 |0.0001 |0.9480 [1.0000|ns
GC_AMGL1 [Stable organic carbon g/kg|-0.0115 [0.0001 |0.9298 |1.0000|ns GC_nifH [Stable organic carbon g/kg|0.0061 |{0.0000 |0.9628 |1.0000|ns
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Row Column R R2 pvalue padj. Sig. Row Column R R2 pvalue padj. Sig.
GC_nirK _|Active limestone g/kg -0.2297 |0.0528 |0.0750 |1.0000|ns VSA CSC meq/100g -0.4022 [0.1618 [0.0014 [0.4040|**
GC_nirK |[Limestone tot g/kg -0.1924 10.0370 |0.1374 [1.0000|ns VSA Sand g/kg 0.3552 |0.1261 [0.0054 |1.0000|**
GC_nirK _|C % OM -0.1598 |10.0255 |0.2186 |1.0000|ns VSA Silt g/kg -0.3119 [0.0973 [0.0153 [1.0000|*
GC_nirK _ |CSC meq/100g -0.1167 |0.0136 |0.3703 |1.0000|ns VSA N tot g/kg -0.2980 [0.0888 [0.0219 [1.0000]*
GC_nirK _|Organic matter g/kg 0.0982 0.0096 |0.4515 |1.0000|ns VSA MgO mg/kg -0.2903 |0.0843 10.0244 11.0000|*
GC_nirK _|Tot organic carbon g/kg 0.0938 |0.0088 |0.4722|1.0000(ns VSA Clay g/kg -0.2600 |0.0676 |0.0448 [1.0000(*
GC_nirK [Stable organic carbon g/kg|0.0691 [0.0048 |0.5965 |1.0000|ns VSA Labile organic carbon g/kg [-0.2014 ]10.0406 |0.1228 |1.0000|ns
GC_nirK |Cu tot mg/kg -0.0659 [0.0043 [0.6136 [1.0000|ns VSA Labile organic carbon tha |-0.1969 |0.0388 |0.1316 |1.0000|ns
GC_nirK  [P205 mg/kg 0.0621 [0.0039 [0.6345 [1.0000|ns VSA Cu tot mg/kg -0.1935 [0.0374 [0.1386 [1.0000|ns
GC_nirK__|Clay g/kg -0.0542 |0.0029 |0.6782 |1.0000|ns VSA K20 mg/kg -0.1784 (0.0318 [0.1726 [1.0000|ns
GC_nirK |Sand g/kg 0.0523 ]0.0027 |0.6892 |1.0000|ns VSA Tot organic carbon g/kg -0.1704 10.0290 |0.1931 |1.0000|ns
GC_nirK _ [Mg/K -0.0490 |0.0024 |0.7078 |1.0000|ns VSA Organic matter g/kg -0.1701 [0.0289 [0.1939 [1.0000|ns
GC_nirK _ |MgO mg/kg 0.0484 [0.0023 [0.7110 [1.0000|ns VSA Active limestone g/kg -0.1673 [0.0280 [0.2014 [1.0000|ns
GC_nirK  [%POM -0.0482 10.0023 |0.7124 [1.0000|ns VSA %POM -0.1581 10.0250 |0.2277 |1.0000|ns
GC_nirK__|Siltg/kg -0.0435 [0.0019 [0.7391 [1.0000|ns VSA Stable organic carbon g/kg|-0.1288 [0.0166 [0.3267 [1.0000|ns
GC_nirK  [pH -0.0328 [0.0011 |0.8020 |1.0000{ns VSA C % OM 0.1122 ]0.0126 [0.3934 |1.0000|ns
GC_nirK__|Labile organic carbon g/kg |0.0310 |0.0010 |0.8125 |1.0000ns VSA P205 mg/kg -0.1101 [0.0121 [0.4022 [1.0000|ns
GC_nirK _|Labile organic carbon tha |0.0298 |0.0009 |0.8198 |1.0000|ns VSA pH -0.0705 [0.0050 |{0.5926 [1.0000(ns
GC_nirK__|N tot g/kg -0.0153 |0.0002 |0.9077 |1.0000|ns VSA Mg/K -0.0527 (0.0028 |0.6890 |1.0000|ns
GC_nirk  [K20 mg/kg 0.0143 [0.0002 [0.9127 |1.0000|ns VSA Limestone tot g/kg -0.0512 [0.0026 [0.6979 |1.0000|ns
GC_nosZ |%POM -0.2840 |0.0806 |0.0266 |1.0000* VSA Veg (N totg/kg -0.4025 [0.1620 [(0.0091 [1.0000|**
GC_nosZ |Labile organic carbon tha |-0.2375 |0.0564 |0.0653 |1.0000|ns VSA Veg |CSC meq/100g -0.3177]0.1009 10.0403 |1.0000|*
GC_nosZ [Labile organic carbon g/kg |-0.2371 [0.0562 |0.0658 |1.0000|ns VSA Veg |Labile organic carbon g/kg |-0.3126 (0.0977 [0.0439 [1.0000|*
GC_nosZ |K20 mg/kg -0.2004 [0.0402 |0.1215 |1.0000{ns VSA Veg |Labile organic carbon tha [-0.3078 |0.0947 |0.0474 [1.0000|*
GC_nosZ |Mg/K 0.1824 ]0.0333 |0.1594 |1.0000(ns VSA Veg |Organic matter g/kg -0.2921 |0.0853 |0.0605 [1.0000ns
GC_nosZ [Cu tot mg/kg -0.1812 [(0.0328 |0.1624 ]1.0000{ns VSA Veg [Totorganic carbon g/kg -0.2865 0.0821 [0.0658 [1.0000(ns
GC_nosZ |Clayg/kg -0.1734 /0.0301 [0.1814 [1.0000|ns VSA Veg |Stable organic carbon g/kg|-0.2427 (0.0589 [0.1215 [1.0000|ns
GC_nosZ |CSC meq/100g -0.1709 |0.0292 |0.1878 |1.0000|ns VSA Veg [K20 mg/kg -0.2210 [(0.0488 |0.1597 |1.0000|ns
GC_nosZ |Active limestone g/kg -0.1510 |0.0228 |0.2455 |1.0000|ns VSA Veg |C % OM 0.2135 [0.0456 [0.1746 (1.0000|ns
GC_nosZ |N tot g/kg -0.14700.0216 |0.2625 |1.0000|ns VSA Veg [Sand g/kg 0.2077 [0.0431 [0.1870 [1.0000|ns
GC_nosZ |C % OM -0.144210.0208 |0.2675 |1.0000|ns VSA Veg |Mg/K 0.1825 [0.0333 [0.2474 [1.0000|ns
GC_nosZ [Sand g/kg 0.1084 [0.0117 [0.4058]1.0000|ns VSA Veg [Cutotmglkg -0.1620 [0.0262 [0.3055 |1.0000|ns
GC_nosZ |Limestone tot g/kg -0.1053]0.0111 |0.4194 |1.0000|ns VSA Veg [Clayg/kg -0.1610 (0.0259 |0.3083 |1.0000|ns
GC_nosZ |MgO mg/kg -0.0862 |0.0074 |0.5088 |1.0000|ns VSA Veg |MgO mg/kg -0.1513 [0.0229 [0.3389 [1.0000|ns
GC_nosZ |Tot organic carbon g/kg -0.0659 [0.0043 [0.6138 [1.0000|ns VSA Veg |pH -0.1401 |0.0196 |0.3763 [1.0000(ns
GC_nosZ |Organic matter g/kg -0.0646 [0.0042 [0.6208 [1.0000|ns VSA Veg |Limestone tot g/kg -0.1248 10.0156 |0.4309 |1.0000|ns
GC_nosZ |P205 mg/kg -0.0480 |0.0023 |0.7132 |1.0000|ns VSA Veg |%POM -0.1221 [0.0149 [0.4411 [1.0000|ns
GC_nosZ [Silt g/kg -0.0399 [0.0016 [0.7603 [1.0000|ns VSA Veg [Siltgikg -0.0825 [0.0068 [0.6035 [1.0000|ns
GC_nosZ |pH 0.0167 [0.0003 [0.8983 [1.0000|ns VSA Veg |P205 mg/kg -0.0694 [0.0048 [0.6623 [1.0000|ns
GC_nosZ |Stable organic carbon g/kg|0.0004 10.0000 |0.9976 |1.0000|ns VSA Veg |Active limestone g/kg -0.0485 0.0024 [0.7602 [1.0000(ns
GC_NRPS [Mg/K 0.1811 |0.0328 [0.1626 |1.0000|ns

GC_NRPS|[Clay g/kg -0.1639 |0.0269 |0.2070 |1.0000|ns

GC_NRPS |%POM -0.1488 |0.0221 |0.2525 |1.0000|ns

GC_NRPS|[Sand g/kg 0.1359 |0.0185 [0.2962 |1.0000|ns

GC_NRPS|CSC meq/100g -0.132810.0176 |0.3075 |1.0000|ns

GC_NRPS |K20 mg/kg -0.1221 |0.0149 |0.3485 |1.0000|ns

GC_NRPS |Active limestone g/kg -0.0836 [0.0070 |0.5221 |1.0000|ns

GC_NRPS|Labile organic carbon tha |-0.0771 |0.0059 |0.5547 |1.0000|ns

GC_NRPS |Labile organic carbon g/kg |-0.0743 |0.0055 |0.5692 |1.0000|ns

GC_NRPS N tot g/kg -0.0676 |0.0046 |0.6076 [1.0000[ns

GC_NRPS [P205 mg/kg -0.0581 |0.0034 |0.6565 |1.0000|ns

GC_NRPS [pH 0.0514 [0.0026 [0.6940 [(1.0000|ns

GC_NRPS |Limestone tot g/kg -0.0475 [0.0023 |0.7160 |1.0000|ns

GC_NRPS|Stable organic carbon g/kg|0.0436 |0.0019 |0.7389 |1.0000|ns

GC_NRPS |[Silt g/kg -0.0406 |0.0017 |0.7559 |1.0000|ns

GC_NRPS |Organic matter g/kg 0.0250 |0.0006 |0.8486 [1.0000|ns

GC_NRPS |Tot organic carbon g/kg 0.0243 |0.0006 |0.8524 |1.0000(ns

GC_NRPS|C % OM -0.0191 |0.0004 |0.8838 |1.0000|ns

GC_NRPS |Cu tot mg/kg -0.0002 ]10.0000 |0.9985 |1.0000[ns

GC_NRPS |[MgO mg/kg -0.0001 |0.0000 |0.9995 |1.0000|ns

QBS_ar _|Limestone tot g/kg 0.2634 [0.0694 (0.0403 [1.0000|*

QBS_ar |Active limestone g/kg 0.1519 |0.0231 |0.2426 [1.0000|ns

OBS ar _|pH 0.1332 [0.0177 [0.3061 [1.0000|ns

QBS ar  |C% OM 0.0974 [0.0095 [0.4551 [1.0000|ns

QBS_ar %POM -0.0972 |0.0094 |0.4562 [1.0000|ns

QBS_ar Labile organic carbon tha |-0.0963 |0.0093 |0.4604 |1.0000|ns

QBS_ar Labile organic carbon g/kg [-0.0939 |0.0088 |0.4717 |1.0000|ns

QBS_ar [N totg/kg -0.0767 [0.0059 |0.5602 [1.0000|ns

QOBS ar _|Clayg/kg 0.0732 [0.0054 [0.5751 [1.0000|ns

OBS _ar  |[Mg/K -0.0620 |0.0038 |0.6348 |1.0000|ns

OBS_ar _ |MgO mg/kg -0.0575 10.0033 |0.6596 |1.0000[ns

OBS ar _ [Cutotmg/kg 0.0499 [0.0025 [0.7025 [1.0000|ns

QBS_ar |Stable organic carbon g/kg|0.0480 |0.0023 |0.7135 |1.0000|ns

QBS_ar CSC meg/100g 0.0446 |0.0020 [0.7330 |1.0000|ns

OBS ar _|Siltg/kg 0.0414 [0.0017 [0.7515 [1.0000|ns

QBS_ar  [P205 mg/kg 0.0293 [0.0009 [0.8228 [1.0000|ns

QBS_ar _|Sand g/kg -0.0281 [0.0008 [0.8299 [1.0000|ns

QBS_ar _|Totorganic carbon g/kg 0.0196 |0.0004 |0.8811 |1.0000(ns

OBS_ar  |K20 mg/kg 0.0182 [0.0003 [0.8891 [1.0000|ns

QBS_ar Organic matter g/kg 0.0159 ]0.0003 |0.9032|1.0000|ns
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TableE: Lugana Indicators and physiechemical soil parameters Spearman correlation results.

