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Introduction 

This thesis project entitled <Abiotic stresses in grapevine: ecophysiology and 

application of dendro-ecological techniques= has a multidisciplinary approach 

with the aim of creating a synergy between research and farms. The programme 

aimed to deepen the studies on identifying sustainable vineyard management 

techniques and transfer them to the growers.  

Viticulture is undergoing important changes due to climate change. Climate 

change is producing negative effects on viticulture and therefore management is 

becoming more and more complex especially in areas where the effects of 

increasing temperatures and decreasing rainfall frequency is severe, such as in 

the southern Mediterranean area. Furthermore, in areas where the introduction of 

irrigation is limited by governance or water availability, management is even 

more complicated. The impact of water stress on the vine, produces negative 

effects on productivity and quality of grapes, also influencing the quality of final 

products, such as wines. The increase in temperature produces a decoupling of 

ripening with a high accumulation of sugars, reducing acidity especially due to 

the degradation of malic acid and can produce an advance in ripening. From a 

technological point of view, wines can also suffer consequences on the aroma and 

phenolic composition. Furthermore, a strong alternation of production can occur 

over the years. These conditions put producing companies in serious difficulty. 

The effects of climate change produce consequences on the physiology of 

plants, influencing fundamental physiological mechanisms such as 

photosynthesis and changes in their anatomical structures. The ability of 

acclimation to environmental stresses is species- and cultivar-specific and plants9 

responses also vary based on the pedo-climatic conditions and cultivation 

practices. The acclimation strategies that plants adopt to face environmental 

stresses are targeted to maintain a high photosynthetic and hydraulic efficiency 

to complete the ripening of the fruit. The improvement of water use efficiency, 

therefore, especially in conditions of strong and prolonged stress, is essential to 
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preserve the equilibrium between vegetative growth and yield, as well as to 

maintain high grape quality. In grapevine, to improve the water use efficiency 

and protect the plant from adverse effects of climate change, in recent years, the 

interest in the use of products as inert materials of mineral origin (particle films) 

has increased. However, the vines9 responses depend on the cultivar and the 

severity of the stress. In this project, to identify strategies capable of mitigating 

the negative effects of abiotic stress, such as water stress and high light intensity, 

a three-year experimental trial was performed on Vitis vinifera sub. vinifera 

8Falanghina9 to study the effect of the distribution of basalt dust under two water 

availability conditions. The study was conducted at the commercial vineyard of 

the agricultural company <La Guardiense= located in Guardia Sanframondi 

(Benevento), Italy.  

 

The thesis is organized as follows: 

Chapter 1 is a review on the effects of the most used particle films in 

viticulture on the main eco-physiological parameters. After a focus on the control 

of leaf gas exchange and photoprotection, this chapter highlights the lack of 

information on the effects of particle film distribution on morpho anatomical 

traits despite their fundamental role in the acclimation capability of the different 

grapevine cultivars has been recognized.  A literature analysis was conducted to 

evaluate the studies' distribution by geographical area and type of particle film 

used in the last 15 years. The manuscript has been published in Progress in 

Botany (Springer Nature Switzerland).  

(De Micco et al., 2024 ; https://doi.org/10.1007/124_2024_84) 

 

Chapter 2 focused on the characterization of the study area where the 

three-year experimental trial was conducted. The pedoclimatic study included: a 

pedological survey, geophysical approach, collection of meteorological data with 

a station installed in the field, and the evaluation of water availability for vines 
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using TDR probes installed at different depths and indirect method 

measurements. 

Chapter 3 presents the results of the experimental trial in which the effects 

of basalt dust distribution, combined with two different water regimes were 

evaluated on Vitis vinifera subsp. vinifera 8Falanghina9 in Southern Italy (Guardia 

Sanframondi, Benevento, Campania region) over three years (from 2021 to 

2023). The treatments were: NDR (No Dust distribution-Rainfed), NDI (No Dust 

distribution-Irrigated); DR (Dust distribution-Rainfed) and DI (Dust distribution-

Irrigated). The impact of basal dust was evaluated on plant growth, eco-

physiological performance, leaf and grape mineral content, yield and grape 

quality.  

Chapter 4 is focused on the methodology applied to perform eco-

physiological measurements during the evaluation of the effects of basalt dust on 

grapevine. This study aimed to evaluate whether the presence of dust on the 

leaves may affect PSII photochemical efficiency and gas-exchange 

measurements, thus leading to biased results. The manuscript has been published 

in Photosynthetica (International Journal for Photosynthesis Research). 

(Petracca et al., 2023; DOI: 10.32615/ps.2023.013) 

Chapter 5 focuses on the effects of basalt dust distribution, combined with 

two different water regimes (ref. chapter 3) on anatomical traits in leaves and 

stem-wood to highlight possible modulation of eco-physiological acclimation 

ability as mediated by the organ and tissue traits.  

Chapter 6 reports the characterization of the vulnerability to embolism at 

the leaf and stem level of four autochthonous cultivars of the Campania region: 
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8Aglianico9, 8Fiano9, 8Greco9 and 8Falanghina9. The analysis was conducted with 

innovative methods such as the use of optical technique (leaf vulnerability) and 

flow centrifugation methods (stem vulnerability) at the UMR BIOGECO 

laboratory at the University of Bordeaux and INRAE (France). To evaluate 

whether structural traits influence embolism vulnerability and to to investigate 

possible trade-offs between anatomical traits and eco-physiological behaviour at 

the leaf and stem levels, anatomical analyses were performed too.



5 

Chapter 1 

Particle film to mitigate the negative effects of climate change on 
grapevine leaf eco-physiology as mediated by anatomical traits 

 

This chapter has been published as:  

De Micco, V., Petracca, F., Cirillo, C., Arena, C. (2024). Particle 

Film to Mitigate the Negative Effects of Climate Change on 

Grapevine Leaf Eco-Physiology as Mediated by Anatomical Traits. 

In: Progress in Botany. Springer, Berlin, Heidelberg.  

https://doi.org/10.1007/124_2024_84 
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Chapter 2 

Soil and water availability characterization at the study site 

 

1. Introduction 

Forecasting models predict that the Mediterranean basin will be 

characterized by an increase in the frequency and severity of drought events, 

raising concerns for resource management in agriculture (Masson-Delmotte et al. 

2021). In grapevine (Vitis vinifera L. sub. vinifera), these conditions cause 

damage from excessive heat, solar radiation and water stress to plant growth and 

physiological processes with negative effects on grape yield and quality 

(Bernardo et al. 2018). Given recent and future climatic adversities, studies are 

increasing on plant tolerance to water stress to define and apply sustainable 

management of crops and resources, to maintain the rainfed management of 

vineyards in Italy, especially in the PDO (Protected Designations of Origin) 

region. To plan precise and efficient vineyard management, it is essential to know 

the physical properties of the soil which influence the hydraulic properties and 

therefore the water availability for the plants. Furthermore, there is spatial 

variability in the soil even at the farm scale which influences grapes9 quality, the 

potential wines, and thus applicable viticultural practices (Bonfante et al. 2014). 

