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Abstract

Sustainable soil management is increasingly recognized as essential for crop health, pro-
ductivity, and resilience, especially in vineyard ecosystems. Within the B-Wine project,
biochar was evaluated as a soil amendment to improve physicochemical properties, water
availability, plant eco-physiological functions, and yield. The trial was carried out in one
growing season, one year after biochar application (16 t ha−1 fresh weight ≈ 10.4 t ha−1 dry
weight) on three organically managed vineyards in the Chianti Classico region (Tuscany,
Italy), integrating soil parameters (e.g., organic carbon content, soil moisture, saturated
hydraulic conductivity, bulk density) and eco-physiological measurement (e.g., leaf wa-
ter content, photosynthetic performance) with remote-sensing analysis of multispectral
Sentinel-2 level-2A imagery from the Copernicus program and soil spectral measurements.
Results indicated that biochar significantly improved key soil properties, although the
magnitude of these improvements varied according to soil characteristics. Bulk density
decreased by 5–16%, while soil organic carbon increase differed in the three sites, being
nearly 50% in the medium-to-fine textured soils and exceeding 200% in the coarse-textured
soil. The impact of biochar on saturated hydraulic conductivity varied depending on the
soil, the type of biochar, and the moisture conditions. However, it improved the water bal-
ance of the vines and yield. Considering all three vineyard sites, the average yield increase
was approximately 42%. However, this result was largely driven by pronounced responses
at two sites, while the third showed no measurable increase, likely due to site-specific
differences in soil properties and climatic conditions. Overall, biochar proved to be an
effective, soil-dependent strategy for enhancing vineyard resilience, plant performance,
and productivity under challenging conditions.

Keywords: biochar; soil properties; viticulture sustainability; NIR spectroscopy; vine
ecophysiology
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1. Introduction
Climate change represents one of the main environmental threats of the 21st century,

with both direct and indirect impacts on numerous productive sectors, including agriculture
and viticulture [1]. The increase in global temperatures, changes in rainfall patterns, and rise
in the frequency of extreme weather events have profoundly transformed the ecological and
productive dynamics of vineyards worldwide [2,3]. Grapevines, which are perennial crops
that are closely tied to local climatic conditions, are particularly sensitive to these changes.
Numerous studies have shown that global warming has already led to phenological shifts,
changes in grape composition (sugar content, acidity, and aromatic compounds), and
variations in the final quality of wine. At the same time, viticultural areas are shifting
toward higher latitudes and altitudes, challenging the stability of regions historically
dedicated to wine production [2,4,5].

In Italy, one of the world’s leading wine producers, the effects of climate change are
already tangible [6]. Major Italian wine regions, such as Tuscany, are facing new challenges
related to water stress, heatwaves, and extreme weather events, all of which affect pro-
ductivity and the typicity of wines [7]. Chianti DOCG (Denomination of Controlled and
Guaranteed Origin) wine is one of the most important high-quality wines produced in
Tuscany. The area encompasses the districts from Siena to Florence near 43.5◦ N of latitude
to 10–12◦ E of longitude. The main grape variety is Sangiovese, which represents 80 to
100% of grape varieties in Chianti wine. Therefore, it is important to understand how this
grape variety responds to climate changes to understand future conditions and to be able
to apply new strategies for wine production [8]. In recent years, this region has shown
an increasing commitment to sustainable farming practices, with a growing number of
wineries adopting organic methods [9].

The production regulations for Chianti Classico DOCG set precise rules for viticulture
in the area. Specifically, Article 4 prohibits any form of forcing, but allows for emergency
irrigation—that is, irrigation is limited to emergency situations to safeguard production.
This restriction is particularly relevant for organic farms, which must face the challenges of
climate change, such as rising temperatures and decreasing rainfall, without resorting to
intensive irrigation practices.

Soil plays a pivotal role in mediating vineyard resilience to climatic stresses. Its
physical, chemical, and biological properties strongly affect vine physiology, productivity,
and grape quality. In Mediterranean viticultural regions, where summer droughts are
becoming increasingly frequent and intense, improving soil structure and water-holding
capacity has become a priority for sustaining vine performance. In this context, biochar
has emerged as a promising soil amendment. When incorporated into the root zone, it
enhances soil porosity and aggregation, increases water retention and infiltration, and
buffers fluctuations in moisture dynamics. These effects are particularly relevant under
conditions of limited water availability, typical of the Chianti Classico area, where biochar
has been shown to mitigate water stress by extending the availability of soil water reserves
and supporting vine physiological functions during critical phenological stages [10–12].

Biochar application can enhance soil water retention, but its effectiveness is strongly
soil-dependent, varying with texture and structure. For instance, biochar tends to reduce
hydraulic conductivity in sandy soils, while it may increase it in fine-textured soils, reflect-
ing the soil-specific nature of its effects [13]. In medium-textured soils, biochar promotes
the formation of larger aggregates from microaggregates, reducing micropore fractions
and increasing mesopore content, thereby improving water availability for plant roots and
delaying wilting [14,15].

In addition, biochar contributes to long-term carbon sequestration [16], enhances
nutrient availability, and supports soil microbial activity [17]. However, evaluating biochar
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across diverse soil types is essential to inform target soil management practices, and
for this purpose, affordable, reliable and timely monitoring approaches are crucial to
assess its impact, optimize site-specific applications, and support carbon credit strategies
by quantifying carbon sequestration [18]. In this framework, NIR soil spectroscopy has
proven effective in predicting various soil properties both by proximal and remote sensing
approaches. However, the addition of biochar in the soil leads to strong changes in the soil
spectral response and shape, making the exploitation of the NIR soil spectroscopy hard
for implementing soil properties prediction models, unless specific models calibrated on
soil-biochar mixtures are used [19].

Recent developments in satellite-based and proximal monitoring further expand
opportunities for sustainable vineyard management. High- and very-high-resolution
imagery, combined with UAV platforms, allows accurate detection of spatial and temporal
variability in vegetation vigor, water status, and vine health. In Italy, Sentinel-2 data
have proven effective for long-term vineyard monitoring, capturing spectral variability
influenced by latitude, topography, and vineyard structure [20].

This study, conducted as part of the B-Wine project (biochar for increasing soil fertility
and improving wine production), (2022–2024), funded by the Rural Development Program
(PSR project sub-measure 16.2), of the Tuscany Region, investigates the effects of biochar on
soils with distinct physicochemical properties, within a coherent viticultural and cropping
context. The research combines remote sensing techniques to assess intrinsic vineyard
variability to build a robust experimental design. Conventional soil analyses with plant
eco-physiological measurements were used to evaluate the effects of biochar and to explore
the potential of proximal sensing techniques as rapid and efficient tools to evaluate soil
carbon sequestration.

The evaluation was carried out over one growing season, one year after biochar appli-
cation, in three organically managed vineyards in Chianti Classico. The study combined
Sentinel-2 Level-2A multispectral imagery from the Copernicus Programme to delineate
control and biochar-treated parcels, along with soil characterization, soil spectral measure-
ments, and vine eco-physiological assessments. The study aims to provide a comprehensive
understanding of biochar’s influence on soil-plant interactions and vineyard performance
under Mediterranean conditions, while exploring innovative approaches for monitoring its
effects in the viticultural context.

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

The study began in 2023 with the application of biochar (April 2023) in three vineyards
located in the Chianti Classico region of Tuscany, Italy (Figure 1), and the measurements
were conducted in 2024, one year after biochar incorporation. The Chianti Classico has an
area of 71,800 ha, of which 15,500 is vineyards and 45,000 is woodlands.

Monti del Chianti is a NW–SE oriented hill and mountain chain in Tuscany parallel to
the Apennines. Elevations typically range between 400 and 600 m (Figure 1), with the peak
at Monte San Michele (893 m). This ridge tectonically divides two major Plio-Pleistocene
sedimentary basins: Valdelsa-Siena to the west and Valdarno-Valdichiana to the east. The
area formed during the Alpine–Apennine orogeny due to convergence between the African
and European Plates and consists of superimposed tectonic units derived from the ancient
Ligurian–Piedmontese Sea. The most relevant are (a) the Ligurian Unit, composed of
oceanic mafic to ultramafic rocks overlain by clayey-carbonate turbidites; and (b) the
Tuscan Unit, mainly consisting of carbonates, evaporites, marls, and sandstones (including
the Macigno del Chianti sandstone). Later extensional tectonics during the Miocene led
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to the formation of basins and uplifts, followed by marine and continental sedimentation
during the Pliocene, and subsequent uplift and fluvial erosion.