Row Column R R2 pvalue padj. Sig. Row Column R R2 pvalue padj. Sig.
dsDNA Active limestone g/kg -0.2094 |0.0439 |0.3150 [1.0000|ns GC_AOA |Limestone tot g/kg -0.6090 |0.3708 |0.0012 |0.3458|**
dsDNA Sand g/kg 0.2039 |0.0416 |0.3283 [1.0000|ns GC_AOA _|Active limestone g/kg -0.5140]0.2642 |0.0086 |1.0000**
dsDNA stable organic carbon g/kg |-0.1989 [0.0396 |0.3406 |1.0000|ns GC_AOA [C % OM 0.3222 [0.1038 |0.1163|1.0000|ns
dsDNA C % OM 0.1939 ]0.0376 |0.3530 |1.0000|ns GC_AOA |CSC meq/100g 0.3204 0.1027 |0.1184 |1.0000|ns
dsDNA K20 mg/kg -0.1870 [0.0350 [0.3709 [1.0000|ns GC_AOA |stable organic carbon g/kg |0.3204 |0.1027 |0.1184 |1.0000|ns
dsDNA Clay g/kg -0.1830 |0.0335 |0.3813 [1.0000|ns GC_AOA _|N totg/kg 0.3103 |0.0963 |0.1711 [1.0000|ns
dsDNA Organic matter g/kg -0.1581 |0.0250 |0.4503 [1.0000|ns GC_AOA |K20 mg/kg 0.2777 ]0.0771 |0.1789 [1.0000|ns
dsDNA Tot organic carbon g/kg -0.1366 |0.0187 |0.5149 [1.0000|ns GC_AOA | % POM -0.2236 |0.0500 |0.2825 [1.0000|ns
dsDNA MgO mg/kg -0.1323 ]0.0175 |0.5268 [1.0000|ns GC_AOA [P205 mg/kg 0.2171 |0.0471 |0.2971 [1.0000|ns
dsDNA labile organic carbon g/kg |-0.1275 [0.0163 |0.5437 [1.0000|ns GC_AOA |Totorganic carbon g/kg 0.2113 |0.0446 |0.3107 [1.0000|ns
dsDNA Labile organic carbon tha |-0.1200 [0.0144 |0.5676 [1.0000|ns GC_AOA |Mg/K -0.1970 |0.0388 |0.3451 [1.0000|ns
dsDNA N tot g/kg 0.1228 [0.0151 |0.5959 |1.0000{ns GC_AOA |Organic matter g/kg 0.1913 [0.0366 |0.3597 |1.0000|ns
dsDNA Silt g/kg -0.0981 |10.0096 |0.6409 |1.0000|ns GC_AOA _|Cu tot mg/kg 0.1854 0.0344 |0.3749 |1.0000|ns
dsDNA Cu tot mg/kg 0.0973 ]0.0095 |0.6435 [1.0000|ns GC_AOA |[pH -0.1639 |0.0269 |0.4337 [1.0000|ns
dsDNA P205 mg/kg 0.0739 [0.0055 [0.7255 [1.0000|ns GC_AOA |[Siltg/kg -0.1004 |0.0101 |0.6330 [1.0000|ns
dsDNA % POM 0.0718 [0.0052 |0.7329 |1.0000{ns GC_AOA |MgO mg/kg 0.0954 [0.0091 |0.6491 |1.0000{ns
dsDNA pH 0.0654 [0.0043 [0.7561 [1.0000|ns GC_AOA |[Clayg/kg 0.0817 |0.0067 |0.6980 [1.0000|ns
dsDNA CSC meq/100g -0.0535 |0.0029 |0.7996 [1.0000|ns GC_AOA _|Labile organic carbon tha |-0.0362 |0.0013 |0.8637 |1.0000(ns
dsDNA Limestone tot g/kg -0.0419 [0.0018 [0.8423 [1.0000|ns GC_AOA _|labile organic carbon g/kg |-0.0308 |0.0009 |0.8838 |1.0000|ns
dsDNA Mg/K 0.0189 |0.0004 |0.9287 [1.0000|ns GC_AOA |Sand g/kg 0.0185 |0.0003 |0.9302 [1.0000|ns
GC_16S |Totorganic carbon g/kg -0.5236 [0.2742 [0.0103 |1.0000(* GC_AOB [Cu tot mg/kg -0.2820 [0.0795 |0.1721 |1.0000|ns
GC_16S__|Organic matter g/kg -0.5156 (0.2659 (0.0118 [1.0000|* GC_AOB__|Limestone tot g/kg -0.2566 [0.0658 [0.2157 [1.0000|ns
GC_16S __|stable organic carbon g/kg |-0.4947 |0.2447 |0.0164 |1.0000(* GC_AOB _|K20 mg/kg 0.2362 |0.0558 |0.2557 [1.0000|ns
GC_16S _|K20 mg/kg -0.43830.1922 |0.0364 |1.0000(* GC_AOB _|MgO mg/kg 0.2200 |0.0484 |0.2893 [1.0000|ns
GC_16S _|P205 mg/kg -0.3645 10.1329 |0.0873 |1.0000|ns GC_AOB _|Siltg/kg 0.2197 0.0482 |0.2914 |1.0000|ns
GC_16S _ |[Mg/K 0.3327 ]0.1107 |0.1209 [1.0000|ns GC_AOB__|Sand g/kg -0.1854 |0.0344 |0.3749 [1.0000|ns
GC_16S _|N tot g/kg -0.3120 |0.0973 |0.1935 [1.0000|ns GC_AOB_[Clayg/kg 0.1618 |0.0262 |0.4397 [1.0000|ns
GC_16S [Labile organic carbon t/ha |-0.2679 [0.0718 |0.2165 |1.0000|ns GC_AOB [Labile organic carbon t/ha |-0.1189 [0.0141 |0.5714 |1.0000|ns
GC_16S _|labile organic carbon g/kg |-0.2499 |0.0625 |0.2501 |1.0000|ns GC_AOB __|labile organic carbon g/kg |-0.11320.0128 |0.5900 |1.0000|ns
GC_16S _[pH 0.2361 |0.0557 |0.2782 [1.0000|ns GC_AOB_[P205 mg/kg -0.1024 |0.0105 |0.6262 [1.0000|ns
GC_16S _|Active limestone g/kg -0.2310 [0.0534 [0.2889 [1.0000|ns GC_AOB__|Active limestone g/kg -0.0989 [0.0098 [0.6380 [1.0000|ns
GC_16S_|C % OM 0.2286 |0.0523 |0.2940 [1.0000|ns GC_AOB | % POM -0.0792 |0.0063 |0.7067 [1.0000|ns
GC_16S _[Cu tot mg/kg -0.2130 |0.0454 |0.3292 [1.0000|ns GC_AOB _[C % OM 0.0772 |0.0060 |0.7137 [1.0000|ns
GC_16S _|CSC meq/100g -0.1774]0.0315 |0.4180 |1.0000|ns GC_AOB _|pH 0.0526 |0.0028 |0.8030 |1.0000|ns
GC_16S | % POM 0.1133 [0.0128 [0.6069 [1.0000|ns GC_AOB __|Tot organic carbon g/kg -0.0381 |0.0015 |0.8565 [1.0000|ns
GC_16S |MgO mg/kg -0.0879 [0.0077 |0.6891 |1.0000|ns GC_AOB |Organic matter g/kg -0.0312 [0.0010 |0.8822 |1.0000|ns
GC_16S |Sand g/kg 0.0880 |0.0077 |0.6898 |1.0000(ns GC_AOB __|stable organic carbon g/kg |-0.0269 |0.0007 |0.8983 |1.0000|ns
GC_16S __|[Siltg/kg -0.0801 |0.0064 |0.7165 [1.0000|ns GC_AOB _[Mg/K 0.0242 ]0.0006 |0.9084 [1.0000|ns
GC_16S _|Clayg/kg -0.0193 |0.0004 |0.9303 [1.0000|ns GC_AOB__|N tot g/kg 0.0150 |0.0002 |0.9485 [1.0000|ns
GC_16S__|Limestone tot g/kg 0.0089 0.0001 |0.9694 |1.0000|ns GC_AOB |CSC meq/100g -0.0046 |10.0000 |0.9825 |1.0000|ns
GC_18S __|Labile organic carbon t/ha |-0.4467 |0.1996 |0.0252 |1.0000(* GC_gh48 |[Mg/K 0.2931 |0.0859 |0.1746 [1.0000|ns
GC_18S __|labile organic carbon g/kg |-0.4306 |0.1854 |0.0317 |1.0000(* GC_gh48 |K20 mg/kg -0.2599 |0.0676 |0.2310 [1.0000|ns
GC_18S _ |Organic matter g/kg -0.3583 [0.1284 [0.0787 [1.0000|ns GC_gh48 |Tot organic carbon g/kg -0.2304 [0.0531 [0.2902 [1.0000|ns
GC_18S _|Totorganic carbon g/kg -0.3560 [0.1267 [0.0807 [1.0000|ns GC_gh48 |Organic matter g/kg -0.2251 [0.0507 [0.3018 [1.0000|ns
GC_18S |Active limestone g/kg -0.3503 [0.1227 |0.0860 |1.0000|ns GC_gh48 [Labile organic carbon t’ha |-0.1794 [0.0322 |0.4127 |1.0000|ns
GC_18S |C % OM 0.3080 0.0949 |0.1342 |1.0000|ns GC_gh48 |P205 mglkg -0.17900.0321 |0.4137 |1.0000|ns
GC_18S | % POM -0.3067 |0.0941 |0.1359 [1.0000|ns GC_gh48 |labile organic carbon g/kg |-0.1717 |0.0295 |0.4333 |1.0000(ns
GC_18S [Limestone tot g/kg -0.2912 [0.0848 |0.1579 |1.0000|ns GC_gh48 [pH 0.1571 [0.0247 |0.4742]1.0000|ns
GC_18S  |K20 mg/kg -0.28770.0828 |0.1631 |1.0000|ns GC_gh48 |N tot g/kg -0.165310.0273 |0.4989 |1.0000|ns
GC_18S |Cu tot mg/kg -0.2858 [0.0817 [0.1660 [1.0000|ns GC_gh48 |stable organic carbon g/kg |-0.1206 |0.0145 |0.5837 |1.0000|ns
GC_18S |[stable organic carbon g/kg |-0.2647 [0.0700 |0.2011 |1.0000|ns GC_gh48 [Clay g/kg 0.1163 [0.0135 |0.5971 |1.0000|ns
GC_18S  |Mg/K 0.2478 0.0614 |0.2323 |1.0000|ns GC_gh48 |Active limestone g/kg 0.1083 0.0117 |0.6227 |1.0000|ns
GC_18S _|[pH 0.2293 [0.0526 [0.2702 [1.0000|ns GC_gh48 [Cu tot mg/kg 0.0983 |0.0097 |0.6553 [1.0000|ns
GC_18S _|N totg/kg -0.2325 |0.0541 |0.3104 [1.0000|ns GC_gh48 |CSC meq/100g -0.0642 |0.0041 |0.7709 [1.0000|ns
GC_18S _|CSC meq/100g -0.1031 10.0106 |0.6238 |1.0000|ns GC_gh48 | % POM -0.0631 10.0040 |0.7749 |1.0000|ns
GC_18S |MgO mg/kg -0.0954 |0.0091 |0.6491 [1.0000|ns GC_gh48 [C % OM -0.0596 |0.0036 |0.7869 [1.0000|ns
GC_18S |[Sand g/kg 0.0335 [0.0011 [0.8738 |1.0000|ns GC_gh48 [Limestone tot g/kg 0.0306 |0.0009 |0.8905 [1.0000|ns
GC_18S__|Clayg/kg 0.0250 |0.0006 |0.9054 |1.0000|ns GC_gh48 |Siltg/kg 0.0232 ]0.0005 |0.9162 |1.0000|ns
GC_18S _[P205 mg/kg -0.0108 |0.0001 |0.9592 [1.0000|ns GC_gh48 |Sand g/kg -0.0119 ]0.0001 |0.9572 [1.0000|ns
GC_18S _|[Siltg/kg 0.0077 |0.0001 |0.9709 [1.0000|ns GC_gh48 |MgO mg/kg -0.0049 |0.0000 |0.9838 [1.0000|ns
GC_AMG1 |pH 0.5259 [0.2766 [0.0069 [1.0000]** GC_nifH | % POM -0.387810.1504 |0.0554 |1.0000|ns
GC_AMGL1 [P205 mg/kg -0.4223]0.1784 |0.0355 |1.0000(* GC_nifH _|Labile organic carbon t/ha |-0.3690 |0.1362 |0.0695 |1.0000ns
GC_AMGL1 |[labile organic carbon g/kg |-0.3655 [0.1336 |0.0724 |1.0000|ns GC_nifH [labile organic carbon g/kg |-0.3601 [0.1297 |0.0770 |1.0000|ns
GC_AMGL1 |Labile organic carbon tha |-0.3640 |0.1325 |0.0737 |1.0000|ns GC_nifH _|Siltg/kg 0.2970 [0.0882 |0.1494 11.0000{ns
GC_AMGL1 |Tot organic carbon g/kg -0.3517 [0.1237 [0.0847 [1.0000|ns GC_nifH _|Sand g/kg -0.2901 [0.0841 [0.1596 [1.0000|ns
GC_AMGL1 |Organic matter g/kg -0.3467 |0.1202 |0.0895 [1.0000|ns GC_nifH _[pH 0.2881 |0.0830 |0.1626 [1.0000|ns
GC_AMGI |stable organic carbon g/kg |-0.3258 |0.1062 |0.1120 |1.0000(ns GC_nifH _|Clayg/kg 0.2754 10.0759 |0.1827 [1.0000|ns
GC_AMG1 |N tot g/kg -0.32530.1058 |0.1502 [1.0000|ns GC_nifH _|N tot g/kg -0.2848 ]0.0811 |0.2108 [1.0000|ns
GC_AMGL1 |Clay g/kg 0.2338 [0.0547 [0.2606 {1.0000|ns GC_nifH  [Mg/K 0.2548 |0.0649 |0.2191 [1.0000|ns
GC_AMGL1 | % POM -0.204710.0419 |0.3263 |1.0000|ns GC_nifH _|Active limestone g/kg 0.2518 0.0634 |0.2247 |1.0000|ns
GC_AMGL1 [C % OM -0.1501 |0.0225 |0.4738 [1.0000|ns GC_nifH _ |MgO mg/kg 0.2369 |0.0561 |0.2530 [1.0000|ns
GC_AMG1 (K20 mg/kg -0.1262 [0.0159 |0.5478 |1.0000|ns GC_nifH |Tot organic carbon g/kg -0.2328 [0.0542 |0.2627 |1.0000|ns
GC_AMG1 |MgO mg/kg 0.1185 [0.0140 [0.5713 [1.0000|ns GC_nifH _|Organic matter g/kg -0.2137 |0.0456 |0.3051 [1.0000|ns
GC_AMGL1 [Sand g/kg -0.1050 |0.0110 |0.6174 [1.0000|ns GC_nifH _ [P205 mg/kg -0.1794 ]0.0322 |0.3908 [1.0000|ns
GC_AMGL1 [Cu tot mg/kg -0.1031 |0.0106 |0.6238 [1.0000|ns GC_nifH _[Cu tot mg/kg 0.1166 |0.0136 |0.5790 [1.0000|ns
GC_AMG1 |CSC meq/100g 0.0731 [0.0053 |0.7284 |1.0000{ns GC_nifH _|C % OM 0.0965 [0.0093 |0.6463 |1.0000{ns
GC_AMGL |Limestone tot g/kg -0.0619 |0.0038 |0.7687 [1.0000|ns GC_nifH |CSC meq/100g 0.0862 |0.0074 |0.6821 [1.0000|ns
GC_AMGL1 |Active limestone g/kg 0.0358 |0.0013 |0.8651 [1.0000|ns GC_nifH |K20 mg/kg 0.0439 |0.0019 |0.8351 [1.0000|ns
GC_AMGL1 |Silt g/kg -0.0323 [0.0010 [0.8781 [1.0000|ns GC_nifH _|stable organic carbon g/kg |-0.0273 |0.0007 |0.8969 |1.0000|ns
GC_AMG1 |Mg/K 0.0235 |0.0006 |10.9113 |1.0000|ns GC_nifH _|Limestone tot g/kg -0.0269 |0.0007 |0.8983 [1.0000|ns
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Row Column R R2 pvalue padj. Sig. Row Column R R2 pvalue padj. Sig.
GC_nirK _|Labile organic carbon t/ha |-0.4879 |0.2380 |0.0134 [1.0000* VSA Clay g/kg -0.6977 |0.4868 |0.0004 |0.1226 |***
GC_nirK [labile organic carbon g/kg |-0.4718]0.2226 |0.0173 |1.0000|* VSA pH -0.6019 |0.3623 |0.0039 [1.0000|**
GC_nirK _|Tot organic carbon g/kg -0.3829 [0.1466 [0.0589 [1.0000|ns VSA Sand g/kg 0.5982 [0.3579 [0.0042 [1.0000|**
GC_nirK |Organic matter g/kg -0.3818 [0.1458 |0.0597 |1.0000|ns VSA % POM 0.5920 [0.3505 |0.0047 |1.0000(**
GC_nirK | % POM -0.3573 [0.1277 |0.0795 [1.0000|ns VSA labile organic carbon g/kg |0.5817 |0.3384 |0.0057 |1.0000|**
GC_nirK _ |[Mg/K 0.3175 [0.1008 [0.1220 [1.0000|ns VSA Labile organic carbon tha [0.5753 [0.3310 [(0.0073 [1.0000|**
GC_nirK _|[pH 0.3153 [0.0994 [0.1247 (1.0000|ns VSA N tot g/kg 0.5369 [0.2883 [0.0121 [1.0000|*
GC_nirK [N tot g/kg -0.3299 10.1088 |0.1442 [1.0000{ns VSA P205 mg/kg 0.5254 [0.2760 0.0145 |1.0000(*
GC_nirK _|C % OM 0.2866 [0.0821 [0.1649 [1.0000|ns VSA Tot organic carbon g/kg 0.4620 |0.2134 |0.0350 |1.0000(*
GC_nirK__|K20 mg/kg -0.2635 |0.0694 |0.2031 |1.0000|ns VSA Organic matter g/kg 0.4571 |0.2090 |0.0372 |1.0000(*
GC_nirK __|stable organic carbon g/kg |-0.2297 |0.0527 |0.2694 |1.0000[ns VSA MgO mg/kg -0.4597 |10.2114 10.0374 |1.0000(*
GC_nirK__|Cu tot mg/kg -0.2097 |0.0440 |0.3145 |1.0000|ns VSA CSC meq/100g -0.4203]0.1766 |0.0578 [1.0000|ns
GC_nirK |Limestone tot g/kg -0.2012 |0.0405 [0.3349 [1.0000|ns VSA stable organic carbon g/kg |0.3371 [0.1137 [0.1351 [1.0000|ns
GC_nirK |Active limestone g/kg -0.1682 [0.0283 |0.4215 |1.0000{ns VSA Limestone tot g/kg 0.3131 [0.0980 |0.1670 |1.0000{ns
GC_nirK _|Siltg/kg 0.1620 [0.0262 [0.4393 [1.0000|ns VSA Active limestone g/kg -0.3102 |0.0963 |0.1711 [1.0000|ns
GC_nirK  [Sand g/kg -0.0996 [0.0099 |0.6356 |1.0000|ns VSA Mg/K -0.2417 10.0584 |0.2911 |1.0000|ns
GC_nirK _ |CSC meq/100g -0.0889 |0.0079 |0.6727 |1.0000|ns VSA Silt g/kg -0.144210.0208 |0.5329 [1.0000|ns
GC_nirK _|Clay g/kg 0.0886 [0.0078 [0.6737[1.0000|ns VSA Cu tot mg/kg 0.1397 |0.0195 |0.5460 [1.0000|ns
GC_nirk _ |MgO mg/kg -0.0269 |0.0007 |0.8990 |1.0000|ns VSA K20 mg/kg -0.0260 10.0007 |0.9124 |1.0000|ns
GC_nirk _|P205 mg/kg -0.0223 |0.0005 |0.9156 |1.0000|ns VSA C % OM 0.0000 |0.0000 |1.0000 [1.0000|ns
GC_nosZ |CSC meq/100g -0.5159 |10.2661 |0.0083 |1.0000|** VSA Veg [Limestone tot g/kg 0.6368 [0.4055 [0.0019 [0.5348|**
GC_nosZ |Sand g/kg 0.4697 [0.2206 [(0.0178 [1.0000|* VSA Veg [C % OM -0.4975 10.2476 10.0217 |1.0000 [*
GC_nosZ |K20 mg/kg -0.4359 10.1900 |0.0294 |1.0000 [* VSA Veg |Clayg/kg -0.4730|0.2237 |0.0304 |1.0000(*
GC_nosZ |[Siltg/kg -0.392410.1540 |0.0524 |1.0000|ns VSA Veg [CSC meqg/100g -0.4467 |0.1995 |0.0424 |1.0000(*
GC_nosZ |MgO mg/kg -0.3869 |0.1497 |0.0570 |1.0000|ns VSA Veg | % POM 0.3966 [0.1573 [0.0751 [1.0000|ns
GC_nosZ |Clayg/kg -0.3582 |0.1283 |0.0787 |1.0000|ns VSA Veg |pH -0.3855 |0.1486 |0.0843 [1.0000|ns
GC_nosZ |Active limestone g/kg -0.3461 [0.1198 [0.0901 [1.0000|ns VSA Veg |Sand g/kg 0.3739 |0.1398 |0.0950 |1.0000(ns
GC_nosZ [Totorganic carbon g/kg -0.3298 [0.1088 [0.1074 [1.0000|ns VSA Veg |Labile organic carbon t/ha |0.3728 [0.1390 [(0.0961 [1.0000|ns
GC_nosZ |stable organic carbon g/kg |-0.3262 |0.1064 |0.1115 |1.0000|ns VSA Veg |MgO mgl/kg -0.3701 [0.1370 |0.0986 |1.0000|ns
GC_nosZ |Organic matter g/kg -0.3162 [0.1000 [0.1235 [1.0000|ns VSA Veg |labile organic carbon g/kg |0.3665 [0.1344 [0.1022 [1.0000|ns
GC_nosZ |Cu tot mg/kg -0.2608 |0.0680 |0.2079 |1.0000|ns VSA Veg |K20 mg/kg -0.3326 |0.1106 |0.1407 [1.0000|ns
GC_nosZ [N totg/kg -0.2005 [0.0402 [0.3834 [1.0000|ns VSA Veg [P205 mglkg 0.2753 [0.0758 [0.2271 |1.0000|ns
GC_nosZ |Labile organic carbon t/ha |-0.1739 |0.0302 |0.4057 |1.0000[ns VSA Veg |Cu tot mg/kg -0.2616 [0.0684 [0.2521 [1.0000|ns
GC_nosZ |Limestone tot g/kg 0.1704 ]0.0290 |0.4154 |1.0000(ns VSA Veg |Active limestone g/kg 0.2586 [0.0669 [0.2577 [1.0000|ns
GC_nosZ |labile organic carbon g/kg |-0.1594 |0.0254 |0.4465 |1.0000|ns VSA Veg |Organic matter g/kg 0.2411 |0.0581 |0.2925 |1.0000(ns
GC_nosZ |pH 0.0899 [0.0081 [0.6690 [1.0000|ns VSA Veg [Totorganic carbon g/kg 0.2099 |0.0441 |0.3611 |1.0000|ns
GC_nosZ | % POM 0.0869 [0.0076 [0.6796 [1.0000|ns VSA Veg |[Siltg/kg -0.1660 |0.0276 |0.4720 [1.0000|ns
GC_nosZ |P205 mglkg 0.0346 [0.0012 [0.8694 |1.0000|ns VSA Veg [N totg/kg 0.1401 [0.0196 [0.5447 |1.0000|ns
GC_nosZ |Mg/K -0.0219 [0.0005 [0.9171 [1.0000|ns VSA Veg |stable organic carbon g/kg |0.1034 (0.0107 [0.6555 [1.0000|ns
GC_nosZ |C % OM -0.0120 |0.0001 |0.9546 |1.0000|ns VSA Veg |Mg/K 0.0610 |0.0037 10.7929 [1.0000|ns
GC_NRPS|C % OM 0.2831 |0.0802 [0.1702 |1.0000|ns