For this reason, in recent decades, the micro-zonation of vineyards has become a 

good practice for precision agriculture to achieve the right balance among the use 

of resources, agricultural yield and quality of production. Soil spatial variability 

evaluation can be estimated through non-invasive methods such as electrical 

conductivity measurements using electromagnetic induction sensors. These 

instruments generate an electromagnetic field from a transmitting coil that passes 

through the soil and is then intercepted by the receiving coil, with an output 

voltage that is related to the soil9s apparent electrical conductivity. The secondary 

field amplitude will differ from the primary field due to soil characteristics (clay 
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content, water content and salinity) (Hendrickx and Kachanoski, 2002). For a 

more accurate investigation, these mobile instruments are equipped with GPS 

sensors (Global Positioning System) georeferencing the data to have a site-

specific characterization through the Geographic Information System, GIS 

(Corwin and Lesch, 2005a). To evaluate the distribution of water in the soil at 

different depths, it is possible to apply different methods to measure the soil water 

content (SWC, percentage of water in a given volume of soil). In particular, the 

most used methodologies are based on thermogravimetric methods, or the 

dielectric properties of the soil (Gardner et al. 2000). In the first case, to measure 

gravimetrically soil water content, the wet samples are weighed before and after 

drying (Bittelli, 2011). Detection techniques based on dielectric permittivity 

involve the use, for example, of TDR (Time Domain Reflectometry) sensors. 

TDR probes use the travel time of a reflected wave of electrical energy along a 

transmission line based on the principle of soil electrical permittivity. The travel 

time is influenced by the water content in the soil. Furthermore, the use TDR 

probes allows both automation and the possibility of continuously monitoring the 

water content in the soil through measurements that can be carried out at intervals 

of up to 5 minutes (Gardner et al. 2000).  

To characterize the soil of the study site, a geophysical-pedological approach 

was used to evaluate water availability for the vines. TDR probes were installed 

at different depths. Indirect method measurements were also applied to obtain a 

characterization of the SWC at multiple depth levels compared to TDR probes. 

 

2. Materials and methods 

2.1. Plant material and study site 

The experimental trials of the PhD project were conducted in a commercial 

vineyard located in Guardia Sanframondi, BN, Campania, Southern Italy, at La 



33 

 

Guardiense farm (lat: 41.229231 lon: 14.592362, 84 m a.s.l.), over three years: 

2021, 2022 and 2023. 

The experimental field was in the Intermontana plain system, subsystem 

TET, soil unit TAS1 (soil series Taverna Starze; Terribile et al. 1996) on a Typic 

Calciustolls (P72) with a sandy loam texture and presence of anthropic material 

along the profile (Figure 1). The principal horizons are an Ap horizon (0-20 cm) 

with a developed sub-angular polyhedral structure, common rock fragments, and 

the presence of fine and medium roots, and a sub-superficial Bw horizon (from 

20 to 70+) which differs from the surface horizon for the consistency of the 

aggregates which are moderately developed. Small iron-manganese concretions 

can be found along the soil profile. 

 

Figure 1. Representative soil of the experimental site. 

 

Vines of Vitis vinifera L. sub vinifera 8Falanghina9 are grafted on 157- 11 

Couderc (Vitis berlandieri x Vitis riparia) rootstock. Vines, planted in 2010, are 

spaced by about 2.3 × 1.2 m (≈ 3600 vines ha-1), and have E-W row orientation. 

The training system is double guyot, with about 20 buds per plant (72000 buds 

ha-1). A plot of 200 m2, including 6 rows (70 plants per row), was identified in 
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the vineyard. The rows were divided into 4 experimental theses (1 row for 

treatment and 2 drift rows). The treatments were set by combining two factors: 

the presence or absence of basalt dust application and rainfed/irrigated water 

regimes. The trials were: NDR (No Dust distribution-Rainfed), NDI (No Dust 

distribution-Irrigated), DR (Dust distribution-Rainfed), and DI (Dust 

distribution-Irrigated (Figure 2). 

 

Figure 2. Experimental site and design at Guardia Sanframondi (BN), Southern Italy 
with four treatments:  NDR (No Dust distribution-Rainfed), NDI (No Dust distribution-
Irrigated), DR (Dust distribution-Rainfed), and DI (Dust distribution-Irrigated) 

 

The particles of the dust had a diameter of less than 30µm. The basalt dust 

(Tecno beton, Giugliano in Campania, Naples, Italy) was dissolved in water (5% 

w/v; 5 Kg/100 L-1 water) and sprayed directly on the canopy with a shoulder 

sprayer pump (GeoTech SP 300 4T, Bruna, Perugia, Italy), equipped with three 

flat spray nozzles, operating at a pressure of 25 bar. During the experimental 

trials, the dust was distributed for a total of 7 treatments/season, always 

maintaining the same degree of leaf coverage, (from 24/05 to 08/09 in 2021; from 

18/05 to 14/08 in 2022; from 19/06 to 12/09 in 2023) from flowering to post-

veraison in the years 2021-2023, with additional distribution in case of leaching 

due to precipitation events. Two rows of vines were managed as rainfed, while 

two rows were irrigated to reintegrate water lost by evapotranspiration. The water 

volume for irrigation was calculated by: 
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ETc= ET0*Kc  

where ETc was crop evapotranspiration, Kc indicated the crop coefficient, 

ET0 (reference evapotranspiration) was estimated by the Penman-Montheith 

method (Allen et al. 1998), using data and estimation model from the AgriSense 

loT Monitoring System (Netsens s.r.l., Calenzano - FI, Italy). Kc was estimated 

according to the plant type and growth. The volumes of water were calculated by 

subtracting the precipitation recorded through a meteorological station (ref. 

paragraph 2.3) from the estimated ETc.  

 

2.2. Pedological survey. 

A combined geophysical–pedological approach was used to manage the soil 

spatial variability on the selected vineyard and identify the experimental plots. 

Soil survey (soil profiles and auger-drilling) was supported by geophysical 

survey techniques.  

In this case study, the apparent soil electric conductivity (Eca; Corwin and 

Lesh, 2005b), was carried out by electromagnetometer (Profiler EMP-400; 

Codevintec Italiana Srl, Milano, Italy) both vertical (VDM) and horizontal dipole 

mode (HDM), in two depths (1.6m for VDM and 0.76m for HDM). The data 

recorded was georeferenced on a GPS-supplied data logger. Data post-processing 

was performed in SAGA software (https://saga-gis.sourceforge.io/). These 

vertical (VDM)  and horizontal (HDM) ECa maps were used as baseline data for 

a pedological survey based on soil auger-drilling and soil profile description and 

to address the definition of field trial plots. 