Figure 1. Study area: location of the three experimental vineyard sites in the Chianti Classico area in
Tuscany with (a) elevation and (b) soil parent materials.

Five main pedolandscapes with distinct soil types were identified based on the domi-
nant parent material (Figure 1):

Calcareous Flysch (Alberese): Predominantly shallow, gravelly soils developed on
clayey–calcareous substrates, covering about 35% of the area. Textures range from loam
to clay loam, with high calcium carbonate content. According to WRB, soils are mainly
Calcaric Cambisols, Leptosols, and Regosols.

Sandstone (Macigno del Chianti): Poorly developed, stony soils on feldspathic sand-
stone, extending over 25% of the area. They exhibit sandy or sandy loam textures and
very low carbonate content. Dominant WRB classes are Eutric Regosols, Cambisols, and
Cutanic Luvisols.

Pelagic Deposits (Scaglia Toscana): Shallow soils formed on clayey marls or calcareous
sandstones, covering about 15% of the area. Textures vary from loam to clay, with moderate-
to-high carbonate levels. Dominant WRB soil types are Calcaric Cambisols, Regosols, and
Stagnic Cambisols.

Marine Deposits: Developed on Pliocene marine sands and gravelly sands, covering
18% of the area. These soils have sandy loam to clay loam textures and medium carbonate
content. WRB classifications include Calcaric Regosols, Arenosols, Cambisols, and Luvisols.

Fluvial Terraces: Occurring on ancient Pliocene–Quaternary fluvial deposits, with loam
to clay textures and generally medium-to-high carbonate content. Main WRB classifications
are Calcaric Fluvisols, Cambisols, and Luvisols.

These soil types reflect the area’s complex geological evolution, with systematic varia-
tions in calcium carbonate, texture, and coarse fragment content, which strongly influence
their agricultural suitability, particularly for viticulture in the Chianti Classico region. The
three vineyards were selected for their contrasting pedological characteristics (Table 1),
while maintaining comparable vineyard typology, grape variety (Sangiovese), and manage-
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ment practices—allowing for focused evaluation of soil-dependent responses to biochar
under consistent viticultural conditions (Table 1).

Table 1. Location and soil characteristics of the three experimental vineyards in the Chianti area. Soil
textural data were derived from the Soil Catalogue of Tuscany [21].

Farm Site Location Lat Long Elevation
m a.s.l.

Soil Classification
[22] Sand% Silt% Clay%

SA: Badia a
Coltibuono

Gaiole in
Chianti (SI) 43.3967 11.4224 339 Typic Haplustepts,

fine, mixed, mesic 22.3 40.2 37.5

SB: Corzano e
Paterno

San Casciano in
Val di Pesa (FI) 43.6281 11.1672 280

Typic Haplustepts,
loamy–skeletal,
mixed, mesic

34.2 37.3 28.5

SC: Fèlsina Castelnuovo
Berardenga (SI) 43.3658 11.4849 350

Typic Ustorthents,
coarse-loamy, mixed

calcareous, mesic
55.0 32.9 13.1

At the Badia a Coltibuono (SA) site, soils formed on marly limestones, are deeper,
strongly calcareous, and finer-textured (silty clay loam to clay) with high coarse fragment
content, good drainage, and an estimated available water capacity (AWC) of 143.4 mm·m−1.

At the Corzano e Paterno (SB) site in northwestern Chianti, soils are moderately deep,
developed on lacustrine conglomerates and polygenic pebbles, with loamy–skeletal texture,
high stone content, medium-to-high calcium carbonate, and good drainage. The estimated
AWC is 117.8 mm·m−1.

At the Fèlsina (SC) site, in the southernmost site, soils have sandy loam to loamy sand
textures, derived from marine sands and polygenic conglomerates, with medium-to-high
calcium carbonate content, good drainage, and low estimated AWC (<60 mm·m−1).

According to data from the nearest meteorological station (Gaiole in Chianti) [23], the
study area has a typical Mediterranean climate, with a mean annual temperature of 16.5 ◦C
and total annual precipitation of 1019 mm yr−1. July and August are the hottest and driest
months, with average temperatures of 24.2 ◦C and 25.6 ◦C and monthly precipitation of
4 mm and 34 mm, respectively.

The experimental design in each vineyard consisted of two parcels: one amended with
biochar (B) and one unamended control (C). To ensure parcel comparability, preliminary
remote sensing analysis was conducted to delineate B and C parcels. Sentinel-2 Level-2A
multispectral imagery from the Copernicus Programme was processed to assess within-
field vegetation variability. Images from the pre-harvest period of the previous growing
season (early September 2022) were selected, identified by vineyard managers as the most
representative of canopy vigor patterns. Image processing was conducted using QGIS [24].
The Normalized Difference Vegetation Index (NDVI) was calculated using the standard
formula NDVI = (NIR − Red)/(NIR + Red). NIR and red bands are, respectively, Sentinel-
2 B8 (central wavelength ~842 nm) and B4 (central wavelength ~665 nm) bands, both
at 10 m resolution. NDVI values were then classified into two quantile-based classes
(low and high vigor). These maps at 10 m resolution provided an objective basis for
selecting experimental parcels, ensuring that both treatment and C areas, one close to the
other, contained comparable vigor classes. This approach enabled the identification of
“twin” parcel, reducing the influence of geomorphological and pedological constraints,
soil water availability, nutrient gradients, and microclimatic variability. Parcel sizes were
approximately 0.5 ha in the SA and SB vineyards, and 1 ha at SC. Parcel boundaries were
exported as polygon shapefiles and georeferenced in the field before treatment application.
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Biochar was applied in April 2023 at a rate of 16 t ha−1 (fresh weight) to inter-row
areas using a spreader and mechanically incorporated into the soil to a depth of 30 cm using
a chisel plow tiller. This application rate was selected in accordance with the Guidelines
on Practical Aspects of Biochar Application to Field Soil in Various Soil Management
Systems [25], which identify this rate as a moderate, field-realistic application level within
the range commonly tested in previous studies and well below excessively high rates
reported to negatively affect crop performance. This rate is also consistent with agronomic
recommendations for soil improvement in Mediterranean viticulture [26]. With a biochar
moisture content of 35%, the dry matter application rate was approximately 10.4 t ha−1.
During the biochar incorporation phase, all parcels—regardless of whether biochar was
applied—were tilled to a depth of 30 cm using the same chisel plow tiller. This experimental
choice was intentionally made to minimize, as much as possible, the variability arising
from soil disturbance and biochar incorporation processes, and to ensure comparable initial
soil conditions between treatments.

The biochar used was a commercial product, supplied by Romagna Carbone (Ravenna,
Italy), that had already been used in experiments in vineyards in Tuscany. It was obtained
from orchard pruning biomass through a slow pyrolysis process at a temperature of 500 ◦C
in a transportable ring kiln with a diameter of 2.2 m and a capacity of approximately 2 tons
of raw material [12]. Most of the biochar applied to the soil consisted of particles smaller
than 1 cm (≈70%). The product had a polycyclic aromatic hydrocarbon (PAH) content
below 4 mg·kg−1, in compliance with Italian agricultural regulations. The chemical and
physical characteristics of the biochar are summarized in Table 2.

Table 2. Chemical and physical characteristics of the pure biochar applied in the field experiment.
CEC: cation exchange capacity; BET: Brunauer–Emmett–Telle; PAHs: polycyclic aromatic hydrocar-
bons; EPA: Environmental Protection Agency; d.m: dry matter.