GC_NRPS|Labile organic carbon tha |-0.2828 |0.0800 |0.1708 |1.0000|ns

GC_NRPS [labile organic carbon g/kg |-0.2804 [0.0786 |0.1746 |1.0000|ns

GC_NRPS [Limestone tot g/kg -0.2785 [0.0776 |0.1776 |1.0000|ns

GC_NRPS |Active limestone g/kg -0.2649 [0.0702 [0.2007 [1.0000|ns

GC_NRPS |Tot organic carbon g/kg -0.2286 (0.0523 |0.2717 |1.0000|ns

GC_NRPS |Organic matter g/kg -0.2218 [0.0492 |0.2867 |1.0000|ns

GC_NRPS [Mg/K 0.1832 [0.0336 [0.3808 [1.0000|ns

GC_NRPS |stable organic carbon g/kg |-0.1235 |0.0152 |0.5565 |1.0000|ns

GC_NRPS [K20 mg/kg -0.1200 |0.0144 |0.5677 [1.0000{ns

GC_NRPS [P205 mg/kg -0.11470.0132 |0.5850 |1.0000|ns

GC_NRPS| % POM -0.1101 |0.0121 |0.6004 |1.0000|ns

GC_NRPS|Cu tot mg/kg -0.1093 ]0.0119 |0.6032 [1.0000|ns

GC_NRPS [pH 0.0806 [0.0065 [0.7018 [1.0000|ns

GC_NRPS [Sand g/kg 0.0439 [0.0019 [0.8351 [1.0000|ns

GC_NRPS N tot g/kg 0.0438 |0.0019 [0.8506 |1.0000|ns

GC_NRPS |[Silt g/kg -0.03730.0014 |0.8594 |1.0000|ns

GC_NRPS|[Clay g/kg 0.0223 [0.0005 [0.9156 [1.0000|ns

GC_NRPS |CSC meq/100g -0.018110.0003 |0.9316 |1.0000[ns

GC_NRPS |MgO mg/kg -0.0108 |0.0001 |0.9604 |1.0000|ns

QBS_ar % POM -0.2215 |0.0491 |0.2873 |1.0000|ns

QBS_ar C % OM -0.2086 |0.0435 |0.3170 (1.0000{ns

QBS_ar _|labile organic carbon g/kg |-0.1842|0.0339 |0.3782|1.0000|ns

QBS_ar Labile organic carbon t/ha [-0.177810.0316 |0.3951 [1.0000|ns

QBS_ar N totg/kg -0.1838 [0.0338 [0.4251 [1.0000|ns

OBS ar _ |Sand g/kg -0.1562 |0.0244 10.4559 |1.0000|ns

QBS _ar [Cutot mg/kg -0.1525 |0.0233 |0.4667 |1.0000|ns

QBS_ar CSC meg/100g 0.1342 ]0.0180 [0.5224 ]1.0000|ns

QOBS ar _|Clayg/kg 0.1311 [0.0172 [0.5322 [1.0000|ns

QBS ar _[pH 0.1309 [0.0171 [0.5327 (1.0000|ns

QBS_ar _|stable organic carbon g/kg |0.1142 10.0130 |0.5869 |1.0000|ns

OBS ar  |K20 mg/kg 0.0983 [0.0097 [0.6400 [1.0000|ns

QBS_ar |Totorganic carbon g/kg -0.0826 [0.0068 [0.6948 [1.0000|ns

QBS_ar Organic matter g/kg -0.0777 [0.0060 |0.7120 |1.0000|ns

OBS ar  [Mg/K -0.0521 |0.0027 |0.8047 |1.0000|ns

QBS_ar Limestone tot g/kg 0.0382 ]0.0015 |0.8562 [1.0000|ns

QBS_ar _ |MgO mg/kg 0.0281 [0.0008 [0.8938 |1.0000|ns

QBS_ar _|Active limestone g/kg 0.0220 |0.0005 |0.9169 |1.0000(ns

QBS_ar  [P205 mg/kg 0.0170 [0.0003 [0.9358 [1.0000|ns

QBS_ar |Siltg/kg -0.0066 |0.0000 |0.9752 [1.0000|ns
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TableF: Indicators in Franciacorta and Luana vineyards, significant differences evaluated by the Wilcoxeunamést