 

2.3. Meteorological data and SWC 

Daily meteorological information (temperature, precipitation, wind, solar 

radiation) was collected through the Netsens AgriSens IoT weather station 

(www.netsens.com) installed at the experimental site. To analyze the state of 

https://saga-gis.sourceforge.io/
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water in the soil and the distribution of water, three TDR probes (TDR-310H) 

were installed at three different depths (-15, -35, -55 cm), for three treatments, 

DI, DR, and NDR.   

In August 2023 (31/08/2023), SWC was also measured gravimetrically for 

DR and NDR, by taking soil samples between 12:00 and 14:00. Two samplings 

were carried out for each plot at different depths (-10, -20, -30, -40, -50, -60 cm). 

The samples were weighed to measure the fresh weight and then reweighed after 

oven dehydration (105°C) until stable weight. After estimating soil density and 

volume, SWC was calculated and compared to SWC measured with TDR probes.  

 

3. Results and discussion 

During the experiment, geophysical surveys and monitoring of the SWC 

were carried out using TDR probes to characterize the study area to better 

understand the plants water use behaviour. The results of the geophysical survey 

were used to identify a zone, in the selected vineyard, in which the expected soil 

spatial variability showed by ECa was the lowest (Figure 3). 

 

Figure 3. The geophysical survey was realized in the selected vineyard. In figure <a= the 
recorded points of measurement are reported while in figure <b= the spatialization of 
HDM ECa was measured at 10KHz. 

 

The observation of data recorded through TDR probes in the three years of 

the experiment showed differences in the dynamics of water through the soil 

profiles at the NDR, DR and DI positions. As an example, Figure 4 shows the 
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SWC values detected at the three depths of -15, -35, and -55 cm, in the period 

16/09/2021-30/09/21, after two rainfall events on 17/09 and 19/09 of 50.2 and 

10.8 mm, respectively. The SWC at -15 cm depth of NDR probe showed lower 

values than DR and DI, with maximum values of 26.4% recorded on 20/09 which 

remains constant over time. Furthermore, for the DR probes, the values after 10 

days of drought decreased by 4% from an initial value of 35.2 %, while DI had 

initial and final values of 36.4% and 34.4%, respectively. At -35cm the treatments 

showed the same trend with values at 20/09 of 23.1% of NDR, 42 and 40.8% of 

DR and DI. Also, at a depth of -55 cm, DR had the highest SWC with initial 

values of 52.3 % and final values of 44.6%. NDR had initial and final SWC 

values of 42.2 and 35% respectively.  

The geophysical results confirmed a homogeneity among the rows and, 

therefore, the lower SWC values for NDR compared to DR and DI could be due 

to plant behaviour, especially at -15 and -35 cm, where fine and medium roots 

were present. This behaviour may be related to dust applications on the leaves. It 

has been reported that plants treated with dust have lower transpiration than 

untreated ones, thus preserving the good water status of the plants (Boari et al. 

2015). Furthermore, during the monitoring period, the NDR kept the SWC 

constant in the top 35 cm. Probably the lower availability of water had led to a 

strong stomatal control of evaporative losses to save water and maintain constant 

leaf water potential (LWP) with an isohydric behaviour (Bucci et al. 2005). 
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Figure 4. Soil water content  (SWC) was measured with the dielectric method, with TDR 
probes, in three treatments: NDR (No Dust distribution-Rainfed, 4A), DR (Dust 
distribution-Rainfed, 4B) and DI (Dust distribution-Irrigated, 4C). 
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The graph in Figure 5 shows the values measured by the probes and the SWC 

calculated from the soil samples through the direct method on 30/08/2023. The 

measurements were carried out after a rainfall of 19 mm, which occurred in the 

previous days. As shown in the graph, they are completely overlapping in the 

range of depth included between 25 and 45 cm, whereas slight differences were 

observed in the soil between 15 and 25 cm (9%) and below 45 cm (4.24%). 

 

Figure 5. Comparison between soil water content values measured on 30/08/2023 with 
the dielectric method through TDR probes and gravimetric methods (GM). NDR (No 
Dust Rainfed). 

 

Conclusion 

The study area characterization through a geophysical-pedological approach, 

identified an area in which the spatial variability of the ECa was low, thus 

allowing excluding interference of the different soil properties on the effects of 

dust distribution and irrigation regime. The SWC data collected by the TDR 

probes helped us to evaluate the different water availability and vines9 water use. 

The investigations on the soil characteristics and properties are the basis for 

interpreting the data relating to the vegetative-productive performances and the 

physiological aspects of the plants monitored during the entire experiment and 
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for evaluating the effect of the basalt dust and irrigation management with a 

multi-level approach. 
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Chapter 3 

The combined effect of basalt dust foliar distribution and water 
availability on morpho-physiological traits and yield of 
8Falanghina9 grapevine in Southern Italy 

 

1. Introduction 

Grapevine cultivation has socioeconomic importance throughout the world 

(OIV, 2021). In areas such as the southern Mediterranean, the effects of climate 

change are causing damage to both vegetative growth and production, with 

reductions in fruit yield and grape quality (Moutinho-Pereira et al. 2004). 

Furthermore, the vine is usually grown in rainfed conditions, especially in the 

production areas of PDO (Protected Designation of Origin) wines, as required by 

the production specifications. Rising temperatures and drought stress are leading 

to more and more difficulties in maintaining high yields and quality levels as well 

as production stability over the years (Schultz, 2000; Jones et al. 2005; OIV, 

2021). The effects of environmental stresses vary based on their intensity and 

duration and the phenological phase in which they act (Greer, 2010; Duchêne et 

al. 2010). Plants grown under conditions of water stress, from flowering to berry 

ripening, have reduced vegetative growth, and limited photosynthesis with 

damage to fertility, such as flower abortion and bunch abscission (Malhotra, 

2017; Düring, 1985). Moreover, the lower canopy density determines higher 

exposure of leaves to solar radiation which favours stomatal conductance and 

photosynthesis, but at the same time increases water demand (Archer and Strauss 

1990). As well, the exposure of bunches to more and more intense sunlight 

increases the risk of sunburn and related damage (Gutiérrez -Gamboa et al. 2021). 