Biochar Characteristics Unit Value

Ctot % 77.81
Ntot % 0.91
C/N - 63.53
pH - 9.8
CEC cmolc kg−1 101
BET m2 g−1 410 ± 6
Total porosity mm3 g−1 2722
Transmission pores mm3 g−1 318
Storage pores mm3 g−1 1997
Residual pores mm3 g−1 406
PAHs (∑16 US EPA) mg kg−1 d.m. ≤4
Bulk density Mg m−3 0.4 ± 0.02

Note: Values are given as mean ± standard deviation.

2.2. Soil Sampling and Analysis

Within each parcel for each vineyard, three sub-parcels were selected and used as
internal replicates for every sampling and analysis, in order to capture spatial variability
within the treated area. In July 2024, soil sampling was carried out in all vineyards, both
in the control and biochar-treated parcels, to assess the impact of biochar on selected
soil properties. A total of 18 soil cores (0-15 cm; 9 samples per treatment) were randomly
collected and composited to obtain one representative sample per sub-parcel. This sampling
depth corresponds to the soil layer most directly affected by biochar incorporation; however,
this depth does not capture all the potential effects of biochar application, which take place
in the deeper soil layers reached by vine roots during periods of high stress. Composite
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samples were transported to the laboratory, sieved to 2 mm, and prepared for chemical
analysis. Soil pH was measured in water solution (1:2.5 ratio) using a pH meter. The total
organic carbon (TOC) was measured using the method of Walkley and Black [27], whereas
the total N and C were determined using a CHN-S Flash E1112 elemental analyzer (Thermo
Finnigan, Waltham, MA, USA), according to the standard method ISO 10694 [28]. The
calcium carbonate (CaCO3) content was determined using the volumetric (calcimetric)
method according to UNI EN ISO 10693:2014 [29]. Soil samples were oven-dried at 105 ◦C
and sieved to <2 mm. A known excess of 1 N hydrochloric acid (HCl) was added to
each sample, and the carbon dioxide (CO2) released by the reaction with carbonates was
measured volumetrically using a Bernard calcimeter (Gabbrielli Technology srl, Calenzano,
Italy). Total carbonate content was expressed as equivalent CaCO3 (% w/w), calculated
from the volume of CO2 evolved relative to that obtained from a pure CaCO3 standard. Soil
bulk density (BD, Mg m−3) was determined in each treatment (B and C) in three locations
per treatment in each vineyard at 0–15 cm depth using a cylindrical core of 100 cm3 volume
(V) [30]. Samples were weighed at field conditions (FW), dried in oven at 105◦ C for 48 h,
and reweighed (DW) for calculating the gravimetric soil moisture content (g g−1) as:

SMw = (FW − DW)/DW (1)

and bulk density (Mg m−3) as:
BD = DW/V (2)

Saturated hydraulic conductivity (Ksat, mm h−1) was measured in situ with a Guelph
permeameter (Soil moisture Equipment Corp. 2012, Santa Barbara, CA, USA), in each
treatment (B and C) in three locations per treatment in each vineyard, to assess water
transmission capacity under saturated conditions. The Guelph permeameter was operated
at two different heads, namely 5 and 10 cm. Different solutions were adopted to estimate
the Ksat given the measured flow rates (cm min−1) at single heads [31,32] or using the
two readings jointly [33]. Given the extreme field variability and the substantial violation
of the theoretical assumptions of computational approaches, the average Ksat values ob-
tained from using all the approaches are considered more representative and robust than
a single value, in agreement with the so-called ensemble approaches used in climate and
hydrological modelling [34,35].

Soil moisture (SM, %) was monitored concurrently with the eco-physiological mea-
surements at two key phenological stages during the growing season. Measurements were
conducted using a portable Time Domain Reflectometry (TDR) probe (Field Scout TDR
300 Soil Moisture Meter, Spectrum Technologies, Inc., Aurora, IL, USA). At each vineyard
site, soil moisture was recorded in the inter-row at a depth of 0–15 cm, corresponding to
the active root zone, and 15 replicates per treatment were measured to account for spatial
variability. Specifically, measurements were carried out in the SA vineyard on 21 June and
19 July, in the SB vineyard on 4 July and 18 July, and in the SC vineyard on 29 June and
24 July in 2024. The location of the experimental parcels in the three vineyard sites is shown
in Figure 2.
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Figure 2. Experimental parcels (outlined in blue) in the three vineyard sites: (a) SB site, (b) SA site,
and (c) SC site. Saturated hydraulic conductivity measurement with the Guelph permeameter at
SA (d), and vineyard at the SC site (e). SA: Badia a Coltibuono site; SB: Corzano e Paterno site;
SC: Fèlsina site. C: control plot; B: biochar treatment plot.

2.3. NIR Soil Spectral Measurements

During the soil sampling survey, soil surface near-infrared (NIR) spectra were collected
at the same locations after removing vegetation and debris (field spectral measurements).
Measurements were taken using the NeoSpectra-Scanner Handheld Near-Infrared Re-
flectance Spectrometer (1350–2550 nm, 16 nm step; Si-Ware Systems Inc., Cairo, Egypt)
for the SC and SB sites. A portion of the soil samples (≈100 g) gathered for chemical
analyses was transported to the laboratory, where it was dried and sieved. The processed
samples were then scanned under controlled laboratory conditions—inside a dark room
with constant temperature and humidity—using the same spectrometer employed in
the field (laboratory spectral measurements). For each sampling location or soil sample,
three spectral replicates were collected, and the mean spectrum was subsequently computed.

Field and laboratory NIR spectral measurements were collected to evaluate how
biochar influences spectral shape and features, and to assess whether proximal soil spec-
troscopy can be used to monitor biochar-induced changes in key soil properties. As an
example, we report the determination of differences in soil moisture content between
control soils and biochar-amended soils in two vineyard sites.

To measure the biochar effect (Beff) on soil spectra (Figure 3), the difference between
control and biochar soil spectra acquired under laboratory conditions (sieved and dry) was
computed for each site at each wavelength (λ). A scaling factor s was then estimated using
a linear regression of the wet biochar spectrum against Beff, considering only the spectral
regions outside the water absorption band at 1900 nm. The biochar-corrected spectrum
Bfield,corrected(λ) was then calculated as:

Bfield,corrected(λ) = Bfield(λ) s × Beff (3)
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Figure 3. Flowchart illustrating the NIR spectral correction method implemented to remove biochar’s
confounding effect.

The scaling factor was applied in absolute value to ensure that the correction increased
reflectance in the regions where biochar reduces it. Because the scaling factor was derived
exclusively from spectral regions unaffected by water absorption, the correction does not
impose constraints on the 1900 nm feature and therefore preserves its physical interpretabil-
ity. To evaluate the water content effect around the 1900 nm absorption feature, the spectral
depth (DP) and area (A) of this band were calculated on the continuum-removed spectra for
both the Cfield and Bfield, corrected samples, allowing an assessment of which soil retained
more water.

2.4. Eco-Physiological Measurements

Eco-physiological measurements were conducted to evaluate whether biochar ap-
plication enhanced plant physiological performance under challenging environmental
conditions, such as drought stress. During the 2024 growing season, leaf water potential (ψ)
and chlorophyll-a fluorescence (used to assess photosystem II efficiency) were measured
in each vineyard parcel on clear, representative days at two phenological stages, fruit
development (≈60% fruit set) and fruit and seed maturity (berry ripening), between late
June and late July 2024. These measurements were carried out on the same dates as the
soil moisture assessments. ψ was measured according to the procedures of [36], using
a pressure chamber (PMS, Instrumentation Co., Corvallis, OR, USA). In each vineyard,
measurements were performed in both the control and biochar-treated parcels. Within
each parcel, three sub-parcels were considered spatial replicates. For each sub-parcel, three
leaves per vine were measured on three randomly selected vines (n = 9 per sub-parcel). The
ψ were made at mid-day (ψmd) between 12.30 pm and 1.30 pm [37]. Measurements were
carried out on fully expanded healthy leaves located in the median part of the canopy. The
time between leaf excision and chamber pressurization was generally less than 15 s. Briefly,
leaf petiole was excised and sealed in an aluminum-foil-lined bag to prevent transpiration.
Measurements were expressed in megapascals (MPa).