Median Franciacorta Median Lugana p value ig.  sig. adj.
GC_AMG1 |54.6805 120.4696 0.0001 [0.0011 [*** |**
GC_nifH |320.6849 790.9883 0.0006 |0.0083 |*** |**
GC_AOA |11754.1265 6472.8823 0.0173 |0.2426|* |ns
GC_18S |14683.6568 9464.0315 0.0205 |0.2876|* |ns
GC_NRPS |0.1249 0.2463 0.0237 |0.3313[|* |ns
VSA Veg |12.0000 14.0000 0.0572 |0.8015|ns |ns
GC_nosZ (1501.7970 1836.2273 0.0996 |1.0000(ns |[ns
VSA 89.1700 82.0000 0.1036 |1.0000|ns |ns
GC_nirk  |3886.9031 3120.6722 0.1895 |1.0000|ns |ns
QBS_ar  |100.0000 106.0000 0.2572 |1.0000|ns |ns
GC_16S |1148725.1000 1254050.1000 |0.5312 [1.0000(ns [ns
GC_gh48 |330.1536 351.1039 0.9454 |1.0000|ns |ns
GC_AOB |577.0768 479.8174 0.9856 |1.0000|ns |ns
dsDNA  |37.4000 37.0000 1.0000 [1.0000|ns |ns
Table G Spearman correlations between th Table H: Spearman correlations between the
set of genes and the VSA, vegetative VSA of genes and the VSA, vegetative VSAQRS
QBSar. ar, in Lugana.
Row Col R R2 pvalue padj. Sig. Row Col R R2 pvalue padj. Sig.
dsDNA  |vsA 0.2328 [0.0542 [0.0365 [1.0000]* dsDNA  |VSA Veg [-0.2924 [0.0855 |0.1983 [1.0000 [ns
dsDNA  |QBS_ar [-0.0075 [0.0001 |0.9451 |1.0000]|ns dsDNA _ |VSA 0.1610 [0.0259 |0.4839 [1.0000 |ns
dsDNA  |VSA Veg [0.0025 [0.0000 [0.9848 [1.0000|ns dsDNA  |QBS_ar |0.0220 [0.0005 |0.9169 |1.0000 [ns
GC_16S |VSA Veg [0.1555 [0.0242 [0.2313 |1.0000|ns GC_16S |VSA Veg [-0.0757 |0.00570.7581 |1.0000 |ns
GC_16S |VSA -0.1008 [0.0102 |0.3832 [1.0000|ns GC_16S |VSA 0.0614 [0.0038 |0.8035 [1.0000 |ns
GC_16S |QBS_ar [0.0536 [0.0029 |0.6325 [1.0000|ns GC_16S |QBS_ar |0.0317 [0.0010)0.8859 |1.0000 [ns
GC_18S |VSA 0.2399 [0.0575 |0.0310 [1.0000[* GC_18S |QBS_ar |-0.3096 [0.0959 0.1320 |1.0000 [ns
GC_185 |VSA Veg [-0.1801 [0.0324 |0.1579 [1.0000|ns GC_18S |VSA Veg |-0.2569 [0.0660 |0.2610 [1.0000 |ns
GC_18S |QBS_ar [-0.0394 [0.0015 |0.7189 [1.0000|ns GC_18S |VSA 0.0974 [0.0095 |0.6737 [1.0000 |ns
GC_AMG1 |VSA -0.2362 [0.0558 |0.0338 [1.0000[* GC_AMG1 |VSA -0.8286 [0.6865|0.0000 [0.0000 [***
GC_AMG1|QBS_ar [0.1404 [0.0197 |0.1972 [1.0000|ns GC_AMG1 |VSA Veg |-0.3589 [0.12880.1101 |1.0000 [ns
GC_AMG1|VSA Veg [-0.0015 [0.0000 [0.9905 [1.0000|ns GC_AMGL1|QBS_ar [0.0189 [0.0004 |0.9286 [1.0000 |ns
GC_AOA |VSA 0.1366 [0.0186 |0.2241 [1.0000|ns GC_AOA |VSA Veg |-0.5717 [0.3268 |0.0068 |0.2238 [**
GC_AOA |VSA Veg [-0.0867 [0.0075 |0.4995 [1.0000|ns GC_AOA |VSA 0.2130 [0.0454 |0.3523 [1.0000 |ns
GC_AOA |QBS_ar |0.0580 |0.0034 |0.5957 |1.0000 |ns GC_AOA [OBS_ar |-0.0382 [0.0015 [0.8562 |1.0000 |ns
GC_AOB |VSA Veg [-0.2782 [0.0774 |0.0273 [0.9824 * GC_AOB |QBS_ar |-0.2568 [0.0659 |0.2153 [1.0000 |ns
GC_AOB |QBS_ar [0.1041 [0.0108 |0.3404 [1.0000|ns GC_AOB_|VSA 0.1143 [0.01310.6207 [1.0000 |ns
GC_AOB |VSA 0.0415 [0.0017 |0.7130 [1.0000|ns GC_AOB |VSA Veg |-0.0257 [0.0007[0.9120 [1.0000 |ns
GC_gh48 |VSA 0.1079 [0.0116 |0.3503 [1.0000|ns GC_gh48 |VSA 0.1439 [0.0207 |0.5555 [1.0000 |ns
GC_gh48 |QBS_ar [0.0596 [0.0035 [0.5950 [1.0000|ns GC_gh48 |QBS_ar |-0.0322 [0.0010 |0.8841 [1.0000 |ns
GC_gh48 |VSA Veg [0.0195 [0.0004 |0.8814 [1.0000|ns GC_gh48 |VSA Veg |-0.0240 [0.0006 |0.9222 [1.0000 |ns
GC_nifH |QBS_ar [0.1957 [0.0383[0.0726 [1.0000|ns GC_nifH |QBS_ar [0.3277 [0.1074[0.1097 [1.0000 |ns
GC_nifH |VSA -0.0751 [0.0056 |0.5080 [1.0000|ns GC_nifH |VSA Veg |-0.1060 [0.0112]0.6473 [1.0000 |ns
GC_nifH |VSA Veg [0.0808 [0.0065 |0.5326 |1.0000|ns GC_nifH |VSA -0.1039 {0.0108 [0.6532 [1.0000 |ns
GC_nirk |QBS_ar [0.2237 [0.0500 |0.0384 [1.0000* GC_nirk |VSA Veg |-0.3010 [0.0906 |0.1849 [1.0000 |ns
GC_nirk |VSA 0.1468 [0.0215 [0.1911 [1.0000[ns GC_nirk |VSA 0.1026 [0.0105 [0.6573 [1.0000 |ns
GC_nirk |VSA Veg [-0.0972 [0.0095 |0.4483 [1.0000|ns GC_nirk |QBS_ar 0.0860 [0.0074 |0.6828 [1.0000 |ns
GC_nosZ |QBS_ar [0.2118 [0.0449 |0.0502 [1.0000[ns GC_nosZ |VSA 0.1312 [0.0172[0.5695 [1.0000 |ns
GC_nosZ |VSA 0.1354 [0.0183 |0.2280 [1.0000|ns GC_nosZ |QBS_ar |-0.0756 [0.0057 |0.7196 [1.0000 |ns
GC_nosZ |VSA Veg [-0.0472 [0.0022 |0.7134 [1.0000|ns GC_nosZ |VSA Veg [0.0632 [0.0040]0.7854 |1.0000 [ns
GC_NRPS|QBS_ar [0.1176 [0.0138 |0.2808 [1.0000|ns GC_NRPS|VSA Veg |-0.2075 [0.04300.3669 [1.0000 |ns
GC_NRPS|VSA 0.0759 [0.0058 |0.5009 [1.0000|ns GC_NRPS|VSA 0.1987 [0.0395 |0.3862 [1.0000 |ns
GC_NRPS|VSA Veg [-0.0629 [0.0040 |0.6244 [1.0000|ns GC_NRPS|QBS_ar |-0.0359 [0.0013|0.8649 [1.0000 |ns
QBS_ar |QBS_ar |1 1 0 0 il
QBS_ar |VSA Veg [0.1384 [0.019 [0.2794 |1 ns
QBS_ar  |VSA 0.088 [0.008 [0.4346 [1 ns
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Tablel: Spearman correlations between the set of genes and thaensA

Row Column R R2 pvalue padj. Sig. | Row Column R R2 pvalue padj. Sig.
dsDNA Color_difference_layers 0.3196 [0.1022 ]0.0185 |1.0000 |* GC_AMG1|Skeleton_size_intermediate  |-0.1226 [0.0150 [0.2757 |1.0000 [ns
dsDNA _ |VSA 0.2328 |0.0542 0.0365 [1.0000 |* GC_AMG1[Smell_shallow -0.1211 ]0.0147 0.2816 [1.0000 |ns
dsDNA _ |Earthworms 0.1571 ]0.0247 ]0.1511 [1.0000 |ns [[GC_AMG1|%wolume_skeleton_intermedig-0.1426 [0.0203 |0.3335 [1.0000 |ns
dsDNA  [Structure 0.1557 [0.0242 ]0.1548 |1.0000 |ns |[GC_AMG1|Topsoil_depth -0.0938 [0.0088 ]0.4334 |1.0000 |ns
dsDNA Porosity 0.1492 [0.0223 ]0.1730 |1.0000 |ns ||GC_AMG1|Earthworms -0.0707 |0.0050 [0.5202 |1.0000 |ns
dsDNA  |Reduction_Topsoil -0.1381 [0.0191 [0.2074 |1.0000 [ns [|GC_AMG1|Color_difference_layers -0.0877 [0.0077 ]0.5282 |1.0000 |ns
dsDNA  |%wolume_skeleton_intermediq0.1321 |0.0175 |0.3707 [1.0000 |ns [[GC_AMG1|Skeleton_size topsoil -0.0646 [0.0042 [0.5669 |1.0000 [ns
dsDNA  [Smell_pit 0.0981 [0.0096 ]0.3835 |1.0000 |ns |[GC_AMG1|%wolume_skeleton_topsoil -0.0621 [0.0039 |0.6748 |1.0000 |ns
dsDNA _ |Compaction 0.0807 [0.0065 [0.4627 |1.0000 [ns [|GC_AOA [Color_difference_layers 0.2485 [0.0618 [0.0700 |1.0000 [ns
dsDNA  [Roots -0.0797 |0.0064 10.4683 [1.0000 |ns [|GC_AOA |Structure 0.1939 |0.0376 |0.0754 [1.0000 |ns
dsDNA _ |Erosion -0.0794 [0.0063 [0.4702 |1.0000 [ns [|GC_AOA [Skeleton_size topsoil -0.1846 [(0.0341 [0.0989 |1.0000 [ns
dsDNA  [Topsoil_depth -0.0754 [0.0057 ]0.5292 ]1.0000 |ns |[GC_AOA [Compaction 0.1399 [0.0196 |0.2016 |1.0000 |ns
dsDNA %vwolume_skeleton_deep 0.0866 [0.0075 ]0.5585 |1.0000 |ns |[GC_AOA |VSA 0.1366 [0.0186 |0.2241 |1.0000 |ns
dsDNA Water_stagnation 0.0586 [0.0034 [0.5945 |1.0000 |ns [|GC_AOA [Reduction_Deep 0.1259 ]0.0159 [0.2508 |1.0000 [ns
dsDNA _ [Smell_shallow 0.0594 |0.0035 |0.5985 [1.0000 |ns [|GC_AOA |Reduction_Intermediate 0.1231 |0.0152 |0.2617 [1.0000 |ns
dsDNA  [Crust 0.0524 [0.0027 ]0.6336 |1.0000 |ns |[GC_AOA |[Water_stagnation 0.1223 [0.0149 ]0.2650 |1.0000 |ns
dsDNA  |Reduction_Intermediate 0.0487 [0.0024 [0.6579 |1.0000 [ns |[|GC_AOA [%wolume_skeleton_topsoil 0.1568 [0.0246 |0.2873 |1.0000 |ns
dsDNA _ |Reduction_Deep 0.0478 ]0.0023 ]0.6638 [1.0000 [ns |[GC_AOA [Erosion 0.1147 ]0.0132 ]0.2959 [1.0000 [ns
dsDNA _ [Skeleton_size_intermediate  |0.0347 |0.0012 |0.7582 [1.0000 |ns [[GC_AOA |Touch 0.0924 |0.0085 |0.4001 [1.0000 |ns
dsDNA _ [Touch 0.0170 |0.0003 |0.8775 [1.0000 |ns [[GC_AOA |Earthworms 0.0859 |0.0074 |0.4344 [1.0000 |ns
dsDNA _ |%wolume_skeleton_topsoil -0.0126 [0.0002 [0.9324 |1.0000 [ns ||GC_AOA |%wolume_skeleton_deep 0.1001 [0.0100 |0.4985 |1.0000 |ns
dsDNA __ |Skeleton_size_topsoil -0.0081 [0.0001 ]0.9427 ]1.0000 |ns |[GC_AOA [%wolume skeleton intermedig0.0996 |0.0099 [0.5007 [1.0000 |[ns
dsDNA _ [Skeleton_size_deep 0.0073 |0.0001 |0.9486 [1.0000 |ns [|GC_AOA |Smell_pit -0.0698 |0.0049 |0.5360 [1.0000 |ns
GC_16S _|Roots -0.1977]0.0391 |0.0769 [1.0000 |ns [[GC_AOA |Crust 0.0664 |0.0044 |0.5461 [1.0000 |ns
GC_16S _|Earthworms 0.1615 [0.0261 [0.1498 |1.0000 [ns [|GC_AOA [Porosity 0.0645 [0.0042 ]0.5578 |1.0000 |ns
GC_16S_|Smell_pit -0.16400.0269 ]0.1541 [1.0000 [ns [[GC_AOA [Smell_shallow 0.0642 |0.0041 ]0.5692 [1.0000 [ns
GC_16S |Compaction -0.1408 [0.0198 [0.2101 |1.0000 [ns [|GC_AOA [Skeleton_size intermediate |-0.0502 [0.0025 [0.6565 |1.0000 [ns
GC_16S |Water_stagnation -0.1338 (0.0179 ]0.2339 |1.0000 |ns [[GC_AOA |Reduction_Topsoil 0.0408 [0.0017 ]0.7111 |1.0000 |ns
GC_16S [Reduction_Topsoil -0.0999 (0.0100 |0.3748 |1.0000 |ns ||[GC_AOA |Roots 0.0296 [0.0009 |0.7883 |1.0000 |ns
GC_16S_|VSA -0.1008 |0.0102 ]0.3832 [1.0000 [ns |[GC_AOA [Skeleton_size_deep 0.0131 |0.0002 ]0.9073 [1.0000 [ns
GC_16S _|Topsoil_depth -0.0973]0.0095 10.4300 [1.0000 |ns [[GC_AOA |Topsoil_depth 0.0002 |0.0000 |0.9990 [1.0000 |ns
GC_16S |Reduction_Intermediate 0.0875 |0.0077 |0.4371 [1.0000 |ns [|GC_AOB |Smell_pit -0.2476 |0.0613 |0.0258 [1.0000 |*