In recent years, there has been an increased interest in the development and 

adoption of viticultural practices to mitigate the negative effects of climate 

change, also including the application of formulations of natural and mineral 

origin to improve plant growth and physiological performance reducing risks to 
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human health (Cirillo et al. 2021; Glenn and Puterka 2010; Gutiérrez -Gamboa 

et al. 2021). Particle films for example, with mineral origin, can create a 

protective film on leaves and bunches reducing the damage of sunburns or 

excessive heat, and modulating physiological and metabolic processes (Frioni et 

al. 2019a, 2019b; De Micco et al. 2024). The most used particle films in 

viticulture are kaolin, zeolite, and calcite. In the past, these compounds were used 

for pest control or as fertilizers, to improve both soil fertility and structure (Glenn 

and Puterka, 2005; Gilkes and Prakongkep, 2016). More recently, their use has 

increased also for their role in the mitigation of the negative effects of 

environmental stresses on the yield and quality of fruits (Brillante et al. 2016; 

Attia et al., 2014; Cataldo et al. 2022). Indeed, recent studies have shown that the 

use of these dusts, distributed directly on the canopy, can have several effects on 

the plant, creating a protective film on the organs. One of the first effects is the 

decrease in the temperature of the leaves and grapes (Petoumenou, 2023; 

Valentini et al. 2022). The decrease in leaf temperature can have positive effects 

on the physiology of the plant because, when leaf temperature increases and 

radiation becomes excessive, phenomena such as photoinhibition can occur. This 

defence mechanism occurs when the photosystems are damaged or when the 

repair processes of the photosystems themselves are inactivated (Murata et al. 

2007). Photoinhibition is recorded above all when the efficiency of the 

photosystems decreases, i.e. when the maximal photochemical efficiency 

(Fv/Fm) decreases. Furthermore, high temperatures have effects on several 

aspects of photosynthesis and the use of dust can avoid the damage. Cataldo et 

al., 2022 observed on 8Sauvignon Blanc9 that the presence of particle film 

decreased the leaf temperature in hot and dry seasons, improving the net 

photosynthesis rate (Pn) with the same values of stomatal conductance (gs) and 

transpiration (E), improving the intrinsic water use efficiency (WUEi calculated 

as Pn/gs). The dust-induced limitation in water losses also allows for to 

maintenance of higher leaf and stem water potential values compared to untreated 

plants (Dinis et al. 2018). In recent years, the interest in the use of other mineral 
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particle films has been increasing such as basalt dusts. This mineral dust has been 

used as a soil fertilizer for its positive effects on plant nutrition, increasing the 

levels of phosphorus, potassium, calcium, and magnesium available in the soil 

(Conceição et al. 2022; Silva et al. 2012). Furthermore, basalt with a grain size 

of less than 5 mm is defined as quarry waste and can be used in agriculture 

(Mokhatar et al. 2023). Oppon et al. (2023) have also defined basalt dust as a 

good substitute for industrial fertilizers as it has a minimal impact on energy 

inputs for its production and the environment. Some studies evaluated the effects 

of basalt dust, distributed with foliar applications, on the growth of plants and the 

quality of the production of horticultural species such as pepper (Rouz et al., 

2020). 

In this chapter, the results of an experimental trial are reported to highlight 

the effects of basalt dusts on Vitis vinifera subsp. L. subsp. vinifera 8Falanghina9 

vines, grown in southern Italy under two different conditions of water 

availability. The impact of basal dust was evaluated on plant physiological 

performance, yield and grape quality to understand whether the foliar distribution 

of basalt dusts can mitigate the negative effects of water stress. 

 

2. Materials and methods 

2.1 Study site, experimental design, and meteorological data. 

The study was conducted in a commercial vineyard, in the Sannio wine 

district (lat: 41.229231 lon: 14.592362, 84 m a.s.l.), at <La Guardiense= farm in 

Guardia Sanframondi (Benevento, Campania Region, Southern-Italy) over three 

years from 2021 to 2023. The plants of Vitis vinifera L. sub vinifera 8Falanghina9 

are grafted on 157- 11 Couderc (Vitis berlandieri x Vitis riparia) rootstock. Vines, 

planted in 2010, are spaced by about 2.3 × 1.2 m (≈ 3600 vines ha-1), and have 

E-W row orientation. The training system is double guyot, with about 20 buds 

per plant. The soil is classified as Typic Calciustolls (P72) with a sandy loam 
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texture, the presence of anthropic material along the profile, coals, and signs of 

surface compaction due to the passage of agricultural machinery. Details on the 

soil features are reported in Chapter 2.  Over the three years, 4 treatments were 

applied, by combining two factors: foliar distribution of basalt dust (two levels, 

namely presence/absence) and water regime (two levels, namely 

rainfed/irrigated). More specifically, four rows were selected in an area 

characterised by low variability in terms of soil traits and vine morphology (also 

ref. to Chapter 2) to apply the 4 treatments: No Dust distribution-Rainfed (NDR), 

No Dust distribution-Irrigated (NDI), Dust distribution-Rainfed (DR), and Dust 

distribution-Irrigated (DI). The particles of the basalt dust (Tecno beton, 

Giugliano in Campania, Naples, Italy) had a diameter of less than 30µm and 

contained silicon and aluminium oxides, oxides of potassium, iron, calcium, 

magnesium, and sodium (Table 1). 
Table 1. The chemical composition of the basalt dust applied as foliar distribution 

 Chemical composition of 
the basal dust 

% 

Silicon oxide (SiO2) 49 

Aluminium oxide (Al2O3) 20.5 

Potassium oxide (K2O) 8 

Iron oxide (Fe2O3) 7.5 

Calcium oxide (CaO) 7.2 

Magnesium oxide (MgO) 2.8 

Sodium oxide (Na2O) 2.5 

Minor components 2.5 
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The dust was sprayed by dissolving the basalt dust in water (5% w/v; 5 

Kg/100 L water). After preliminary tests with 3%, 5% and 7% basal dust 

concentration, the suspension at 5% was selected because it granted the most 

homogeneous dust distribution on the canopy, avoiding leaching. The mixture 

was sprayed directly on the canopy with a shoulder sprayer pump (GeoTech SP 

300 4T, Bruna, Perugia, Italy), equipped with three flat spray nozzles, operating 

at a pressure of 25 bar. During the experimental trials, the dust was distributed 

for a total of 7 treatments/season, always maintaining the same degree of leaf 

coverage, (from 24/05 to 08/09 in 2021; from 18/05 to 14/08 in 2022; from 

19/06to 12/09 in 2023) from flowering to post-veraison in the years 2021-2023, 

with additional distribution in case of leaching due to precipitation events in the 

period. Figure 1 shows the experimental area with the six adjacent rows selected, 

including two rows to avoid dust drift phenomena. 

Figure 1. Study area and experimental design. DI (Dust distribution-Irrigated), DR 
(Dust distribution-Rainfed), NDI (No Dust distribution-Irrigated), NDR (No Dust 
distribution-Rainfed) 

 

Two rows of vines were managed as rainfed, while two rows were irrigated 

to reintegrate water lost by evapotranspiration. The water volume for irrigation 

was calculated as: 

ETc= ET0*Kc 
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where Kc indicates the crop coefficient, ET0 was estimated by the Penman-

Montheith method (Allen et al. 1998), using data and estimation model from the 

AgriSense loT Monitoring System (https://live.netsens.it/). Kc was estimated 

considering the stage of plant growth. The volumes of water were calculated by 

applying the above equation and subtracting the precipitation recorded through 

a meteorological station installed at the experimental site (Netsens AgriSens 

IoT weather station (www.netsens.com) and recording daily meteorological 

information (temperature, precipitation, wind, solar radiation, etc.).   