Chlorophyll-a direct fluorescence is measured when a dark-adapted leaf is exposed
to actinic light. Direct fluorescence is emitted along a polyphasic phase curve, from the
initial (Fo) to the maximum value (Fm), called fluorescence transient. The analysis of the
fluorescence transient is called JIP-test [38], and it serves to calculate specific biophysi-
cal parameters from the fluorescence values at different steps of the curve that quantify
PSII behavior.
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Chlorophyll-a fluorescence properties were assessed using a Plant Efficiency Analyzer
(HandyPEA, Hansatech Instruments Limited, Norfolk, UK) at the time of fruit development
and at berry ripening. The measurements were taken in the morning (10–11 a.m.) on
60 fully developed leaves per treatment (control vs. biochar), choosing 20 similar leaves
from the median part of the canopy in each of the three grape lines. The leaves were
dark-adapted for 30 min using leaf clips.

In the present study, we focused on the parameters describing the capacity of the
reaction centers to absorb and transfer energy and to generate electron transport, param-
eters describing yield, flux ratio, and performance indexes. In particular, we considered
the following:

• ABS/RC = light energy absorption (ABS) per reaction center (RC);
• TRo/RC = trapping phase of light energy (TRo) per reaction center (RC);
• DIo/RC = energy dissipation per reaction (DIo) center (RC);
• ETo/RC = electron transfer from the reduced plastoquinone QA− to cytochrome b6f

(ETo) per reaction center (RC);
• REo/RC = electron transport up to the final acceptors of the PSI (REo) per reaction

center (RC);
• ϕPo = maximum quantum yield of primary photochemistry ((Fm − Fo)/Fm =

TRo/ABS) corresponding to the capacity of trapping exciton per absorbed energy;
• ψEo = probability of electron transfer beyond QA− ((1 − (FJ − Fo)/(Fm − Fo)) =

ETo/TRo), corresponding to the probability than an electron reduces PQ;
• PIabs = potential performance index, based the density of active RCs, light conversion

efficiency (ϕPo), and the probability of transferring electrons beyond QA (ψEo);
• PItot = total performance index for energy conservation, from photons absorbed by

PSII to the reduction of PSI end acceptors, namely ferredoxin and NADP+.

2.5. Vineyard Production

At harvest (4 September SA; 6 September SB; and 28 August SC), yield per plant was
determined in both the control and biochar-treated parcels within each vineyard. For each
treatment, 15 plants were randomly selected and harvested individually. All vines selected
for harvest measurements were healthy, productive plants representative of the vineyard
average and located within the central area of the parcels to minimize border effects. All
clusters from each selected vine were collected, counted, and weighed in the field using
a portable electronic balance (precision ± 0.01 kg). The yield per vine (kg plant−1) was
calculated as the total fresh weight of grapes per plant. The data were then averaged for
each treatment within each vineyard.

2.6. Statistical Analysis

Statistical analyses of soil and eco-physiological data were performed using Statistica
(StatSoft Southern Africa—Research (Pty) Ltd., Sandton, South Africa) and R software
v4.4.2 [39]. Given the experimental design with one treated and one control parcel in each
of the three vineyards, the grape lines were considered subsamples for the eco-physiological
data. Therefore, differences between the control and biochar treatments were tested using a
Linear Mixed Model (LMM) [40], considering the treatment as fixed effect and grape line
as random factor, with statistical significance set at p < 0.05. Prior to analysis, data were
checked for outliers. The normality of quantitative variables within each group (control
and treatment) was assessed using the Shapiro–Wilk test, and the homogeneity of variances
was evaluated with Levene’s test.
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3. Results
3.1. Experimental Design Assessment Using Remote Sensing Approach

The spatial distribution of vine vigor, derived from the Sentinel-2 NDVI classification
into two quantile-based classes, highlighted clear intra-parcel heterogeneity across all
three study vineyards (Figure 4). Each experimental parcel (control and biochar-treated)
systematically included both low-vigor (LV) and high-vigor (HV) zones, confirming the
success of the parcel delineation procedure.

 
Figure 4. Parcel (C- and B-treated) assessment based on NDVI values and two-quantile classification.
(a) SA site; (b) SB site, and (c) SC site. SA: Badia a Coltibuono site; SB: Corzano e Paterno site;
SC: Fèlsina site.

Mean NDVI values extracted for each vigor class (Table 3) further demonstrated the
in-field variability and the internal consistency of this approach.

Table 3. NDVI values extracted from each class within control (C) and biochar (B) treatment
parcels for all study sites. Data are presented in the manner of means ± standard deviation.
SA: Badia a Coltibuono site; SB: Corzano e Paterno site; SC: Fèlsina site; LV: low vigor; HV: high vigor;
NDVI: Normalized Difference Vegetation Index.

Treatment Vigor SA (NDVI) SB (NDVI) SC (NDVI)

C
LV 0.37 ± 0.01 0.38 ± 0.03 0.33 ± 0.01
HV 0.45 ± 0.01 0.45 ± 0.01 0.49 ± 0.01

B
LV 0.38 ± 0.01 0.39 ± 0.01 0.36 ± 0.01
HV 0.46 ± 0.01 0.46 ± 0.02 0.49 ± 0.01

In the SA vineyard, LV areas showed NDVI values of 0.37 ± 0.01 (control) and
0.38 ± 0.01 (biochar), whereas HV areas reached 0.45–0.46 ± 0.01. Similar patterns were
observed at SB, where LV values ranged between 0.38 ± 0.03 and 0.39 ± 0.01 and HV
values consistently around 0.45 ± 0.01–0.46 ± 0.02. In the SC vineyard, LV zones ranged
between 0.33 ± 0.01 (C) and 0.36 ± 0.01 (B), while HV zones reached 0.49 ± 0.01 in both
treatments. The narrow variability within LV and HV classes and the overlap between
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control and treatment indicate that the two parcels within each vineyard were genuinely
“twin” units, sharing comparable vigor structures prior to the application of biochar. Across
sites, the NDVI gradients were coherent with expected geomorphological, pedological,
and micro-environmental drivers, yet the internal partitioning of vigor classes ensured
that each parcel encompassed the full local vigor spectrum. This configuration is crucial
because grapevine vegetative development is intrinsically affected by spatial drivers—soil
texture and depth, water availability, and microclimate—as widely discussed in viticultural
zoning literature [41,42]. The adopted remote-sensing workflow thus provided a reliable
quantification of pre-existing vigor patterns and allowed us to verify that control and
treatment parcels were not biased by initial vegetative differences. Overall, the results
confirm that the Sentinel-2-based NDVI classification effectively supported the definition
of homogeneous experimental units within heterogeneous vineyard contexts, providing a
robust basis for the subsequent eco-physiological evaluation of treatment effects.

3.2. Soil Analysis

Significant differences in soil chemical properties emerged between the control
and biochar treatments in all vineyard sites (Table 4). In SA, biochar increased
TOC (13.73 → 20.22 g kg−1) and Ntot (1.47 → 1.81 g kg−1) and reduced CaCO3

(10.50 → 4.60 g kg−1), while Ctot remained unchanged. In SB, biochar increased TOC
(14.55 → 21.71 g kg−1) and Ntot (1.67 → 2.06 g kg−1), raised the C/N ratio, and lowered
CaCO3 (20.83 → 10.56 g kg−1), although Ctot decreased slightly (39.55 → 34.39 g kg−1).
In SC, biochar markedly increased Ctot (6.56 → 11.01 g kg−1), TOC (2.90 → 9.09 g kg−1),
and Ntot (0.40 → 0.65 g kg−1), resulting in a higher C/N ratio (7.51 → 13.84) and reduced
CaCO3 (29.67 → 17.33 g kg−1).

Table 4. Soil textural class, Ctot, TOC, Ntot, and CaCO3 in experimental vineyards. Data are presented
in the manner of means ± SD, n = 3. Asterisks *, **, *** indicate significant differences at p < 0.05,
0.01, 0.001, respectively, from the T-test for independent samples (C vs. B). TOC: total organic carbon.
SA: Badia a Coltibuono site; SB: Corzano e Paterno site; SC: Fèlsina site.