GC_16S |%wolume_skeleton_deep -0.1142 |0.0130 [0.4498 |1.0000 [ns |[|GC_AOB [%wolume_skeleton_topsoil 0.2756 [0.0760 [0.0580 |1.0000 [ns
GC_16S |Skeleton_size_topsoil -0.0865 [0.0075 [0.4544 |1.0000 [ns [|GC_AOB [Skeleton_size_topsoil -0.1997 [0.0399 |0.0738 |1.0000 |ns
GC_16S |Reduction_Deep -0.0840 [0.0070 [0.4562 |1.0000 [ns ||GC_AOB |%wolume_skeleton_deep 0.2545 [0.0648 [0.0809 |1.0000 [ns
GC_16S |Skeleton_size_intermediate |0.0750 [0.0056 |0.5166 |1.0000 |ns |[GC_AOB [%wolume_skeleton_intermedig0.2016 |0.0407 [0.1694 |[1.0000 |[ns
GC_16S _|Structure 0.0607 [0.0037 [0.5901 |1.0000 [ns [|GC_AOB [Color_difference_layers 0.1713 [0.0293 ]0.2155 |1.0000 |ns
GC_16S |%volume_skeleton_topsoil -0.0716 [0.0051 ]0.6363 |1.0000 |ns |[GC_AOB |Reduction_Intermediate -0.1341 (0.0180 |0.2213 |1.0000 |ns
GC_16S |Skeleton_size_deep -0.0493 [0.0024 [0.6705 |1.0000 [ns [|GC_AOB [Reduction_Deep -0.0989 [0.0098 [0.3677 |1.0000 [ns
GC_16S |Color_difference_layers -0.0600 [0.0036 ]0.6729 |1.0000 |ns |[GC_AOB |Roots -0.0810 [0.0066 |0.4611 |1.0000 |ns
GC_16S |%wolume_skeleton_intermedigd-0.0620 [0.0038 |0.6822 ]1.0000 |ns ||[GC_AOB |Earthworms 0.0763 [0.0058 |0.4875 |1.0000 |ns
GC_16S_|Porosity -0.043410.0019 ]0.7003 [1.0000 [ns |[GC_AOB _[Reduction_Topsoil -0.0657 |0.0043 0.5504 [1.0000 [ns
GC_16S_[Smell_shallow -0.0413]0.0017 0.7210 [1.0000 |ns [|GC_AOB_|Structure 0.0635 |0.0040 |0.5640 [1.0000 |ns
GC_16S _|Touch 0.0199 |0.0004 |0.8597 [1.0000|ns [[GC_AOB |Porosity -0.0577]0.0033 |0.5997 [1.0000 |ns
GC_16S _|Crust -0.0092 [0.0001 [0.9353 |1.0000 [ns [|GC_AOB [Touch 0.0557 [0.0031 |0.6123 |1.0000 |ns
GC_16S_|Erosion -0.0061 |0.0000 |0.9568 [1.0000 [ns |[GC_AOB [Water_stagnation 0.0469 |0.0022 ]0.6702 [1.0000 [ns
GC_18S |Compaction 0.2772 ]0.0769 0.0102 [1.0000 |* GC_AOB |VSA 0.0415 |0.0017 |0.7130 [1.0000 |ns
GC_18S _|Porosity 0.2767 |0.0766 |0.0104 [1.0000 |* GC_AOB_[Smell_shallow -0.0236 |0.0006 |0.8346 [1.0000 |ns
GC_18S |%wolume_skeleton_deep 0.3364 |0.1131 |0.0194 [1.0000 [* GC_AOB_|[Crust 0.0220 |0.0005 |0.8419 [1.0000 |ns
GC_18S_|Earthworms 0.2351 |0.0553 0.0303 [1.0000 [* GC_AOB_|Erosion 0.0211 |0.0004 ]0.8478 [1.0000 [ns
GC_18S |VSA 0.2399 |0.0575 0.0310 [1.0000 |* GC_AOB_[Compaction -0.0201 |0.0004 |0.8553 [1.0000 |ns
GC_18S |%wolume_skeleton_intermedig0.3003 [0.0902 ]0.0381 |1.0000 |* GC_AOB |Skeleton_size_deep 0.0179 [0.0003 |0.8740 |1.0000 |ns
GC_18S |Topsoil_depth -0.2336 |0.0546 0.0483 [1.0000 [* GC_AOB _|Topsoil_depth -0.0038 |0.0000 |0.9744 [1.0000 |ns
GC_18S |Skeleton_size_topsoil -0.2113 [0.0446 ]0.0583 |1.0000 |ns |[GC_AOB |Skeleton_size intermediate [0.0014 ]0.0000 [0.9900 [1.0000 |[ns
GC_18S _|Structure 0.1848 |0.0341 |0.0905 [1.0000 |ns [|GC_gh48 |Structure 0.2652 |0.0703 |0.0167 [1.0000 |*

GC_18S |Reduction_Intermediate 0.1746 [0.0305 |0.1100 |1.0000 |ns |[GC_gh48 |Topsoil_depth -0.2634 (0.0694 ]0.0300 |1.0000 |*

GC_18S |%wolume_skeleton_topsoil 0.2196 [0.0482 ]0.1336 |1.0000 |ns ||[GC_gh48 |%wolume_skeleton_topsoil 0.3193 [0.1019 |0.0306 |1.0000 |*

GC_18S |[Skeleton_size_intermediate  |-0.1600 [0.0256 [0.1535 [1.0000 [ns ||GC_gh48 [%volume_skeleton_intermedig0.2348 [0.0551 [0.1163 |1.0000 [ns
GC_18S _|Smell_pit -0.1161 |0.0135 |0.3022 |1.0000 |ns [|GC_gh48 |Crust 0.1322 ]0.0175 |0.2393 [1.0000 |ns
GC_18S |Color_difference_layers 0.1284 [0.0165 ]0.3547 |1.0000 |ns |[GC_gh48 |VSA 0.1079 [0.0116 |0.3503 |1.0000 |ns
GC_18S [Crust 0.0947 |0.0090 |0.3888 [1.0000 |ns [|GC_gh48 |Reduction_Deep 0.1007 |0.0101 |0.3711 [1.0000 |ns
GC_18S_|Skeleton_size_deep -0.0816 |0.0067 0.4690 [1.0000 [ns [|GC_gh48 [Smell_pit -0.0956 |0.0091 ]0.4083 [1.0000 [ns
GC_18S |Water_stagnation 0.0793 [0.0063 [0.4708 |1.0000 [ns [|GC_gh48 [Water_stagnation -0.0928 [0.0086 |0.4097 |1.0000 |ns
GC_18S |Smell_shallow 0.0767 [0.0059 ]0.4962 |1.0000 |ns |[GC_gh48 |Reduction_Intermediate 0.0882 [0.0078 ]0.4337 |1.0000 |ns
GC_18S |Reduction_Deep 0.0647 [0.0042 ]0.5566 |1.0000 |ns |[[GC_gh48 |%wolume_skeleton_deep 0.1114 [0.0124 ]0.4613 |1.0000 |ns
GC_18S _|Touch 0.0322 ]0.0010 |0.7696 [1.0000 [ns ||GC_gh48 [Erosion 0.0803 |0.0064 ]0.4762 [1.0000 [ns
GC_18S [Reduction_Topsoil 0.0317 |0.0010 [0.7733 |1.0000 |ns [|GC_gh48 [Skeleton_size topsoil 0.0728 [0.0053 [0.5291 |1.0000 [ns
GC_18S _|Roots 0.0189 |0.0004 |0.8640 [1.0000 |ns [[GC_gh48 |Compaction 0.0608 |0.0037 |0.5895 [1.0000 |ns
GC_18S |Erosion -0.0142 [0.0002 |0.8974 |1.0000 |ns |[GC_gh48 |Skeleton_size_intermediate [0.0458 |0.0021 [0.6924 |[1.0000 |ns
GC_AMG1|Water_stagnation -0.3412 [0.1164 [0.0014 |0.3847 [** [|GC_gh48 [Reduction_Topsoil -0.0341 (0.0012 [0.7624 |1.0000 [ns
GC_AMGL1|Erosion -0.3296 |0.1087 |0.0021 [0.5702 |** [|GC_gh48 |Skeleton_size_deep -0.0284 |0.0008 |0.8060 [1.0000 |ns
GC_AMG1|Reduction_Deep -0.3092 |0.0956 |0.0040 [1.0000 |** [[GC_gh48 |Porosity 0.0245 |0.0006 |0.8283 [1.0000 |ns
GC_AMG1|Reduction_Topsoil -0.3012 ]0.0907 |0.0051 [1.0000 |** [|GC_gh48 |Smell_shallow -0.0216 |0.0005 |0.8521 [1.0000 |ns
GC_AMG1|Porosity -0.2738 [0.0750 |0.0112 |1.0000 |* GC_gh48 |Color_difference_layers 0.0252 [0.0006 |0.8592 |1.0000 |ns
GC_AMG1|Reduction_Intermediate -0.2664 |0.0710 0.0137 [1.0000 |* GC_gh48 |Roots 0.0037 |0.0000 |0.9739 [1.0000 |ns
GC_AMGL1|Structure -0.2417 |0.0584 0.0258 [1.0000 |* GC_gh48 |Touch 0.0021 |0.0000 |0.9851 [1.0000 |ns
GC_AMG1|Touch -0.2398 |0.0575 ]0.0271 [1.0000 |* GC_gh48 |Earthworms -0.0018 |0.0000 |0.9874 [1.0000 |ns
GC_AMG1|VSA -0.2362]0.0558 0.0338 [1.0000 [* GC_nifH |Earthworms 0.2980 |0.0888 ]0.0059 [1.0000 [**

GC_AMG1|Compaction -0.2002 |0.0401 |0.0662 [1.0000 |ns [|GC_nifH |Water_stagnation -0.2759 |0.0761 10.0111 [1.0000 |*

GC_AMG1|%volume_skeleton_deep -0.2641 [0.0697 ]0.0697 |1.0000 |ns |[[GC_nifH |Skeleton_size_intermediate |-0.2809 |0.0789 [0.0116 [1.0000 |*

GC_AMG1|Skeleton_size_deep -0.1788 [0.0320 ]0.1103 |1.0000 |ns [[GC_nifH |%wolume_skeleton_deep -0.3461 (0.1198 ]0.0172 |1.0000 |*

GC_AMG1|Crust -0.1729]0.0299 ]0.1136 [1.0000 [ns [[GC_nifH [Skeleton_size_deep -0.2308 |0.0533 0.0394 [1.0000 [*

GC_AMG1[Smell_pit -0.1411 [0.0199 [0.2088 |1.0000 [ns [|GC_nifH [%volume_skeleton_intermedig-0.2979 [0.0887 [0.0420 |[1.0000 [*