 

2.2 Growth analysis 

Growth was monitored on 20 vines per treatment in the main phenological 

phases (flowering, fruit set, veraison, and ripening) in the years 2021-2023. Per 

each plant, 2 shoots were selected, and the following parameters were measured: 

leaf area, number of leaves, and shoot length. To minimize the number of leaves 

to be sampled for the leaf area measurement, an allometric estimation model was 

applied, using a linear regression. The equations were calculated based on the 

measurement of width and area of 20 leaves per treatment by image analysis 

using the ImageJ software (https://wsr.imagej.net) following Caccavello et al. 

(2017).  

 

2.3 Leaf water potential, leaf gas exchange and chlorophyll a fluorescence 

emission 

The ecophysiological parameters were evaluated over three years, in the four 

main phenological phases, on two leaves from ten plants per treatment. The 

leaves were selected as healthy, completely expanded, well-exposed, and with 

the same position within the canopy. Gas exchanges were performed between 

12.00 and 14.00 via a portable IRGA system (LCA4, ADC Bioscientific Ltd, 

Hoddesdon, United Kingdom), equipped with a 6.25 cm2 leaf chamber (PLC2). 

The measured parameters included: net photosynthetic rate (Pn), stomatal 

conductance (gs), transpiration (E), and WUE calculated as the ratio Pn/E. On 

http://www.netsens.com/
https://wsr.imagej.net/
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the same leaves, at the veraison phases, the chlorophyll <a= fluorescence emission 

measurement was measured using a portable fluorometer (plant stress kit, Opti-

Sciences, Hudson, NH, USA). The minimum fluorescence yield of the dark-

adapted state (F0) was induced in the leaves by a weak light beam of 

approximately 3 µmol (photon) m–2 s21 on the darkened leaves for 30 min. A 

saturation light pulse of 7,000 µmol (photon) m–2 s–1 was delivered to the samples 

to measure the maximum fluorescence yield of the dark-adapted (Fm) and light-

adapted (Fmꞌ) states. The maximum photochemical efficiency of PSII was 

calculated as reported in Kitajima and Butler (1975): (Fv/Fm) = (Fm – F0)/Fm, 

where Fv represents the fluorescence variable and was calculated as Fm – F0. 

The parameters measured were the maximum quantum yield of PSII 

photochemistry (Fv/Fm), the electron transport quantum yield of PSII (ΦPSII), 

the electron transport rate (ETR) and non-photochemical quenching (NPQ).  The 

Leaf Water Potential (ΨMD) was measured on 15 expanded (1 per plant) leaves at 

12.00 am using a Scholander pressure chamber (3005-series portable plant water 

status console, Soil Moisture Equipment Corp., Santa Barbara, CA, USA) in the 

four phenological phases, using the technique in according with Scholander et 

al., (1965) using the precautions proposed by Turner and Long (1980). 

 

2.4 Fertility, yield, and grape quality 

Real fertility, potential fertility, and bud break rate were quantified on 20 

plants per treatment, by counting the number of buds, number of shoots, and 

number of bunches. Potential fertility and real fertility were calculated as the 

bunch number per number of shoots and as the bunch number per number of 

buds, respectively. The bud break rate was estimated as the number of shoots per 

number of buds. At the harvest phase, all the bunches produced by 20 plants per 

treatment were collected. For each plant, the number of bunches and their weight 

were recorded to quantify total yield per vine. The Soluble Solids Content (SSC) 

was determined by refractometric analysis (HI96801 digital refractometer, 

HANNA Instruments Italia Srl, Padua) on unfiltered juice of 15 berries per 6 
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vines per treatment (European Union [EU], 1990) and expressed in °Brix. The 

juice obtained by squeezing the berries from each vine was diluted 1:1 in distilled 

water and used to measure the pH and the TA (titratable acidity using a digital 

pH meter (CLB22, Crison Instruments, Alella, Barcelona, Spain). For TA 

determination, the diluted juice was titrated with a 0.1 M NaOH solution up to 

pH 7 and the titratable acidity was expressed as g L-1 of tartaric acid equivalent 

(OIV, 2015). 

 

2.5 Leaf and must mineral composition 

During growing seasons, in the veraison phase, six fully expanded leaves 

were sampled per treatment. Dry leaf tissues were finely ground with a mill (IKA, 

MF10.1, Staufen, Germany). For the evaluation of leaf and must mineral 

composition in terms of cations (Na, NH4, K, Mg and Ca), anions (NO3, SO4, 

PO4 and Cl), and organic acids (malate, tartrate, citrate and isocitrate), 250 mg of 

dried material were suspended in 50 mL of ultrapure water (Milli-Q, Merk 

Millipore, Darmstadt, Germany), while 1 mg of must was diluted in ultrapure 

water with a 1:10 dilution and subjected to stirring for 10 minutes in a water bath 

(ShakeTemp SW22, Julabo, Seelbach, Germany) at 80°C. Anions and cations 

were quantified by ion chromatography system equipped with a conductivity 

detector (ICP 3000 Dionex, Thermo Fisher Scientific Inc., MA, United States), 

following Zhifeng and Chengguang (1994). 

 

2.6 Statistical analysis 

All data were analysed with the SPSS 29 statistical software (SPSS Inc., 

Chicago, IL, USA). The data were analysed by three-way and four-way analysis 

of variance (ANOVA), considering the dust treatment (DT), water regime (WR), 

phenological phase (Pp) and year (Y) as the main factors. Whenever the 

interactions were significant, a one-way ANOVA was performed. Multiple 

comparison tests were performed with Duncan9s coefficient using p<0.05 as the 
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level of probability. The normality was previously checked through the Shapiro–

Wilk test. 

 

3 Results 

3.1 Meteorological data 

Considering the whole period from April to October, the following mean 

temperature and cumulative precipitation were registered: 21.13°C and 375.9 

mm in 2021, 21.75°C and 555.9 mm in 2022, and 21.43 and 551.9 mm in 2023 

indicating that the year 2021 was drier than the successive years. Moreover, the 

periods of drought occurred in different periods in different years (Figure 2). 

More specifically, in 2021, a drought condition started in July and became more 

severe in August, corresponding to vine phenological phases of fruit set and 

veraison. Precipitation during the flowering and fruit ripening phases was enough 

to avoid water deficit conditions. In 2022, the drought conditions occurred in July 

and October, thus during fruit set and post-harvest (Figure 2B). In particular, the 

cumulative rainfall during ripening in September (233.4 mm) was much higher 

compared to the previous (65.8 mm) and following (5.7 mm) year. 