Farm Site Soil Textural Class Treatment Ctot
(g kg−1)

TOC
(g kg−1)

Ntot
(g kg−1) C/N CaCO3

(g kg−1)

SA Clay–loam C 26.33 ± 2.97 13.73 ± 1.32 1.47 ± 0.01 9.32 10.50 ± 1.47
B 25.74 ± 2.11 20.22 ± 1.59 *** 1.81 ± 0.16 * 11.13 ** 4.60 ± 0.43 *

SB Silty–clay–loam C 39.55 ± 0.91 14.55 ±1.19 1.67 ± 0.01 8.71 20.83 ± 0.51
B 34.39± 3.88 * 21.71 ± 3.75 *** 2.06 ± 0.16 * 10.51 ** 10.56 ± 0.25 ***

SC Sandy–loam C 6.56 ± 0.22 2.90 ± 0.23 0.40 ± 0.02 7.51 29.67 ± 0.23
B 11.01 ± 0.78 ** 9.09 ± 1.10 ** 0.65 ± 0.26 * 13.84 ** 17.33 ± 0.23 *

Across all vineyard sites, biochar demonstrated a consistent capacity to improve soil
physical conditions, as evidenced by reductions in bulk density (BD) and increases in
soil porosity (Table 5). The strongest response was observed in SA, where BD decreased
from 1.53 to 1.39 Mg m−3 (−12.6%), indicating a substantial loosening of soil structure.
In SB, BD declined from 1.45 to 1.31 Mg m−3 (−6.5%), while in SC the reduction was
more moderate (−4.9%), with values of 1.43 and 1.39 Mg m−3 for C and B treatments,
respectively. Although less pronounced and not statistically significant in SC, the trend was
consistent, confirming the positive influence of biochar on soil structural conditions. Total
porosity mirrored the BD trend, increasing under biochar treatment in all sites. The largest
improvement occurred in SA (+17.1%), followed by SB (+7.3%) and SC (+5.8%), suggesting
enhanced aeration, water retention, and root penetration. Ksat showed different site-specific
responses. In SA (clay–loam texture), biochar increased Ksat compared to the control,
although differences were not statistically significant. In SB (silty–clay–loam texture), no
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clear improvement was detected. Conversely, in SC (sandy–loam texture), Ksat decreased,
although not significantly, from 56.56 ± 56.32 mm h−1 (C) to 38.66 ± 14.21 mm h−1 (B),
indicating reduced water infiltration. It is worth noting, though, the high variability
characterizing Ksat field measurements at the three sites, with coefficient of variation
values between 48 and 103%. These results suggest that biochar can increase, though to
quite a limited extent, soil hydraulic conductivity when soil texture and structure favor
the development of conductive macropores. No significant differences in soil pH were
observed between the biochar-treated and control parcels across all vineyards, suggesting
that the intrinsic high buffering capacity of the soils may have moderated the short-term
effects of the amendment.

Table 5. BD, porosity, Ksat and pH in experimental vineyards. Data are presented in the manner
of means ± standard deviation (n = 3). Asterisks *, ** indicate significant differences at p < 0.05,
0.01 respectively, from the T-test for independent samples (C vs. B). SA: Badia a Coltibuono site;
SB: Corzano e Paterno site; SC: Fèlsina site.

Farm Site Treatment Bulk Density
(Mg m−3)

Porosity
(m3 m−3)

Ksat
(mm h−1) pH

SA
C 1.529 ± 0.05 0.423 ± 0.02 7.53 ± 5.03 7.5 ± 0.1
B 1.388 ± 0.13 ** 0.476 ± 0.05 ** 9.88 ± 6.60 7.5 ± 0.2

SB
C 1.446 ± 0.07 0.454 ± 0.03 9.43 ± 6.38 8.1 ± 0.3
B 1.313 ± 0.06 ** 0.505 ± 0.02 ** 6.98 ± 4.43 8.2 ± 0.1

SC
C 1.431 ± 0.08 0.460 ± 0.03 56.56 ± 56.32 7.6 ± 0.3
B 1.387 ± 0.11 * 0.529 ± 0.17 * 38.66 ± 14.21 7.4 ± 0.2

Across all sites, B consistently showed higher soil moisture than C (Figure 5), particu-
larly during the ripening of berries (at the end of July), when water availability is critical. In
SA, B slightly increased soil moisture during the development of fruits (≈23% vs. 20%) and
showed similar values at maturity of fruit and seed (≈10–12%). In SB, biochar maintained
higher moisture at both stages, with a marked difference during the ripening of berries
(≈22% vs. 10%), which was statistically significant. Finally, in the SC vineyard biochar
had the highest values overall, especially during the ripening of berries (≈15% vs. 8%),
which is also significant. Although most differences were not statistically significant, the
trend strongly suggests that biochar improves soil water retention under Mediterranean
conditions, particularly during later phenological stages.

3.3. Monitoring Biochar-Induced Changes by NIR Spectroscopy

The addition of biochar to the soil had a strong impact on its spectral response, reduc-
ing albedo across the entire wavelength range and smoothing spectral features (Figure 6a).
Although the same amount of biochar was applied in the SC and SB vineyards, the spectral
biochar effect (Beff) differed in magnitude, with a stronger albedo reduction in SB compared
to SC (Table 6). Given the non-homogeneous Beff, two different corrections were applied to
the spectra collected on B under field conditions. The Bfield, corrected spectra should repre-
sent spectra primarily influenced by water, without the confounding effects of biochar, and
indeed they appear very similar in shape to the Cfield spectra (Figure 6b). Consequently, the
spectral differences between Cfield and Bfield can be mainly attributed to differences in water
content. Examining the differences in continuum removal values at 1900 nm, both in terms
of depth (DP) and area (A), we can observe that in both locations the biochar-amended
soils exhibited higher water content compared to C, with a slightly larger difference in SC
than in SB (Figure 5c). This observation agrees with the field measurements recorded with
the TDR sensor (Figure 4).
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Figure 5. Soil moisture measured (%) in experimental vineyards during two key phenological stages:
development of fruits and ripening of berries, comparing biochar (B) treatments (blue bars) and
control (C) (red bars). (a): SA site, (b): SB site, (c): SC site. Data are presented in the manner of
means ± standard deviation (n = 9). Asterisks *, **, *** indicate significant differences at p < 0.05, 0.01,
0.001, respectively, from the t-test for independent samples (C vs. B); n.s.: not significant. SA: Badia a
Coltibuono site; SB: Corzano e Paterno site; SC: Fèlsina site.

Table 6. Mean spectral biochar effect (Beff) in SB and SC sites and differences in continuum re-
moval values at 1900 nm, both in terms of depth (DP) and area (A). SB: Corzano e Paterno site;
SC: Fèlsina site.

Farm Site Treatment Mean Beff DP1900nm A1900nm

SC
C 0.58 15.1
B −20 0.80 19.1

SB
C 0.56 14.6
B −31 0.75 17.1

Notes: Negative values of Mean Beff indicate a reduction relative to the control treatment.
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Figure 6. Soil spectra from the experimental sites SB and SC: (a) laboratory-acquired soil spectra
for the control (C) and biochar-amended (B) treatments across the full wavelength range; (b) field-
acquired spectra for the SC site for (C and B), along with the corrected spectrum after removing the
confounding effects of biochar at SC; (c) differences in continuum removal values at 1900 nm between
C and the corrected B spectra for both sites. SB: Corzano e Paterno site; SC: Fèlsina site.

3.4. Eco-Physiological Measurements

Across all three vineyards, Ψmd showed minimal differences between treatments
during the development of fruits, with B and C vines exhibiting similar moderate values
(Figure 7). However, during the ripening of berries, a clear and consistent pattern emerged
across sites. In all vineyards, biochar-treated vines maintained significantly higher (less
negative) Ψmd values than the control, indicating a reduced level of water stress. In all
vineyards, the improvement ranged between 0.3 and 0.4 MPa, suggesting that biochar
enhanced soil water availability and supported vine water status during the period of peak
seasonal stress.
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Figure 7. Leaf water potential at mid-day (Ψmd) in experimental vineyards during two key phenolog-
ical stages, development of fruits and ripening of berries, comparing biochar (B) treatments (blue
bars) and control (C) (red bars). (a): SA site, (b): SB site, (c): SC site. Data are presented in the manner
of means ± SD (n = 9). Asterisks *, ** indicate significant differences at p < 0.05, 0.01 respectively,
from the t-test for independent samples (C vs. B); n.s.: not significant.