GC_AMG1|Roots -0.1308 |0.0171 0.2329 [1.0000 |ns [|GC_nifH |%volume_skeleton_topsoil  |-0.2964 [0.0878 |0.0431 |1.0000 |*
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GC_nifH |Reduction_Deep -0.1909 |0.0364 [0.0820 [1.0000 |ns |[QBS ar |%wolume skeleton intermedig-0.1784 |0.0318 [0.2251 [1.0000 |ns
GC_nifH |Touch -0.1495 10.0224 [0.1747 [1.0000 [ns [[QBS_ar [Reduction_Intermediate -0.1318 |0.0174 |0.2293 |1.0000 |ns
GC_nifH _[Smell_pit -0.1476 |0.0218 |0.1915 [1.0000 [ns [|QBS_ar [Earthworms 0.1257 [0.0158 [0.2517 [1.0000 [ns
GC_nifH [Reduction_Topsoil -0.1429 |0.0204 0.1946 [1.0000 [ns ||QBS_ar [Skeleton_size intermediate |-0.1230 [0.0151 [0.2741 [1.0000 [ns
GC_nifH__|Porosity -0.122210.0149 [0.2680 |1.0000 |ns [|QBS_ar |Smell_pit -0.1118 ]0.0125 |0.3206 |1.0000 |ns
GC_nifH |Compaction -0.117510.0138 0.2873 [1.0000 [ns ||QBS_ar |Skeleton_size_topsoil -0.1076 (0.0116 [0.3388 [1.0000 [ns
GC_nifH _|Roots -0.1098 10.0121 [0.3199 |1.0000 |ns [|QBS_ar |Roots -0.1036 |0.0107 |0.3454 |1.0000 |ns
GC_nifH |Skeleton_size_topsoil -0.088710.0079 ]0.4338 [1.0000 [ns [|QBS_ar [VSA 0.0880 [0.0077 ]0.4346 |1.0000 |ns
GC_nifH |VSA -0.0751 |0.0056 [0.5080 [1.0000 [ns [[QBS ar [Structure 0.0800 |0.0064 |0.4667 |1.0000 |ns
GC_nifH |Reduction_Intermediate -0.064410.0042 10.5603 [1.0000 [ns ||QBS_ar [Skeleton_size_deep -0.0802 [0.0064 [0.4766 [1.0000 [ns
GC_nifH _|Erosion -0.0629 |0.0040 [0.5699 [1.0000 [ns [[QBS ar [%volume_skeleton_deep -0.0971 |0.0094 |0.5115 |1.0000 |ns
GC_nifH |Color_difference_layers -0.06700.0045 10.6335 [1.0000 [ns ||QBS ar |Compaction 0.0648 [0.0042 ]0.5560 |1.0000 |ns
GC_nifH _|Crust -0.0352 10.0012 [0.7509 |1.0000|ns [|QBS ar |Crust -0.0648 |0.0042 10.5560 |1.0000 |ns
GC_nifH _|Smell_shallow 0.0217 ]0.0005 |0.8486 |1.0000 |ns ||QBS_ar |Reduction_Deep -0.0546 |0.0030 |0.6200 |1.0000 |ns
GC_nifH _|Structure -0.0200 |0.0004 [0.8570 |1.0000 |ns |[QBS_ar [Topsoil_depth 0.0547 |0.0030 |0.6481 |1.0000 |ns
GC_nifH_|[Topsoil_depth -0.0210|0.0004 [0.8620 [1.0000 |ns |[QBS ar |Color difference layers -0.0428[0.0018 [0.7585 [1.0000 [ns
GC_nirK _|Earthworms 0.3189 |0.1017 ]0.0029 |0.8106 |** ||QBS ar |Erosion -0.0117 [0.0001 [0.9151 [1.0000 |ns
GC_nirK_[Smell_pit -0.27940.0781 |0.0115 |1.0000 |* [[QBS_ar [%volume_skeleton_topsoil _[0.0139 [0.0002 [0.9251 [1.0000 [ns
GC_nirK |%volume_skeleton_intermedig0.2766 |0.0765 [0.0570 |1.0000 |ns
GC_nirK _|%volume_skeleton_deep 0.2529 [0.0639 |0.0829 [1.0000 |ns
GC_nirK |Skeleton_size_topsoil -0.1633 |0.0267 |0.1451 |1.0000 |ns
GC_nirK |Compaction 0.1493 [0.0223 |0.1725 [1.0000 |[ns
GC_nirK |VSA 0.1468 [0.0215 ]0.1911 |1.0000 |ns
GC_nirK |Topsoil_depth -0.1440 [0.0207 |0.2276 |1.0000 |ns
GC_nirK |Touch 0.1288 |0.0166 |0.2402 |1.0000 |ns
GC_nirK |Structure 0.1279 ]0.0164 |0.2434 [1.0000 |ns
GC_nirK |%wolume_skeleton_topsoil 0.1672 [0.0279 |0.2561 |1.0000 |ns
GC_nirK_[Color_difference_layers -0.1367 [0.0187 |0.3244 |1.0000 |ns
GC_nirK _[Porosity 0.1071 |0.0115 0.3292 [1.0000 [ns
GC_nirK_|Smell_shallow -0.104110.0108 |0.3550 |1.0000 |ns
GC_nirK _[Skeleton_size_deep 0.0942 [0.0089 [0.4029 |1.0000 |ns
GC_nirK_|Crust 0.0798 |0.0064 0.4677 [1.0000 [ns
GC_nirK |Skeleton_size_intermediate  [0.0587 [0.0034 [0.6027 |1.0000 |ns
GC_nirK |Reduction_Deep -0.0537 [0.0029 |[0.6257 |1.0000 |ns
GC_nirK |Reduction_Topsoil -0.0498 |0.0025 |0.6507 |1.0000 |ns
GC_nirK |Roots -0.0176 (0.0003 ]0.8729 |1.0000 [ns
GC_nirK |Water_stagnation -0.0108 |0.0001 |0.9221 |1.0000 |ns
GC_nirK |Erosion -0.0100 [0.0001 ]0.9274 |1.0000 [ns
GC_nirK |Reduction_Intermediate -0.0004 [0.0000 [0.9973 |1.0000 |ns
GC_nosZ [Reduction_Topsoil -0.2830/0.0801 [0.0087 |1.0000 |**
GC_nosZ |Erosion -0.2715]0.0737 [0.0120 |1.0000 |*
GC_nosZ |Smell_pit -0.2416 10.0584 [0.0298 |1.0000 |*
GC_nosZ |Earthworms 0.2229 [0.0497 [0.0403 |1.0000 |*
GC_nosZ |%volume_skeleton_intermedig0.2934 [0.0861 [0.0430 |1.0000 |*
GC_nosZ |%volume_skeleton_deep 0.2561 [0.0656 |0.0789 [1.0000 |[ns
GC_nosZ |Touch -0.1913]0.0366 |0.0794 |1.0000 |ns
GC_nosZ |VSA 0.1354 |0.0183 |0.2280 [1.0000 [ns
GC_nosZ |Crust -0.1236 (0.0153 ]0.2597 |1.0000 [ns
GC_nosZ |Water_stagnation -0.1217 [0.0148 ]0.2672 |1.0000 [ns
GC_nosZ |Skeleton_size_deep 0.1191 [0.0142 |0.2896 [1.0000 |[ns
GC_nosZ |%wolume_skeleton_topsoil 0.1327 [0.0176 |0.3688 |1.0000 |ns
GC_nosZ |Smell_shallow 0.0881 [0.0078 |0.4340 [1.0000 |[ns
GC_nosZ |Roots -0.062310.0039 [0.5708 |1.0000 |ns
GC_nosZ |Structure 0.0582 ]0.0034 |0.5965 [1.0000 |ns
GC_nosZ |Color_difference_layers -0.0730 |0.0053 |0.6000 [1.0000 |ns
GC_nosZ [Porosity 0.0539 |0.0029 ]0.6244 [1.0000 [ns
GC_nosZ |Reduction_Deep -0.0531 |0.0028 |0.6296 |1.0000 |ns
GC_nosZ |Topsoil_depth 0.0507 [0.0026 |0.6721 [1.0000 |[ns
GC_nosZ |Skeleton_size_topsoil -0.0439 |0.0019 |0.6969 [1.0000 |ns
GC_nosZ |Skeleton_size_intermediate |-0.0287 [0.0008 [0.7995 [1.0000 |[ns
GC_nosZ |Reduction_Intermediate 0.0235 [0.0006 |0.8309 |1.0000 |ns
GC_nosZ |Compaction -0.0053 [0.0000 ]0.9616 |1.0000 [ns
GC_NRPYSmell_pit -0.2134 |0.0455 |0.0558 |1.0000 |ns
GC_NRPYReduction_Topsoil -0.2061 [0.0425 ]0.0584 |1.0000 [ns
GC_NRPYErosion -0.2028 |0.0411 [0.0626 |1.0000 |ns
GC_NRPYSkeleton_size_topsoil -0.2063 [0.0426 |0.0646 |1.0000 |ns
GC_NRPYWater_stagnation -0.1832 |0.0336 |0.0932 |1.0000 |ns
GC_NRPYSmell_shallow 0.1625 |0.0264 0.1473 [1.0000 [ns
GC_NRPSYRoots -0.147210.0217 |0.1789 |1.0000 |ns
GC_NRPSEarthworms 0.1459 (0.0213 [0.1829 |1.0000 |ns
GC_NRPYSkeleton_size_intermediate |-0.1295 [0.0168 [0.2491 [1.0000 |[ns
GC_NRPSReduction_Deep -0.0994 |0.0099 |0.3652 |1.0000 |ns
GC_NRPY%wolume_skeleton_deep 0.1313 [0.0172 |0.3736 |1.0000 |ns
GC_NRPSPorosity 0.0925 ]0.0085 [0.4000 [1.0000 |ns
GC_NRPSVSA 0.0759 [0.0058 ]0.5009 |1.0000 |ns
GC_NRPYStructure 0.0674 ]0.0045 |0.5402 [1.0000 |ns
GC_NRPYCrust -0.0568 |0.0032 [0.6054 |1.0000 |ns
GC_NRPSReduction_Intermediate 0.0470 [0.0022 |0.6694 [1.0000 |[ns
GC_NRP§Touch -0.0405 10.0016 [0.7126 |1.0000 |ns
GC_NRPYColor_difference_layers 0.0479 [0.0023 |0.7309 [1.0000 |[ns
GC_NRPY%wolume_skeleton_topsoil 0.0297 [0.0009 [0.8410 |1.0000 |ns
GC_NRPY%volume_skeleton_intermedig0.0185 [(0.0003 [0.9009 |1.0000 |ns
GC_NRPYSkeleton_size_deep -0.0123 |0.0002 |0.9132 [1.0000 |ns
GC_NRPYCompaction -0.0068 [0.0000 [0.9511 |1.0000 |ns
GC_NRPYTopsoil_depth -0.0073]0.0001 [0.9512 |1.0000 |ns
QBS_ar |Water_stagnation -0.2006 [0.0402 ]0.0657 |1.0000 [ns
QBS_ar |Touch 0.1951 [0.0381 |0.0736 |1.0000 |ns
QBS_ar |Porosity -0.1602 [0.0257 ]0.1430 |1.0000 [ns
QBS_ar _[Reduction_Topsoil -0.155310.0241 |0.1559 [1.0000 |ns
QBS_ar _|Smell_shallow -0.1579]0.0249 [0.1591 |1.0000 |ns




Figure A: Heatmap showing Spearman correlations between the set of genes and the ViBArit@nesacorta The colou
indicates the correlation direction, only the R of significant correlations (p<0.05) is displayed
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Figure B: Heatmap showing Spearman correlations between the set of genes and the VSA items in Lugana. The colt
the correlation direction, only the R of significant correlations (p<0.05) is displayed
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Table L: Indicators irdifferent production system#/ilcoxon ranksum test

Variable  Median Conventional Median Organic pvalue padj. Sig.
dsDNA 39.3 30.4 04223 |1 ns
GC_16S ]1327503.71 1254050.1 0.7903 |1 ns
GC_18S [9607.83 8648.35 05332 |1 ns
GC_AMG1|95.06 129.95 0.2404 |1 ns
GC_AOA |4897.68 11538.87 0.5332 |1 ns
GC_AOB [484.34 396.29 0.6456 |1 ns
GC_gh48 (339.47 396.45 0.1409 |1 ns
GC_nifH [802.16 709.02 0.6071 |1 ns
GC_nirk [3226.46 2761.97 0.6071 |1 ns
GC_nosZ |1818.42 1836.23 0.9784 |1 ns
GC_NRPSJ0.25 0.22 0.7253 |1 ns
VSA 85.5 81.75 0.9654 |1 ns
VSA Veg |14 12 0.1339 |1 ns

Variable Median Organic Median Biodynamic  p value

dsDNA  |37.2 46 0.8392 (1 ns
GC_16S ([1165256.33 961431.15 0.1804 |1 ns
GC_18S [14546.25 15727.99 0.5859 (1 ns
GC_AMG1|62.67 18.04 0.0518 (0.7246 |ns
GC_AOA [11866.45 7451.94 0.4610 (1 ns
GC_AOB |570.03 764.04 0.3986 (1 ns
GC_gh48 |348.92 274.75 0.0501 (0.7009 |ns
GC_nifH (417.73 186.93 0.4202 (1 ns
GC_nirK [3926.17 314258 0.5009 (1 ns
GC_nosZ |1501.80 1770.15 05713 |1 ns
GC_NRPS|0.1261 0.0441 0.7403 (1 ns
QBS_ar (100 101 0.5853 (1 ns
VSA 88.42 9259 0.1672 (1 ns
VSA Veg |12 12 0.7995 |1 ns

TableM: Indicators in differentsoil managemen|

Dunn test

variable groupl group2 Z pvalue pad. Sig.
dsDNA TF_IS |TF_SA |-1.07356 |0.28302 [0.84906 |ns
dsDNA FA SA |TF_SA [-0.99275 |0.32083 |0.96249 [ns
dsDNA FA SA [TF_IS [0.38770 [0.69824 [1.00000 |ns
GC_16S |FA SA |TF_IS [-1.32331 |0.18573 |0.55720 |ns
GC_16S [TF_IS |TF_SA |1.07422 |0.28273 [0.84818 |ns
GC_16S [FA SA |TF_SA |0.78607 |0.43183 [1.00000 |ns
GC_18S [FA SA |TF_IS |2.24668 |0.02466 [0.07398 |*
GC_18S [FA SA |TF_SA |0.65432 |0.51290 [1.00000 |ns
GC_18S [TF.IS |[TF_SA |0.17241 [0.86312 [1.00000 |ns
GC_AMGL1 [FA SA |TF_IS |-1.86167 |0.06265 [0.18795 |ns
GC_AMG1 [FA SA [TF_sA [-1.40972 |0.15862 [0.47587 [ns
GC_AMGL1 [TF_IS |TF_SA |-1.00854 |0.31319 [0.93958 |ns
GC_AOA [FA SA |TF_IS |4.07043 |0.00005 |0.00014 [***
GC_AOA |TF_IS |TF_SA [-1.02945 |0.30327 |0.90980 |ns
GC_AOA [FA SA |TF_SA |-0.15921 |0.87351 [1.00000 |ns
GC_AOB |FA SA |TF_IS [1.41641 |0.15665 |0.46996 |ns
GC_AOB [FA SA |TF_SA |0.85107 |0.39473 [1.00000 |ns
GC_AOB |TF_IS |TF_SA [0.54632 [0.58485 [1.00000 |ns
GC_gh48 |FA SA |TF_SA |-1.60872 [0.10768 |[0.32303 |ns
GC_gh48 [TF_IS |TF_SA |-1.44138 |0.14948 [0.44843 |ns
GC_gh48 |FA SA |TF_IS |-0.74080 [0.45881 [1.00000 |ns
GC_nifH |FA SA |TF_IS |-1.36375 [0.17265 [0.51794 |ns
GC_nifH [TF_IS |TF_SA |0.33868 |0.73485 [1.00000 |ns
GC_nifH |FA_SA |TF_SA ]0.04565 [0.96359 [1.00000 |ns
GC_nirK |FA SA |TF_IS |1.92231 [0.05457 [0.16370 |ns
GC_nirKk [FA_SA |TF_SA |0.90021 |0.36801 [1.00000 |ns
GC_nirK |TF_IS |TF_SA ]0.48715 [0.62615 [1.00000 |ns
GC_nosZ |FA SA |TF_IS [0.40534 [0.68523 [1.00000 |ns
GC_nosZ [FA SA |TF_SA |0.23756 |0.81223 [1.00000 |ns
GC_nosZ |TF_IS |TF_SA [0.15036 [0.88048 [1.00000 |ns
GC_NRPS [FA_SA |TF_SA |-0.56778 |0.57019 [1.00000 |ns
GC_NRPS [FA SA |TF_IS |-0.53949 |0.58955 [1.00000 |ns
GC_NRPS|TF_IS |TF_SA [-0.45118 [0.65186 [1.00000 |ns
VSA FA SA |TF_IS [2.19991 |0.02781 |0.08344 [*
VSA FA SA |[TF_SA [1.34996 (0.17703 |0.53108 |ns
VSA TF_IS |TF_SA ]0.84992 ]0.39537 [1.00000 |ns
VSA Veg |FA SA |TF IS [-1.46166 [0.14383 |0.43150 [ns
VSA Veg [TF_IS |[TF_SA ]1.05791 [0.29010 [0.87029 [ns
VSA Veg |FA SA |TF_SA |[0.69054 [0.48985 |1.00000 [ns