In 2023, the drought period lasted from July to September, thus during the 

fruit set, veraison and ripening phases. However, the cumulative precipitation in 

the months April-June was much higher compared to the previous years.  
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Figure 2. Walter and Lieth diagrams showing mean temperature and monthly cumulative 
precipitation from April 1st to October 31st for the years 2021 (A), 2022 (B) and 2023 
(C).  
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A focus on the main meteorological parameters (mean temperature, Tmean; 

maximum temperature, Tmax; minimum temperature, Tmin; and cumulative 

precipitation, CP) recorded in 7 days before the measurement of the eco-

physiological parameters in the veraison phase per each of the three years is 

reported in Table 2. Data indicated that the conditions in 2022 were the most 

stressful, while in 2023 the conditions were the most favourable, with 2021 

presenting intermediate conditions. 

Table 2. Meteorological conditions occurring in the week preceding the measurement of 
eco-physiological parameters in the veraison phases. 

3.2 Growth analysis 

Growth parameters in terms of total leaf area (TLA), number of leaves (NL), 

and shoot length (SL) of vines subjected to the four treatments in the three years 

are reported in Table 3 as the average of the four phenological phases. The main 

effect of the dust treatment (DT) was significant for TLA and SL with values 

significantly higher in vines not treated compared to the treated ones for both 

parameters. Water regime (WR) did not show a significant main effect on any of 

the analysed parameters. The main effect of year (Y) was significant for all 

parameters. TLA and NL were significantly higher in 2023 compared to the 

previous years, while SL was significantly lower in 2021 compared to the 

following years. 

For the SL parameter, none of the interactions were significant, for the 

number of leaves only the DT × WR interaction was significant, and finally for 

Year 

Data of eco-
physiological 
measurement 

Weather 

data 

interval 

Tmean Tmax Tmin CP 

   °C °C °C mm 

2021 27 July 21-27/07 27.6 38.2 18.8 0 

2022 21 July 15-21/07 28.4 39.3 16.7 0 

2023 22 August 16-22/08 27.4 39.1 18.8 2 
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the TLA parameter, all analysed interactions were significant but not for Y × WR 

× DT. 

Table 3. Effects of Dust Treatment (DT), Water Regime (WR), Year (Y) and their 
interaction on Total Leaf Area (TLA), Number of Leaves (NL), and Shoot Length (SL) of 
V. vinifera subsp. vinifera 8Falanghina9 vines during the three years. Mean values, 
standard errors and significance are shown. Different letters within the column indicate 
significant differences according to Duncan9s multiple-range test (P ≤ 0.05). 

 
TLA NL SL 

 
cm2 shoot-1 n shoot-1 cm 

Dust Treatment (DT) 
   

NO DUST 1741±37.6 a 10.98±0.20 a 107.5±2.46 a 

DUST 1362±29.7 b 10.57±0.19 a 93.97±2.35 b 
    

Water Regime (WR) 
   

RAINFED 1564±36.7 a 10.79±0.20 a 102.9±2.49 a 

IRRIGATED 1539±32.7 a 10.77±0.20 a 98.64±2.34 a 
    

Year (Y) 
   

2021 1443±32.0 b 10.01±0.13 b 65.25±2.24 b 

2022 1469±41.2 b 10.42±0.26 b 124.1±2.31 a 

2023 1970±59.7 a 13.23±0.35 a 129.4±3.71 a 

    

Significance    

DT *** NS *** 

WR NS NS NS 

Y *** *** *** 

YxDT * NS NS 

DTxWR * * NS 

YxWR * NS NS 

YxWRxDT NS NS NS 
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NS, *, **, and ***, Not significant or significant at p < 0.05, 0.01, and 0.001, 
respectively. Different letters within each column indicate significant differences 
according to Duncan9s multiple comparison tests (p ≤0.05). 

 

The growth dynamics in terms of TLA of the vines subjected to the four 

treatments during the different phenological phases, as the average of the three 

years, are shown in Figure 3. The NDR vines showed higher values of TLA than 

NDI which in turn showed higher values than DR and DI vines from flowering 

to fruit set. The NDR showed a reduction in TLA after fruit set compared to 

irrigated vines (NDI and DI) which resulted in no significant differences among 

the three treatments in veraison and ripening. DR showed significantly lower 

values in veraison compared to all the other treatments, while in the fruit ripening 

phase, no significant differences were found among all treatments.  

 

Figure 3. Growth trends in main phenological phases (flowering, fruit-set, veraison and 
ripening) for all the years per each treatment: NDR (No Dust distribution-Rainfed), NDI 
(No Dust distribution-Irrigated), DR (Dust distribution-Rainfed) and DI (Dust 
distribution-Irrigated). Mean values and standard errors are shown. Different letters 
indicate significant differences among treatments according to Duncan9s multiple 
comparison tests (p ≤0.05). 
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3.3 Leaf water potential, leaf gas exchange and chlorophyll a fluorescence 
emission 

Pn (net photosynthetic rate), E (transpiration rate), gs (stomatal 

conductance), LWP (Leaf Water Potential), and Tleaf (leaf temperature) were 

measured in the three years(Table 4). 

The DT and WR main effects were significant for all parameters except for 

gs. The dust distribution decreased E, Tleaf and Pn, keeping the LWP values 

higher compared with the absence of dust. Irrigation decreased E and Tleaf, 

increasing LPW and Pn compared to the rainfed regime. The effect of Y and Pp 

was significant for all parameters. The highest values were recorded in 2023 for 

all eco-physiological parameters and the lowest in 2021. In 2022, however, the 

values were intermediate between 2021 and 2023, with the only exception of Pn 

and Tleaf which showed values similar to 2021. Pn showed higher values during 

the flowering phases and lower in the ripening stage. E and gs were higher in the 

fruit-set and veraison than other phases. The highest Tleaf was collected in fruit-

set phase.  For Pn all the interactions were significant except for Y × WR, WR × 

Pp and WR × Y × Pp. E was significant for all interactions except for Y × WR 

and Y × WR × DT. The interactions DT × WR, DT × Pp, WR × Pp, Y × Pp, DR 

× Y × Pp and WR × Y × Pp were significant for gs. For LWP no significant 

interactions were Y × DT, DT × WR, WR × Pp, Y × WR × DT and DT × WR × 

Pp × Y. 
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Table 4. Main effects of Dust treatment (DT), Water Regime (WR), Phenological phase 
(Pp) and Year (Y) on net photosynthetic rate (Pn), transpiration rate (E), stomatal 
conductance (gs), midday Leaf Water Potential (LWP) and Leaf Temperature (Tleaf). 
Mean values, standard errors, and significance of main factors and interactions are 
shown. 