Chlorophyll a fluorescence analysis allows assessment of the efficiency of PSII and
the electron transport chain up to PSI, which are essential for the ATP and NADPH
production required for CO2 fixation. Only a few differences between the control and
biochar treatments were observed, mainly during fruit development (Figure 8, Table 7). In
the SA vineyard, no differences were observed between control and biochar treatments at
either fruit stage, in any parameters. Additionally, the maximum quantum yield of PSII,
φ(Po), was found to be within the range typical of healthy plants (0.80 ± 0.02).

Table 7. Performance index based on absorption (PIabs) and performance index total (PItot) in SA
site, SB site, and SC site. Data are presented in the manner of means ± SD. Asterisks *, **, *** indicate
significant differences at p < 0.05, 0.01, 0.001, respectively, from the T-test for independent samples
(C vs. B). SA: Badia a Coltibuono site; SB: Corzano e Paterno site; SC: Fèlsina site.

Development of Fruits Ripening of Berries

C B C B

SA
PIabs 1.85 ± 0.56 1.88 ± 0.72 3.15 ± 1.35 2.81 ± 1.26
PItot 3.11 ± 1.08 2.87 ± 1.10 6.14 ± 2.58 6.74 ± 2.88

SB
PIabs 5.14 ± 1.31 4.82 ± 1.31 3.33 ± 1.53 3.64 ± 1.76
PItot 7.35 ± 2.36 6.51 ± 1.63 4.01 ± 1.15 4.73 ± 1.61

SC
PIabs 2.28 ± 0.84 1.69 ± 0.80 3.33 ± 1.29 3.16 ± 1.38
PItot 2.55 ± 0.76 2.57 ± 4.97 3.98 ± 1.51 3.85 ± 1.76
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Figure 8. Chlorophyll-a direct fluorescence parameters during two key phenological stages,
development of fruits (left) and ripening of berries (right) in SA site, SB site, and SC site,
ABS/RC = light energy absorption (ABS) per RC, TRo/RC = trapping phase of light energy per RC,
DIo/RC = energy dissipation per RC, ETo/RC = electron transfer from the reduced plastoquinone
QA− to cytochrome b6f per RC, REo/RC electron transport up to the final acceptors of the PSI per RC.
ϕPo = the maximum quantum yield of primary photochemistry; ψEo = probability of electron transfer
beyond QA−. Asterisks *, **, *** indicate significant differences at p < 0.05, 0.01, 0.001, respectively,
from the t-test for independent samples (C vs. B).

In the SB vineyard, most differences were observed during the fruit development,
with biochar-treated plants showing higher DIo/RC, indicating energy dissipation, despite
having higher ABS/RC, (p < 0.05) than the control plants, reflecting greater energy absorp-
tion capacity. The maximum quantum yield of the photosystem II, φ(Po), in control plants
was typical of healthy plants, while it was lower in the biochar treatment (p < 0.001). In
contrast, during fruit ripening, DIo/RC and φ(Po) were higher in the control (p < 0.05). No
differences were observed for the performance indexes (PIabs and PItot).
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In the SC vineyard, most significant differences were also found during fruit develop-
ment, with biochar-treated vines showing a higher DIo/RC (p < 0.001), indicating energy
dissipation due to a stress condition and lower φ(Po), although values indicated low quan-
tum yield in both treatments (p < 0.05). As for PIabs and PItot, these were not statistically
significant during fruit development or berry ripening (Table 7), indicating good linear
electron transport occurred until PSI.

3.5. Vineyard Production

Production per plant at harvest (Figure 9) showed clear site-dependent responses to
biochar application, but the overall trend was clear and consistent across the three sites. In
SA, B-treated vines produced significantly higher yields, increasing from approximately 1.0
to 1.8 kg plant−1 (p < 0.01). A similar trend was observed at SB, where production increased
from 1.6 to 2.2 kg plant−1 under biochar application (p < 0.05). Conversely, at the SC site,
no significant differences were found between treatments, with yields remaining around
1.0–1.1 kg plant−1 (n.s.), and showing greater variability among plants, as indicated by
wider error bars. These results highlight that the effectiveness of biochar in enhancing grape
yield is site-specific and appears more pronounced in soils with higher responsiveness in
terms of water retention and structural improvement.

Figure 9. Production per plant at harvest in the three vineyards, SA, SB, and SC, comparing treatments
biochar (blue bars) and control (red bars). Data are presented in the manner of means ± standard
deviation (n = 15). Asterisks *, ** indicate significant differences at p < 0.05, 0.01, respectively, from
the t-test for independent samples (C vs. B); n.s.: not significant. SA: Badia a Coltibuono site;
SB: Corzano e Paterno site; SC: Fèlsina site.

4. Discussion
The integrated GIS–remote sensing approach adopted in this study proved essential for

establishing a rigorous experimental framework in vineyards characterized by pronounced
spatial heterogeneity, as highlighted in recent earth-observation-based studies [43]. Satellite-
derived indicators offer an objective means to quantify landscape variability and reduce
subjectivity in field assessments. In this work, the delineation of vigor classes based
on NDVI ensured that each parcel included comparable LV and HV zones, preventing
confounding effects caused by spatially structured vigor patterns [44], a widely recognized
challenge in spatial viticulture analyses [45,46]. This configuration was crucial to isolating
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the physiological response to biochar from underlying environmental gradients. The parcels
were selected only in homogeneously high- or low-vigor areas; treatment effects might have
been masked or overinterpreted due to the intrinsic dependence of vine behavior on local
geomorphological and pedological constraints. Conversely, the “twin parcel” structure,
validated through quantitative NDVI extraction, enabled a balanced comparison between
treated and control vines across different vigor conditions. This design strengthened the
interpretability of subsequent eco-physiological measurements, ensuring that observed
differences could be confidently attributed to the treatment rather than intrinsic spatial
variability. More broadly, our findings underscore the importance of integrating remote
sensing into experimental design for precision viticulture, particularly when long-term
treatment monitoring is required [47–49]. Nevertheless, NDVI cannot assess pre-existing
sub-surface differences in soil properties, and observed differences could as well stem from
site-specific responses rather than being entirely due to biochar application. The “twin
parcel” approach, then, while useful to highlight spatial variability, limits the statistical
inference at the parcel level.

The results of this study demonstrate that biochar application can significantly in-
fluence soil–plant interactions in vineyard systems, although the magnitude and nature
of these effects strongly depend on soil type. One year after biochar incorporation, clear
improvements in the soil physical–chemical properties were observed, especially in soils
characterized by low fertility or poor structural stability. Although the magnitude of
these changes varied among the sites, reflecting differences in soil texture classes and
baseline characteristics, the overall response direction was consistent, confirming a clear
biochar-induced transformation of soil properties.

The results reported in Table 4 indicate that biochar application increased soil carbon
content, as evidenced by both Ctot and TOC measurements. TOC was measured using
the Walkley–Black method, which generally reflects the oxidizable fraction of soil organic
carbon and is more closely related to the labile and biologically active SOC pool. However,
in the presence of biochar, this method may underestimate the contribution of chemically
stable biochar-derived carbon [50,51]. In contrast, Ctot measured by CHN elemental analysis
captures total carbon, including both native SOC and recalcitrant biochar carbon, as well as
inorganic carbon, which accounts for a significant fraction in sites SA and SB. Considering
the short experiment duration and identical management of both treatments, the observed
increases in organic C are therefore likely primarily due to biochar addition, highlighting
the potential of vineyards as long-term carbon sinks.