Table N: Indicators in Tilled and no tge vineyard,
Wilcoxon ranksum test

Variable  MedianTilled Mediannotilage pvalue padj. Sig.
dsDNA 27.6000 40.4000 0.2095 (1.0000 |ns
GC_16S |1154127.5960 )|1160772.5410 0.7106 [1.0000 |ns
GC_18S |8504.7548 13139.2572 0.0234 (0.3045 |*
GC_AMG1 |90.7681 71.4410 0.8287 (1.0000 |ns
GC_AOA |6286.9987 10368.5449 0.0864 (1.0000 |ns
GC_AOB |389.4278 580.7286 0.2236 (1.0000 |ns
GC_gh48 [363.8704 330.1536 0.7572 (1.0000 |ns
GC_nifH |683.1827 470.1145 0.3005 (1.0000 |ns
GC_nirK  [2459.8099 3768.3355 0.0404 (0.5246 |*
GC_nosZ |1456.2680 1725.1723 0.3606 (1.0000 |ns
GC_NRPS|0.0891 0.1610 0.3956 (1.0000 |ns
VSA 82.5000 89.1700 0.2314 [1.0000 [ns
VSA Veg [14.0000 12.0000 0.2411 (1.0000 |ns
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Table O: Indicators in vineyards with differdiettilizations Dunn test.

variable  groupl group2 Z pvalue padj. Sig. variable  groupl group2 Z pvalue padj. Sig.
dsDNA |[COC COP 1.9572 |0.0503 [0.5033 |ns GC_gh48 |0C COL -1.0126 [0.3112 |1.0000 |ns
dsDNA |[COD COP 1.2572 |0.2087 [1.0000 |ns GC_gh48 [cOC COP -0.8482 (0.3963 |1.0000 |ns
dsDNA [cOC COL 0.9702 [0.3320 |1.0000 |ns GC_gh48 |COL COP -0.8034 (0.4218 |1.0000 |ns
dsDNA [COL COP 0.8607 [0.3894 |1.0000 |ns GC_gh48 [COD COP -0.8002 (0.4236 |1.0000 |ns
dsDNA [cOC COD 0.6958 [0.4866 |1.0000 |ns GC_gh48 |COC COL 0.1562 [0.8759 |1.0000 |ns
dsDNA  [oC COP 0.4129 [0.6797 |1.0000 |ns GC_gh48 [cOC COD 0.0946 [0.9247 |1.0000 |ns
dsDNA [COD COL 0.3376 [0.7357 |1.0000 |ns GC_gh48 |COD COL 0.0616 [0.9509 |1.0000 |ns
dsDNA [oC cocC -0.3024 [0.7623 |1.0000 |ns GC_nifH |COC COL -2.6017 [0.0093 ]0.0928 |[**

dsDNA [oC COD -0.1032 (0.9178 |1.0000 |ns GC_nifH |COC COD -2.4867 (0.0129 |0.1289 |*

dsDNA [oC COL 0.0283 [0.9774 |1.0000 |ns GC_nifH |[COL COP 2.0042 [0.0450 |0.4505 [*

GC_16S |0C COD -1.7435 (0.0812 |0.8125 |ns GC_nifH |COD COP 1.7631 |0.0779 [0.7788 |ns
GC_16S |0C COP -1.4913[0.1359 |1.0000 |ns GC_nifH [0C COL -1.3098 (0.1903 |1.0000 |ns
GC_16S |0C [fe]e -1.4670 (0.1424 |1.0000 |ns GC_nifH |0C COD -1.1511 (0.2497 |1.0000 |ns
GC_16S |COD COL 1.4629 |0.1435 |1.0000 [ns GC_nifH [0C coC -0.4693 [0.6388 |1.0000 |ns
GC_16S |0C COL -1.1432 (0.2530 |1.0000 |ns GC_nifH |COD COL -0.4645 [0.6423 |1.0000 |ns
GC_16S |COC COD -1.0717 (0.2839 |1.0000 |ns GC_nifH [0C COP -0.3988 (0.6900 |1.0000 |ns
GC_16S |COC COL 0.8164 [0.4143 |1.0000 |ns GC_nifH |COC COP 0.1338 [0.8935 |1.0000 |ns
GC_16S |COL COP -0.8022 [0.4225 |1.0000 |ns GC_nirk [CcOC COD 1.5087 |0.1314 |1.0000 [ns
GC_16S |COD COP 0.4545 (0.6495 |1.0000 |ns GC_nirk |COC COL 1.1488 |0.2507 [1.0000 |ns
GC_16S |COC COP -0.2802|0.7793 |1.0000 |ns GC_nirKk |COD COP -0.6514 10.5148 |1.0000 |ns
GC_18S |0C COD 1.8820 |0.0598 [0.5983 |ns GC_nirk |COL COP -0.5217 [0.6019 |1.0000 |ns
GC_18S |COD COP -1.8286 [0.0675 |0.6746 |ns GC_nirk |[COC COP 0.3929 [0.6944 |1.0000 |ns
GC_18S |0C COL 1.6496 |0.0990 [0.9903 |ns GC_nirk |0C COD 0.3601 [0.7188 |1.0000 |ns
GC_18S |COC COD 1.6192 |0.1054 |1.0000 [ns GC_nirk [0C COL 0.3209 (0.7483 |1.0000 |ns
GC_18S |0C [fe]e 1.4630 |0.1435 [1.0000 |ns GC_nirk |COD COL -0.0859 [0.9315 |1.0000 |ns
GC_18S |COL COP -1.2269 (0.2199 |1.0000 |ns GC_nirk [0C COP 0.0840 (0.9331 |1.0000 |ns
GC_18S |0C COP 1.0825 |0.2790 |1.0000 [ns GC_nirk |0C [efe] -0.0596 [0.9525 |1.0000 |ns
GC_18S |COC COP -0.8661 [0.3865 |1.0000 |ns GC_nosZ [COC COD -2.0979 (0.0359 |0.3591 |*

GC_18S |COC COL 0.7329 [0.4636 |1.0000 |ns GC_nosZ |COD COP 1.9029 |0.0571 [0.5705 |ns
GC_18S |COD COL -0.5205 [0.6027 |1.0000 |ns GC_nosZ [COD COL 1.7371 |0.0824 |0.8236 [ns
GC_AMG1|COC COL -3.5218 [0.0004 |0.0043 [*** GC_nosZ |0C COD -0.6217 [0.5341 |1.0000 |ns
GC_AMG1|COC COD -2.150210.0315 [0.3154 |* GC_nosZ [COC COP 0.5904 |0.5549 |1.0000 |ns
GC_AMG1|COL COP 1.8991 |0.0576 [0.5755 |ns GC_nosZ |COC COL 0.2911 (0.7710 |1.0000 |ns
GC_AMG1|COD COL -1.49180.1357 |1.0000 |ns GC_nosZ |[COL COP 0.2608 |0.7942 |1.0000 |ns
GC_AMG1|0C COL -0.8495 (0.3956 [1.0000 |ns GC_nosZ |0C COP 0.1726 [0.8629 |1.0000 |ns
GC_AMG1|COC COP -0.8301 [0.4065 |1.0000 |ns GC_nosZ [0C COL 0.0566 [0.9548 |1.0000 |ns
GC_AMG1|COD COP 0.6916 [0.4892 |1.0000 |ns GC_nosZ |0C cocC -0.0407 [0.9675 |1.0000 |ns
GC_AMGL1|0C CcocC 0.3221 [0.7474 |1.0000 |ns GC_NRPYCOC COD -1.9832 (0.0473 |0.4734 |*

GC_AMGL1|0C COD -0.2809 [0.7788 |1.0000 |ns GC_NRPYCOD COP 1.1432 |0.2530 [1.0000 |ns
GC_AMG1|0C COP 0.0093 [0.9926 |1.0000 |ns GC_NRPYCOC COL -0.9223 (0.3564 |1.0000 |ns
GC_AOA |CcOC COD 2.0606 [0.0393 |0.3934 |* GC_NRPY0C [efe] 0.7430 [0.4575 |1.0000 |ns
GC_AOA |COD COP -1.3429 (0.1793 |1.0000 |ns GC_NRPY0C COP 0.6394 [0.5226 |1.0000 |ns
GC_AOA |COC COL 1.2260 [0.2202 [1.0000 |ns GC_NRPYCOD COL 0.6164 |0.5376 |1.0000 |ns
GC_AOA |COL COP -0.8764 (0.3808 |1.0000 |ns GC_NRPYCOL COP 0.5197 [0.6033 |1.0000 |ns
GC_AOA |0C cocC -0.7134 (0.4756 |1.0000 |ns GC_NRPY0C COL 0.4116 (0.6807 |1.0000 |ns
GC_AOA |0C COP -0.6719 [0.5017 |1.0000 |ns GC_NRPYCOC COP -0.1895 [0.8497 |1.0000 |ns
GC_AOA |COD COL -0.4113 (0.6809 [1.0000 |ns GC_NRPY0C COD 0.1777 [0.8590 |1.0000 |ns
GC_AOA [0C COL -0.283110.7771 |1.0000 |ns VSA COD COP 1.9781 (0.0479 [0.4791 [*

GC_AOA |0C COD -0.1272 (0.8988 |1.0000 |ns VSA COD COL 1.9310 |0.0535 |0.5348 [ns
GC_AOA |COC COP 0.0200 [0.9840 |1.0000 |ns VSA coC COP 1.9194 |0.0549 |0.5493 [ns
GC_AOB |0C COL -1.2533 (0.2101 |1.0000 |ns VSA COoC COL 1.8628 |0.0625 |0.6249 [ns
GC_AOB |0C coC -1.1026 (0.2702 |1.0000 |ns VSA 0C COP 0.9865 [0.3239 |1.0000 |ns
GC_AOB |0C COD -1.1019 [0.2705 |1.0000 |ns VSA 0oC COL 0.9662 [0.3339 |1.0000 |ns
GC_AOB |COL COP 0.8618 [0.3888 |1.0000 |ns VSA cocC COD -0.5392 [0.5898 |1.0000 |ns
GC_AOB |0C COP -0.8539 [0.3932 |1.0000 |ns VSA 0C CcOoC 0.3134 [0.7540 |1.0000 |ns
GC_AOB |COC COL -0.5830|0.5599 |1.0000 |ns VSA 0C COD 0.1378 |0.8904 |1.0000 |ns
GC_AOB |COC COP 0.5463 [0.5848 |1.0000 |ns VSA COL COP 0.0430 [0.9657 |1.0000 |ns
GC_AOB |COD COP 0.5315 |0.5951 |1.0000 |ns VSA Veg [COC COD -2.6266 |0.0086 ]0.0517 |**

GC_AOB |COD COL -0.4432 (0.6576 |1.0000 |ns VSA Veg [COD COP 2.3320 [0.0197 |0.1182 |*

GC_AOB |COC COD -0.0792 [0.9368 |1.0000 |ns VSA Veg |COD COL 1.8523 |0.0640 [0.3839 |ns
GC_gh48 |0C COP -1.3638 (0.1726 |1.0000 |ns VSA Veg [COC COP 0.5566 [0.5778 |1.0000 |ns
GC_gh48 |0C COC -1.1053 [0.2690 |1.0000 |ns VSA Veg |COL COP 0.5094 [0.6105 |1.0000 |ns
GC_gh48 |0C COD -1.0507 [0.2934 |1.0000 |ns VSA Veg |[COC COL -0.0847 [0.9325 |1.0000 |ns
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Table P: Indicators in vineyards with differ Table P:Indicators differences between far
underrow managemenDunn test. Kruskal-Wallis test.

variable groupl  group2 Z pvalue padj.  Sig. Variabile  pvalue Sig.

GC_16S [Herbicide |Tillage [1.1058 |0.2688 |0.8064 |ns 6C_AvG1 |0.0136 |*
GC_16S |Herbicide |Mowed |0.7618 |0.4462 |1.0000 |ns
GC_16S |Mowed |[Tillage |0.6844 |0.4937 |1.0000 |ns VSA 0.0173 |*
GC_18S |Mowed |Tillage [-0.4236 |0.6718 |1.0000 |ns GC_nirKk ]0.0179 |*
GC_18S [Herbicide |Tillage [-0.1716 |0.8637 |1.0000 |ns
GC_18S [Herbicide |Mowed [0.0061 |0.9951 |1.0000 |ns
GC_AMGL [Mowed |Tillage |3.3092 [0.0009 [0.0028 [+ GC_AOA 10.0343 |*
GC_AMGL1 |Herbicide |[Mowed [-1.5030 |0.1328 |0.3985 |ns GC_NRPS|(0.0853 |ns
GC_AMGL1 |Herbicide |Tillage [-0.2214 |0.8248 |1.0000 |ns
GC_AOA |Herbicide |Mowed [2.0099 |0.0444 |0.1333 |*
GC_AOA [Herbicide |Tillage [1.5925 |0.1113 |0.3338 |ns
GC_AOA [Mowed Tillage |-1.3430 [0.1793 (0.5378 [ns GC_AOB [0.2412 |ns
GC_AOB |Herbicide |Tillage [1.2876 |0.1979 |0.5936 |ns
GC_AOB [Herbicide |Mowed [1.0141 |0.3105 |0.9316 |ns
GC_AOB |Mowed |Tillage [0.4731 |0.6361 |1.0000 |ns
GC_gh48 |Mowed Tillage |0.7174 ]0.4731 |1.0000 [ns GC_16S |0.6608 |ns
GC_gh48 |Herbicide |[Mowed [-0.3777 |0.7057 |1.0000 |ns
GC_gh48 [Herbicide |Tillage |[-0.1030 |0.9179 |1.0000 |ns
GC_nifH |Mowed |Tillage [1.6094 |0.1075 |0.3226 |ns
GC_nifH |Herbicide |Mowed [-0.6427 |0.5204 |1.0000 |ns
GC_nifH |Herbicide |Tillage [-0.0126 |0.9900 |1.0000 |ns
GC_nirK |Herbicide |Mowed [0.2382 |0.8117 |1.0000 |ns
GC_nirK |Herbicide |Tillage |0.1948 |0.8456 |1.0000 |ns
GC_nirK [Mowed |Tillage [-0.1450 |0.8847 |1.0000 |ns
GC_nosZ |Herbicide |Tillage [0.4913 |0.6232 |1.0000 |ns
GC_nosZ |Mowed |Tillage |0.4665 |0.6409 |1.0000 |ns
GC_nosZ |Herbicide |[Mowed [0.2749 |0.7834 |1.0000 |ns
GC_NRPS|Mowed |Tillage [1.6848 |0.0920 |0.2761 |ns
GC_NRPS [Herbicide |Tillage [1.4827 |0.1382 |0.4145 |ns
GC_NRPS [Herbicide |Mowed [0.7210 |0.4709 |1.0000 |ns
dsDNA Herbicide [Mowed (-1.9213 [0.0547 |0.1641 |ns
dsDNA Herbicide |Tillage |-1.6852 |0.0919 |0.2758 |ns
dsDNA Mowed |Tillage |0.8966 |0.3700 |1.0000 |ns