 Pn E gs LWP Tleaf 

 µmol m-2s-1 mol (H2O) m-2s-1 

mmol (H2O) 

m-2s-1 MPa °C 

Dust 

Treatment 

(DT)      

NO DUST 10.85±0.15 a 7.02±0.11 a 0.203±0.01 a 1.64±0.03 b 40.8±0.17 a 

DUST 10.31±0.17 b 5.71±0.11 b 0.203±0.01 a 1.53±0.03 a 38.3±0.20 b 

      

Water Regime 

(WR)     

RAINFED 10.27±0.16 b 6.65±0.12 a 0.20±0.01 a 1.66±0.03 b 40.4±0.18 a 

IRRIGATED 10.89±0.16 a 6.11±0.11 b 0.21±0.01 a 1.51±0.03 a 38.9±0.20 b 

      

Year (Y)      

2021 9.95±0.14 b 5.62±0.14 c 0.18±0.01 c 1.64±0.04 b 38.4±0.24 b 

2022 9.91±0.21 b 6.35±0.16 b 0.21±0.01 b 1.77±0.02 c 38.7±0.23 b 

2023 11.62±0.21 a 7.02±0.12 a 0.22±0.01 a 1.13±0.02 a 41.4±0.19 a 

      

Phenological 

phase (Pp)     

Flowering 12.17±0.39 a 5.62±0.19 b 0.21±0.01 b 1.57±0.02 b 37.5±0.25 c 

Fruit-set 11.42±0.17 b 7.34±0.10 a 0.22±0.01 ab 1.29±0.03 a 42.0±0.13 a 

Veraison 11.22±0.19 b 7.53±0.13 a 0.23±0.01 a 1.62±0.04 b 40.2±0.29 b 

Ripening 8.34±0.18 c 4.34±0.13 c 0.15±0.01 c 1.75±0.03 c 37.0±0.22 c 

      

Significance      

DT * *** NS *** *** 

WR ** *** NS *** *** 

Y *** *** *** *** *** 

Pp *** *** *** *** *** 

YxDT ** * NS NS *** 

DTxWR ** *** * NS *** 

DTxPp *** *** *** *** *** 

YxWR NS NS NS *** *** 

WRxPp NS *** * NS *** 
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NS, *, **, and ***, Not significant or significant at p < 0.05, 0.01, and 0.001, 
respectively. Different letters within each column indicate significant differences 
according to Duncan9s multiple comparison tests (p ≤0.05). 

 

Considering the interaction of DT × WR, in the veraison phase in 2021 

(Figure 4),  Pn (Figure 4A) was higher in the irrigated treatments than DR. gs 

(Figure 4B) was significantly lower in DI compared to all the other treatments. 

As regards E (Figure 4C), the plants treated with the dust showed lower values 

than untreated, especially for DI which showed the minimum value. NDR plants, 

on the other hand, showed higher transpiration. The highest WUE (Pn/E) was 

recorded for the DI treatment, while the lowest value was recorded in plants of 

the NDR treatment. NDI and DR, however, had similar values (Figure 4D). 

YxPp *** *** *** *** *** 

YxWRxDT ** NS NS NS *** 

DTxYxPp *** *** * *** *** 

WRxYxPp NS *** *** * *** 

DTxWRxPpxY *** *** NS NS *** 
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Figure 4. Pn (4A), gs (4B), E (4C), WUE (4D; Pn/E) measured in veraison phase in 2021 
in the vines subjected to the four treatments: NDR (No Dust distribution-Raninfed); NDI 
(No Dust distribution-Irrigated); DR (Dust distribution-Rainfed); DI (Dust distribution-
Irrigated); Mean values and standard errors are shown. Different letters indicate 
significant differences among treatments according to Duncan9s multiple comparison 
tests (p ≤0.05). 
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different among treatments. WUE was greater for DI compared to the other 

treatments. 

 

Figure 5. Pn (5A), gs (5B), E (5C), WUE (5D; Pn/E) measured in veraison phase in 2022 
in the vines subjected to the four treatments: NDR (No Dust distribution-Raninfed); NDI 
(No Dust distribution-Irrigated); DR (Dust distribution-Rainfed); DI (Dust distribution-
Irrigated); Mean values and standard errors are shown. Different letters indicate 
significant differences among treatments according to Duncan9s multiple comparison 
tests (p ≤0.05). 
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In 2023 (Figure 6) Pn was highest in DI while lowest in DR (Figure 6A), 

while gs did not present significant differences (Figure 6B). The presence of dust 

significantly decreased E (Figure 6C) and DI had the highest WUE among 

treatments (Figure 6E). 

 

Figure 6. Pn (6A), gs (6B), E (6C), WUE (6D;Pn/E) measured in veraison phase in 2023 
in the vines subjected to the four treatments: NDR (No Dust distribution-Raninfed); NDI 
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(No Dust distribution-Irrigated); DR (Dust distribution-Rainfed); DI (Dust distribution-
Irrigated); Mean values and standard errors are shown. Different letters indicate 
significant differences among treatments according to Duncan9s multiple comparison 
tests (p ≤0.05). 

The LWP were measured in the vines of the four treatments over the three 

years in the veraison phase (Figure 7). Vines showed the lowest values of LWP 

in the year 2022 (2.09 as the average value of the four treatments), while the less 

negative values were recorded in 2023 (1.13 as the average value of the four 

treatments), with vines in 2022 showing intermediate values (1.42 as the average 

value of the four treatments). In the 2021 and 2023 seasons, plants treated with 

dust and under the irrigation regime (DI) showed a higher LWP than NDI and 

DR which showed significantly higher values than NDR. In the driest season, 

2022, there were no significant differences among the treatments. 

 

Figure 7. Midday Leaf Water Potential was measured in veraison phases, in 2021, 2022 
and 2023, in the vines subjected to the four treatments: NDR (No Dust distribution-
Raninfed); NDI (No Dust distribution-Irrigated); DR (Dust distribution-Rainfed); DI 
(Dust distribution-Irrigated). Mean values and standard errors are shown. Uppercase 
letters indicate significant differences in the three years within the treatments. Lowercase 
letters indicate significant differences among treatments within the year according to 
Duncan9s multiple comparison tests (p ≤0.05) 
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A focus on the main parameters of chlorophyll fluorescence a emission 

(ФPSII, ETR, Fv/Fm and NPQ measured in the veraison phase is shown in Table 

5. DT and WR did not show a significant main effect on any of the analysed 

parameters. Furthermore, the Y factor influenced all the parameters measured. 

The ΦPSII was significantly higher in 2022 and 2023 than in 2021. ETR and 

NPQ were higher in 2021 compared to 2022 and 2023, while Fv/Fm was higher 

in 2022 compared to the other years.  The interactions among factors were not 

significant for any analysed parameters. 