In 2023 biochar accounted for 94% of all long-term carbon removal credits issued glob-
ally [52], confirming its role as one of the most promising technologies for decarbonization
and the achievement of net-zero targets [53], in alignment with the principles of the Science
Based Targets initiative (SBTi). Global meta-analyses confirm our findings, highlighting
more pronounced effects in nutrient-poor soils [54], as observed in the Fèlsina vineyard
(site SC), where Corg increased from 2.90 to 9.09 g kg−1. In contrast, in clay-rich soils, where
organic matter was already relatively abundant (as in Corzano, site SB), biochar mainly en-
hanced stabilization of existing carbon, resulting in more modest increases. These changes
should be interpreted with caution, as they do not necessarily represent increased seques-
tration of native soil organic carbon, but rather the combined effects of biochar addition and
site-specific pedological characteristics, which influence carbon dynamics and retention
in viticultural soils. One of the most striking results reported in Table 4 is the significant
reduction in CaCO3 in all vineyards. This was somewhat unexpected and counter intuitive,
as the application of an alkaline amendment to calcareous soil usually does not affect soil
pH and does not promote carbonate dissolution. At SC, CaCO3 decreased from 29.67 to
17.33 g kg−1; at SA, from 10.50 to 4.60 g kg−1; and at SB, from 20.83 to 10.56 g kg−1. This
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40–55% reduction would suggest that biochar applications might have triggered chemical
transformation processes, particularly microsite carbonate dissolution. This effect might be
driven by increased microbial activity [55], promoted by the presence of labile carbon in
low-temperature biochar (<500 ◦C), such as the one used in our vineyards, which acts as a
substrate for soil microorganisms. Furthermore, as observed for the biochar used in our ex-
periment (pH 9.8), the presence of oxygenated functional groups (phenolic and carboxylic)
on its surface may induce localized micro-acidification, despite its overall alkaline nature
promoting organo–mineral complex formation [56]. Microbial respiration increases CO2

and low-molecular-weight organic acids, leading to carbonic acid formation and CaCO3

dissolution via the reaction CaCO3 + H2CO3 → Ca2+ + 2HCO3
− [57]. The resulting soluble

ions are subject to leaching, especially under conditions of high rainfall—as in our case with
1019 mm of yearly cumulative rainfall—and increased porosity (11.2–15% increase) [58].
Nevertheless. the significant reduction in CaCO3 in biochar-amended plots at all sites
(Table 4) must be interpreted cautiously. While biochar-induced microbial activity and
acidification could promote carbonate dissolution, the observed differences may also re-
flect, at least in part, pre-existing spatial variability in calcium carbonates content between
parcels. The small standard deviations within treatments but large differences between
them suggest potential baseline heterogeneity. Another relevant aspect to carefully con-
sider, though, is the possibility that the presence of biochar results in systematic artifacts
in the calcimetric measurement of soil calcium carbonate (CaCO3). Biochar might affect
results by introducing non-carbonate alkaline components that react with hydrochloric
acid (HCl), leading to an overestimation of actual carbonate content. As the calcimetric
method (e.g., using a Bernard calcimeter) measures the CO2 volume released upon HCl
addition, the “acid-neutralizing capacity” of biochar components other than CaCO3 can
significantly affect analytical results. High-temperature biochars often have high ash con-
tents containing inorganic oxides and/or hydroxides of potassium (K), calcium (Ca), and
magnesium (Mg) oxides, which consume (HCl) in titrimetric methods, potentially inflat-
ing “calcium carbonate equivalent” values. However, low-temperature biochars possess
oxygen-containing functional groups (e.g., carboxyl, hydroxyl) that consume protons (H+)
through protonation. While this may not produce CO2 gas for volumetric methods, it
interferes with titrimetric versions of the CaCO3 analysis by consuming the standardized
acid [59]. Additionally, and this might apply to our case, physical mechanisms interfere
with the calcimetric measurement as biochar’s highly porous structure and large specific
surface area can physically interfere with the measurement process trapping and adsorbing
a portion of the CO2 produced during the reaction, which may lead to an underestimation
of carbonate content in volumetric tests [60,61]. Furthermore, the presence of biochar can
result in kinetic delays, as the internal pores may trap HCl or delay the release of CO2 gas,
requiring longer reaction times to reach equilibrium compared to untreated soil.

Long-term monitoring and pre-treatment soil sampling would be needed to confirm a
true treatment effect. If confirmed through long-term monitoring, which should consider
measuring microbial respiration and analyzing soil solution chemistry to confirm the
hypothesis, this reduction in CaCO3 could enhance the availability of micronutrients,
particularly iron and manganese, in calcareous vineyard soils [62,63].

Biochar application also modified the physical properties of the soil. The results
indicate significant improvements, particularly in bulk density, porosity, and water-holding
capacity (WHC), although with site-specific intensities. Reductions in bulk density confirm
the ability of biochar to alleviate soil compaction due to its low density and disruptive
interactions with mineral particles [64,65]. Concurrent increases in soil porosity further
indicate a more open pore system, with the strongest effects observed in soils that are more
responsive to structural modifications, as the finer textured ones in our study. Regarding
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Ksat, the results show a clear texture-dependent response. In general, biochar application
tends to decrease Ksat in coarse-textured soils and increase it in fine-textured soils [13]. In
coarse-textured soils such as at Fèlsina (site SC), Ksat decreased, likely due to increased
tortuosity and partial clogging of macropores by fine biochar particles [66,67]. Conversely,
in fine-textured soils, such as the clay–loam at Badia a Coltibuono (site CA), biochar
substantially improved Ksat by enhancing aggregate stability and promoting the formation
of continuous water-conducting pores. These results emphasize the need for site-specific
strategies when applying biochar to optimize hydraulic performance, considering baseline
texture, biochar properties, and application rate. Overall, the evidence confirms that
while biochar is broadly effective in reducing compaction and increasing pore volume, its
hydrological impact strongly depends on soil texture and the ability to translate structural
changes into hydraulic improvements.

The impact of biochar on soil water content varied among soil types but consistently
resulted in increased soil moisture, particularly during warmer periods when plant water
demand was highest. These findings are in line with numerous studies reporting enhanced
soil water content following biochar application, both in field experiments [68,69] and
laboratory investigations [67,70,71]. The improvement in soil water content is mainly
driven by two mechanisms: (i) an increase in soil specific surface area and (ii) enhanced
soil porosity. Eco-physiological measurements of Ψmd (Figure 7) showed no significant
differences between biochar-treated and control vines during fruit development. This
can be explained by the fact that in this phenological phase (late June–early July), soil
water reserves were still sufficient to meet vine water requirements [72]. This was also
confirmed by soil moisture data (Figure 5), which showed similarly high values in both
treatments, indicating the absence of water limitation early in the season. Under such
non-limiting conditions, the potential benefits of biochar on vine water status are not yet
detectable, as the soil–plant system is not exposed to water stress. Nevertheless, a strong
relationship was observed between soil moisture and Ψmd, highlighting the close coupling
between soil water availability and vine water status under the studied conditions. The
correlation analysis showed that increasing soil moisture was consistently associated with
less negative Ψmd values, indicating an improvement in vine hydraulic status as soil water
availability increased. This result confirms the sensitivity of Ψmd as an integrative eco-
physiological indicator of vine response to soil water dynamics. The situation changed
markedly during berry ripening (mid-late July), when soil water reserves declined due
to reduced precipitation and increased evapotranspiration demand. During this period,
soil moisture in biochar-treated plots remained higher than in the control, confirming the
positive effect of biochar on soil water retention capacity, as previously reported by several
authors [12,73]. As a consequence, biochar-treated vines maintained less negative Ψmd

values, reflecting improved plant water status and reduced water stress. According to the
classification proposed by van Leeuwen [74] and further developed at the eco-physiological
level by Deloire [75], control vines fell within the severe-to-very-severe water stress classes
(−1.6 to −1.8 MPa), whereas biochar-treated vines remained within moderate-to-severe
stress conditions (−1.2 to −1.5 MPa). These results reinforce and extend previous evidence
from vineyard experiments conducted in Tuscany (Italy) by the same authors [12,73],
demonstrating that biochar application can induce a persistent shift in vine water status
toward more favorable conditions. The observed strong correlation indicates that variations
in soil moisture were effectively translated into measurable differences in vine water status,
supporting a cause-and-effect relationship rather than a coincidental association. This
interpretation is consistent with previous studies [76,77] identifying soil water availability
as a primary driver of vine water status, especially under Mediterranean or semi-arid
conditions typical of many wine-growing regions.
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The agronomic implications of these physiological differences are reflected in produc-
tion outcomes. Across all sites, yield increased in the B-treated parcels compared to the
C, although differences in SC were not statistically significant. It is likely that substantial
improvements in soil water availability and specific meteorological conditions are required
to produce significant yield differences. Due to the high variability of vineyards and an-
nual climatic conditions, a strong correlation between eco-physiological indicators, soil
parameters, and yield is not always observed.