GC_nifH [0.0216 |*

GC_18S [0.1106 |ns

GC_nosZ (0.1538 |ns

VSA Veg |0.3977 |ns

GC_gh48 0.4350 |ns

dsDNA 0.7466 |ns

VSA Mowed [Tillage (-2.3497 |0.0188 |0.0564 [*
VSA Herbicide [Tillage |-1.2512 |0.2108 [0.6325 [ns
VSA Herbicide |Mowed |-0.0481 |0.9616 |1.0000 |ns

VSA Veg [Herbicide [Tillage [-1.2621 |0.2069 |0.6208 [ns
VSA Veg [Herbicide [Mowed [-1.1858 |0.2357 |0.7071 [ns
VSA Veg [Mowed |[Tillage [0.1018 |0.9189 |1.0000 [ns
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Figure C: AMGL1 gene copies in different farms.
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Figure D: AOA gene copies in different farms.
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Figure E: nifH gene copies in different farms.
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Figure F: nirK gene copies in different farms.
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Figure G VSA scoren different farms.
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Table Q: Spearman correlations between the indic.
and the vineyard age and the years under orgi

management

Row Col R R2 pvalue padj. Sig.
GC_nifH Age 0.28645 [0.0821 (0.0075 |0.21 [**
VSA Veg |Age 0.25901 |0.0671 |0.04039 (1 *
GC_18S Years_organic |0.3699 [0.1368 |0.0405 1 *
GC_nirK Years_organic [0.3553 [0.1262 |0.0498 |1 *
GC_AMG1 (Age 0.18884 |0.0357 [0.07982 (1 ns
GC_nosZ |Age 0.1818 [0.0331 (0.09193 |1 ns
GC_NRPS |Age 0.15973 [0.0255 (0.13945 |1 ns
VSA Veg Years_organic |-0.2834 [0.0803 [0.1698 1 ns
GC_gh48 [Years_organic |0.2509 [0.0630 (0.1892 1 ns
GC_AOA |Years_organic |0.2293 |0.0526 (0.2147 1 ns
GC_AOA [Age 0.12554 |0.0158 (0.24662 |1 ns
GC_16S Years_organic |0.1959 [0.0384 |0.3085 1 ns
GC_nosZ |Years_organic |0.1834 |0.0336 (0.3233 1 ns
GC_18S Age 0.09518 (0.0091 ]0.38051 |1 ns
GC_AMG1 [Years_organic |0.1287 [0.0166 [0.4903 1 ns
GC_NRPS |Years_organic |0.0786 |0.0062 [0.6744 1 ns
GC_gh48 [Age -0.04046 |0.0016 [0.7165 1 ns
QBS_ar Age -0.03895 [0.0015 (0.72342 |1 ns
QBS_ar Years_organic [0.0550 |0.0030 [0.7689 1 ns
GC_16S Age -0.02884 (0.0008 ]0.79577 |1 ns
GC_nirk  |Age 0.02769 |[0.0008 (0.79907 |1 ns
GC_AOB  |Age 0.02615 |[0.0007 (0.81002 |1 ns
GC_nifH Years_organic (0.0409 |0.0017 |0.8270 1 ns
dsDNA Age 0.02143 |0.0005 (0.8438 |1 ns
VSA Years_organic [-0.0307 |0.0009 [0.8719 1 ns
dsDNA Years_organic |0.0257 [0.0007 [0.8910 1 ns
VSA Age 0.00885 |[8E-05 [0.93789 |1 ns
GC_AOB |Years_organic |-0.0112 |0.0001 (0.9523 1 ns

Farm
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Table R: Spearman correlations between the indic
and the vineyard age and the years under org

management in Lugana.

Row Col R R2 pvalue padj. Sig.
GC_gh48 |Years_organic |0.9747 |0.9500 (0.0048 0.135 [**
GC_nifH Years_organic [0.8078 |0.6526 |0.0280 0.783 |*
VSA Veg |Years_organic (-0.6400 [0.4096 |0.1216 1 ns
dsDNA Years_organic |-0.5911 (0.3494 ]0.1622 |1 ns
GC_nifH Age 0.2760 |0.0762 |0.1635 |1 ns
VSA Age -0.3141 |0.0987 [0.1656 |1 ns
QBS_ar Years_organic |0.5766 [0.3324 |0.1754 1 ns
GC_18S Years_organic [-0.5714 |0.3265 |0.1802 1 ns
dsDNA Age -0.2292 |0.0525 [0.2501 |1 ns
GC_nosZ |Years_organic |-0.4335 [0.1879 (0.3313 1 ns
GC_AOB |Age -0.1697 |0.0288 |0.3973 |1 ns
GC_16S Years_organic [0.4617 |0.2132 |0.4338 1 ns
GC_AOB |Years_organic |-0.3349 [0.1122 (0.4627 1 ns
VSA Years_organic |-0.3349 (0.1122 |0.4627 1 ns
VSA Veg |Age -0.1613 |0.0260 (0.4848 1 ns
GC_AMG1 [Age -0.1214 |0.0147 |0.5463 |1 ns
GC_AOA |Age -0.1100 |0.0121 |0.5851 |1 ns
GC_NRPS |Years_organic |-0.2364 ]0.0559 (0.6097 1 ns
GC_nirK Years_organic |0.2167 [0.0470 |0.6406 |1 ns
GC_gh48 |[Age 0.0978 0.0096 (0.6419 1 ns
GC_nirk  [Age 0.0750 ]0.0056 [0.7102 |1 ns
GC_AMG1 |Years_organic |0.1576 [0.0248 [0.7357 1 ns
GC_nosZ |Age -0.0632 |0.0040 |0.7542 |1 ns
QBS_ar Age -0.0655 ]0.0043 |[0.7556 1 ns
GC_AOA |Years_organic |0.0985 [0.0097 [0.8336 1 ns
GC_18S Age -0.0242 |(0.0006 (0.9048 1 ns
GC_16S  |Age -0.0097 |0.0001 [0.9631 |1 ns
GC_NRPS [Age 0.0000 |0.0000 [1.0000 |1 ns




Table S: Spearman correlations between the indic Table T: Indicators in problematic and average vineyz
and the vineyard age and the years under org Wilcoxon ranksum test

management in Franciacorta.

Row Col R R2 pvalue padj. Sig. Variable Median Problematic Median Average pvalue p adj. Sig.
dsDNA _ |Age 01635 ]0.0267 |0.2120 |J1 = GC_nirk  |993.0785 4093.5282 0.0062 |0.0873 [**
dsDNA Years_organic [0.0980 [0.0096 |0.6488 |1 ns GC_AOA |4937177 12285.2631 0.0066 100928 |+
GC_16S Years_organic [-0.1570 [0.0247 |0.4637 1 ns

GC_NRPS (0.0032 0.1444 0.0106 [0.1490 ([*
GC_16S Age -0.0448 10.0020 |0.7382 1 ns
GC_18S  |Years_organic |04725 |0.2232 |0.0197 |0.553 |* VSA Veg |7.0000 12.0000 00146 [02046 |*
GC_18S Age 02241 |0.0502 |0.0852 1 ns GC_18S [6656.3205 15400.7874 0.0281 [0.3929 ([*
GC_AMG1 |Years_organic |0.5010 [(0.2510 |0.0126 |0.354 |[* dsDNA 20.8000 41.2000 0.0344 |0.4820 |*
GC_AMG1 |Age 0.2807 [0.0788 [0.0298 [0.835 |* GC_nosZ (355.3073 1590.0079 0.0410 |0.5736 |*
CeRiO N (Ade O | T ol 000 O O QBS_ar  |65.0000 105.0000 00494 (06913 |*
GC_AOA |Years_organic |0.3336 |0.1113 (0.1112 1 ns GC_AMGL |11.1760 63.9147 00784 |1.0000
GC_AOB [Years_organic |0.3308 [0.1094 (0.1144 1 ns
GC_AOB  |Age 00920 100085 lo.4843 1 s GC_AOB (356.9942 598.0653 0.0857 [1.0000
GC_gh48 |Years_organic |-0.1590 |0.0253 |0.4580 |1 ns GC_gh48 [255.9286 SN0 OEETE |[Lowoy
GC_gh48 |Age -0.0632 10.0040 |0.6373 1 ns GC_nifH 153.1249 4442223 0.1229 (1.0000
GC_nifH Age 0.2687 [0.0722 |0.0396 1 * VSA 83.0000 90.0000 0.2111 [1.0000
GC_nifH  |Years_organic [0.1069 [0.0114 [0.6190 |1 ns GC_16S (981689.6473 1165256.3260 [0.2829 [1.0000
GC_nirK Years_organic |0.3319 [0.1101 |0.1131 1 ns
GC_nirK Age 0.0558 [0.0031 |0.6720 1 ns
GC_nosZ |Years_organic |0.3885 [0.1509 |0.0606 1 ns
GC_nosZ |(Age 0.2307 0.0532 ]0.0761 1 ns
GC_NRPS |Age 0.2153 [0.0464 |0.0984 1 ns
GC_NRPS [Years_organic |0.2968 0.0881 [0.1591 1 ns
QBS_ar  |Age -0.0961 [0.0092 [0.4653 |1 ns
QBS_ar Years_organic [-0.0239 [0.0006 |0.9116 1 ns
VSA Age 0.1509 ]0.0228 |0.2539 1 ns
VSA Years_organic |-0.0369 [0.0014 |0.8673 1 ns
VSA Veg |Age 0.2502 [0.0626 |0.1100 1 ns
VSA Veg [Years_organic |-0.2795 |0.0781 |0.2613 |1 ns

Table U: Spearman correlations between the indicators anc Table V: Spearman correlations between
number of dead or neproductive vines. indicators and the numbenumber of bunches ¢
plantin Turbiana vineyards

Row Col R R2 pvalue padj. Sig.
VSA Dead/non-productive_vines |0.6194 [0.3836 [0.0010 [0.0135 |** Indicator R R2 pvalue  pad. _ Sig.
GC_NRPS |Dead/non-productive_vines |-02861 [0.0818 |0.1324 |1.0000 |ns CORTOON 016 6| 07065 6| 100 T (00 510N |
GC_AMGL |Dead/non-productive_vines |-0.2578 [0.0664 |0.1770 |1.0000 |ns GC nift _ |-0.4863 [0.2365 |0.1541 |1 ns
GC_AOA |05654 [0.3196 [0.0885 |1 ns
GC_nifH Dead/non-productive_vines |-0.1726 |0.0298 |0.3797 |1.0000 [ns GC_AOB 02736 100748 |0.4444 |1 s
dsDNA Dead/non-productive_vines |-0.1620 [0.0263 ]0.4010 |1.0000 |ns GC_nirk 03161 00999 [03736 |1 s
GC_nirK Dead/non-productive_vines |-0.1484 [0.0220 ]0.4424 |1.0000 |ns GC nosZ -0.2067 |0.0427 los667 |1 ns
GC_nosZ |Dead/non-productive_vines |0.1021 0.0104 [0.5980 [1.0000 [ns Gc:lss -0.0851 |(0.0072 |0.8152 |1 ns
QBS_ar Dead/non-productive_vines |-0.0949 ]0.0090 |0.6310 |1.0000 [ns GC_NRPS ]0.0365 [0.0013 ]0.9203 |1 ns
GC_AOB |Dead/non-productive_vines [0.0908 [0.0082 [0.6394 |1.0000 [ns GC_gh48  |-0.3891 |0.1514 |0.2665 |1 ns
GC_AOA |Dead/non-productive_vines [0.0704 [0.0050 [0.7169 [1.0000 |ns GC_AMGL _ |-0.0669 ]0.0045 [0.8544 |1 ns
VSA Veg |Dead/non-productive_vines |0.0706 [0.0050 |0.7741 |1.0000 |ns dsDNA DAY |00 |[0E00 |1 0S|
GC_18S  |Deadinon-productive_vines |-0.0347 [0.0012 |0.8583 |1.0000 |ns QBS ar _ |0.5607 |03144 01163 |1 ns
——— VSA 0.0000 [0.0000 [1.0000 (1 ns
GC_16S Dead/non-productive_vines |0.0325 [0.0011 ]0.8695 |1.0000 |ns VSA Veg 03819 101458 |03979 |1 s

GC_gh48 [Dead/non-productive_vines |-0.0267 (0.0007 [0.8926 |1.0000 |ns

Table Z: Spearman correlations between the indicators ar
number number of bunches per plant in Chardonnay viney:

Indicator R R2 pvalue padj. Sig.
GC_16S 0.4424 10.1957 |0.2042 1 ns
GC_nifH 0.0798 [0.0064 [0.8266 |1 ns
GC_AOA -0.2147 |[0.0461 ]0.5513 1 ns
GC_AOB -0.1688 [0.0285 [0.6410 |1 ns
GC_nirK 0.0729 [0.0053 [0.8413 |1 ns
GC_nosZ -0.1581 [0.0250 [0.6628 |1 ns
GC_18S -0.0669 [0.0045 [0.8544 |1 ns
GC_NRPS [-0.2939 [0.0864 [0.4098 |1 ns
GC_gh48 0.4061 [0.1649 ]0.2474 |1 ns
GC_AMG1 [-0.0063 [0.0000 [0.9863 |1 ns
dsDNA 0.0545 [0.0030 [0.8916 |1 ns
QBS_ar -0.0369 [0.0014 [0.9193 |1 ns
VSA -0.2427 |[0.0589 ]0.5292 1 ns
VSA Veg 0.1807 [0.0327 [0.6684 |1 ns
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