On one side, biochar seemed to increase water availability to plants, on the other
side it induced some effects on the photosynthesis apparatus, mainly limited to the fruit
development stage, when the water status (water potential measurements) resulted similar
in the two treatments. For instance, chlorophyll fluorescence analysis in SA site resulted in
similar behaviors in both treatments. The complexity of the plant-response is demonstrated
by the results obtained in the other sites. In SB (Corzano e Paterno) the vines grown with
biochar showed better energy absorption than control vines, similar energy transfer and
trapping and electron transfer capacity, as found in another study [78], despite higher
energy dissipation and lower maximum quantum yield. This finding is similar in the
SC site (Fèlsina). Energy dissipation means that energy is not used for photosynthesis
and indicates a protective response to a stress condition of the reaction centers [79,80].
As energy dissipation mainly occurs when plants face stress such as light intensity, CO2

limitation, water stress, or nutrient deficiency, and excluding the first three motivations
which were similar for both treatments, we may speculate that nutrient availability may
infer [81]. This effect can be linked to the direct influence on the photosynthetic apparatus
during the plant growth, mainly through biosynthesis and the functioning of key photo-
synthetic components when leaves are fully developed, which depend on the ecological
conditions and the availability of important macro and micro-nutrients such as nitrogen,
magnesium, and iron [82–85]. A deeper understanding of biochar effect on the micro
and macro-elements availability to plants would provide compelling discussion on the
results. Indeed, biochar acts on elements availability by the increase in soil pH, although
not supported by this study, as well as other characteristics like soil organic C and clay
content. Biochar has been found effective for immobilizing heavy metals, among which
important micro-elements such as Cu and Zn [86,87]. These elements are important in the
functioning of the photosynthetic apparatus. Cu is a component of the plastocyanin, which
rules electron transfer and it is required for the formation of chlorophyll [88]. Therefore,
Cu deficiency may interfere with pigment and lipid biosynthesis and, consequently, with
chloroplast ultrastructure, thus negatively influencing photosynthetic efficiency and de-
creasing variable fluorescence [88,89]. Zn also plays an important role in the proper PSII
function [90]: at an initial stage of Zn deficiency chlorophyll content decreases, and the inhi-
bition of PS II light-harvesting activity accounts for the photosynthesis reduction. However,
the results at the ripening of fruits indicate that any limiting factor had a reversible effect
on photosynthetic apparatus efficiency. Therefore, chlorophyll fluorescence measurements
may have detected site-specific hidden stress signals which have not damaged the plant
functioning or the whole grape yield.

By analyzing differences between Clab and Blab spectra—both collected under labora-
tory conditions on sieved and dry samples—we isolated the effect of biochar (Beff) on soil
spectra in the NIR region. The comparison showed that biochar strongly influences soil
spectral responses, acting similarly to other confounding factors such as water, flattening
spectral curves with a progressive effect proportional to the relative amount of the con-
founding factor [91,92], in this case, biochar within the soil–biochar mixture. However, the
biochar-induced spectral effect can vary depending on the soil type. As shown here, the
average Beff was stronger at SB than at SC (Table 6). This can be attributed to differences
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in soil texture, particularly clay content. Clay minerals typically exhibit spectral features
around 2200 nm, which are more pronounced in silty-clay–loam soils like those at SB than
in sandy-loam soils like those at SC. Consequently, in soils with higher clay content, a
greater reduction in albedo is expected due to the smoothing of absorption features induced
by biochar.

This Beff on spectral shape and features hinders the estimation of soil properties using
soil spectroscopy approaches when biochar is applied as an amendment. Therefore, an
approach capable of isolating and removing Beff is necessary for effectively exploiting
field spectroscopy or UAV-based hyperspectral data, enabling a suitable, timely, and cost-
effective soil monitoring strategy within the framework of sustainable soil management
and carbon credit market. The simplified method proposed here for comparing water
content in C and B parcels at the vineyards experimental sites produced results consistent
with instrumental measurements, suggesting that it could also be applied to estimate other
soil properties characterized by clear spectral features in the NIR region, such as clay or
calcium carbonate content. More complex algorithmic approaches (e.g., EPO—external
parameter orthogonalization) may be tested for properties like organic carbon [92,93].

5. Conclusions
This study shows that biochar can be an effective soil amendment for improving soil

quality, vine water status, and resilience to drought in vineyard systems. Its benefits were
most evident in low-fertility or structurally weak soils, where biochar increased organic car-
bon, porosity, and water-holding capacity while reducing compaction. These improvements
enhanced vine hydration during berry ripening and mitigated water stress, supporting
more stable yields during the most critical summer stages. Overall, results confirmed the
positive interactions between biochar, soil water retention, plant water status, and yield
and reinforced the role of biochar as a soil amendment capable of enhancing resilience to
increasing drought stress scenarios [94,95]. However, the magnitude of biochar’s effects
differed across the three soil types, indicating that its application should be tailored to
specific pedological conditions and to the properties of the biochar used. It is important
to emphasize that the results reported in this study are based on only one year of exper-
imentation. Consequently, the observed effects on yield and soil properties should be
interpreted with caution, as they may be strongly influenced by short-term weather vari-
ability and other intrinsic environmental factors. Longer-term monitoring will be necessary
to obtain more robust and reliable conclusions regarding the effects of biochar on vineyard
productivity, as one year is likely insufficient to fully capture its potential benefits. From
an agronomic perspective, applications in the order of 16 t ha−1 (fresh weight) have been
shown to improve the water status of vines during periods of peak summer water demand,
reducing stress from severe to moderate. Unlike traditional fertilizers, biochar does not
require seasonal applications, thus representing a long-term investment [52]

Economically and environmentally, biochar is now the main source of long-term
carbon credits, offering a possible additional economic return for farms [52,96].

As already highlighted, a key limitation of this study is its short duration, with ob-
servations made only one year after biochar application. Nevertheless, as grapevine is a
perennial crop, these initial results provide a valuable baseline to evaluate whether the ob-
served effects on soil and vine performance will persist, diminish, or change in subsequent
years. Long-term monitoring will be essential to assess the persistence of biochar-derived
carbon, its cumulative impacts on soil processes, and its potential contribution to climate
mitigation and carbon-farming strategies. Emerging technologies for rapid and scalable
soil carbon assessment, such as UAV-based imaging, proximal spectroscopy, satellite mon-
itoring, and AI-driven models, will be essential to support long-term monitoring and
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carbon credit certification. Overall, biochar emerges as a valuable tool for regenerative and
climate-smart viticulture, provided its use is guided by robust, site-specific knowledge.
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Abbreviations
The following abbreviations are used in this manuscript:

ABS/RC Light energy absorption per reaction center
B Biochar-amended parcels at vineyard sites
BD Bulk density
BET Brunauer–Emmett–Teller
C Control parcels at vineyard sites
CEC Cation exchange capacity
DIo/RC Energy dissipation per reaction per reaction center
DOCG Denomination of Controlled and Guaranteed Origin
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ETo/RC
Electron transfer from the reduced plastoquinone QA− to cytochrome b6f per
reaction center

ϕPo Maximum quantum yield of primary photochemistry
HV High-vigor vineyard
NDVI Normalized Difference Vegetation Index
NIR Near-infrared
Ksat Saturated hydraulic conductivity
LV Low-vigor vineyard
ψEo Probability of electron transfer beyond QA−

PIabs Potential performance index
PItot Total performance index
PSR Rural development program
REo/RC Electron transport up to the final acceptors of the PSI per reaction center
SA Badia a Coltibuono experimental vineyard site
SB Corzano e Paterno experimental vineyard site
SC Fèlsina experimental vineyard site
TOC Total organic carbon
TRo/RC Trapping phase of light energy per reaction center
UAV Unmanned aerial vehicle
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