Table 5. Main effects of the Dust Treatment (DT), Water Regime (WR) and Year (Y) on 
ФPSII (actual photochemical efficiency of PSII), ETR(electron transport rate, Fv/Fm 
(maximum photochemical efficiency of PSII) and NPQ (nonphotochemical 
quenching)measured in veraison phases. Mean values, standard errors, and significance 
of main factors and interactions are shown.  

  ΦPSII ETR Fv/Fm NPQ 

      
Dust Treatment (DT)    
NO DUST 0.35±0.01 a 152±4.83 a 0.72±0.01 a 2.48±0.17 a 

DUST 0.34±0.01 a 142±4.32 a 0.72±0.01 a 2.64±0.16 a 
     

Water Regime (WR)    
RAINFED 0.35±0.01 a 148±4.59 a 0.72±0.01 a 2.49±0.17 a 

IRRIGATED 0.34±0.01 a 145±4.59 a 0.73±0.01 a 2.64±0.17 a 
     

Year (Y)     
2021 0.26±0.01 b 172±3.9 a 0.71±0.01 b 3.47±0.17 a 

2022 0.41±0.02 a 144±7.25 b 0.75±0.01 a 1.49±0.08 c 

2023 0.39±0.01 a 126±4.03 c 0.71±0.01 b 2.87±0.28 b 
     

Significance     
DT NS NS NS NS 

WR NS NS NS NS 

Y *** *** *** *** 

DT*WR NS NS NS NS 

Y*DT NS NS NS NS 

Y*WR NS NS NS NS 

Y*WR*D NS NS NS NS 
NS, *, **, and ***, Not significant or significant at p < 0.05, 0.01, and 0.001, 
respectively. Different letters within each column indicate significant differences 
according to Duncan9s multiple comparison tests (p ≤0.05). 
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3.4 Fertility, yield, and grape quality 

Potential fertility, real fertility, and bud break were calculated in three years 

(Table 6). The main factor DT had a significant influence on all parameters. The 

Dust distribution treatments decreased all the analysed parameters. The WR did 

not induce significant differences. Potential fertility was significantly higher in 

2021 than in 2023 with 2022 showing intermediate values. Real fertility was not 

significantly influenced by the year. Finally, bud break was significantly higher 

in 2021 than in 2022 which in turn showed significantly higher values than in 

2023. For potential fertility and bud break the interactions Y × WR were 

significant while Y × DT was significant for all parameters. 

Table 6. Main effects of Dust distribution treatment (DT), Water Regime (WR) and Year 
(Y) on Potential fertility, Real fertility, and Bud break. Mean values, standard errors, 
and significance of main factors and interactions are shown. 

  

Potential 

fertility 

Real 

fertility 

Bud 

break 

Dust Treatment (DT)    
NO DUST 0.95±0.02 a 1.3±0.03 a 0.73±0.01 a 

DUST 0.7±0.02 b 1.05±0.03 b 0.66±0.01 b 
    

Water Regime (WR)   
RAINFED 0.84±0.03 a 1.22±0.03 a 0.69±0.01 a 

IRRIGATED 0.81±0.03 a 1.14±0.03 a 0.7±0.01 a 
    

Year (Y)    
2021 0.87±0.03 a 1.15±0.03 a 0.75±0.01 a 

2022 0.82±0.03 ab 1.19±0.03 a 0.68±0.01 b 

2023 0.76±0.04 b 1.22±0.05 a 0.62±0.01 c 
    

Significance    
DT *** *** *** 

WR NS NS NS 

Y *** NS *** 

YxDT *** *** *** 

DTxWR NS NS NS 

YxWR * NS *** 

YxWRxD NS NS NS 
NS, *, **, and ***, Not significant or significant at p < 0.05, 0.01, and 0.001, 
respectively. Different letters within each column indicate significant differences 
according to Duncan9s multiple comparison tests (p ≤0.05). 



65 

The number of bunches per plant, the yield per plant and bunches weight 

were calculated (Table 7).  The main factors DT, WR and Y significantly 

influenced all parameters. The distribution of dust significantly decreased the 

number of bunches, the yield and the bunch9s weight. The rainfed conditions 

increased significantly the number of bunches. In 2023 all parameters showed 

the lowest values. For all measured parameters, all interactions were not 

significant except for Y × DT and Y × WR for potential fertility and bud break. 

Table 7. Main effects of Dust distribution treatment (DT), Water Regime (WR) and Year 
(Y) on the number of bunches, yield and bunches weight. Mean values and significance 
of main factors interactions are shown. 

  

Number of 
bunches 

Yield Bunches 
weight 

  n plant-1 g g 

Dust Treatment (DT)    
NO DUST 21.62±0.71 a 4776±243 a 210.5±6.10 a 

DUST 19.89±0.60 b 3599±125 b 188.4±5.48 b 
    

Water Regime (WR)    
RAINFED 21.73±0.63 a 4376±211 a 196.2±6.00 a 

IRRIGATED 19.80±0.69 b 4015±190 a 202.8±5.78 a 
    

Year (Y)    
2021 22.5±0.81 a 3991±147 b 184.1±5.61 b 

2022 21.97±0.82 a 5784±300 a 256.0±5.86 a 

2023 17.82±0.70 b 2810±130 c 159.2±5.12 c 
    

Significance    
DT * *** *** 

WR * *** *** 

Y *** *** *** 

YxDT ** *** * 

DTxWR NS NS NS 

YxWR NS NS NS 

YxWRxD NS NS NS 
NS, *, **, and ***, Not significant or significant at p < 0.05, 0.01, and 0.001, 
respectively. Different letters within each column indicate significant differences 
according to Duncan9s multiple comparison tests (p ≤0.05). 

 



66 

The main production quality parameters (SSC, AT and pH) were quantified 

in each season (Table 8). The main factor DT influenced AT which was 

significantly lower in vines treated with dust compared to not-treated ones. The 

WR caused significant differences, significantly decreasing SSC values under 

irrigated conditions compared to rainfed. Y influenced SSC and pH parameters, 

which recorded the highest values in 2023. For SSC and pH no interactions were 

significant while for AT only Y × WR × DT was significant.  

Table 8. Main effects of Dust distribution treatment (DT), Water Regime (WR) and Year 
(Y) on soluble solid content (SSC), titrable acidity (AT) and pH of the grapes. Mean 
values, standard error, and significance of main factors and interactions are shown. 

  SSC AT pH 
  Brix° g L-1  

Dust Treatment (DT)    
NO DUST 22.9±0.35 a 7.70±0.15 a 3.25±0.03 a 
DUST 22.5±0.13 a 7.18±0.16 b 3.23±0.03 a 

    
Water Regime (WR)    
RAINFED 23.2±0.14 a 7.31±0.14 a 3.26±0.04 a 
IRRIGATED 22.2±0.35 b 7.57±0.18 a 3.21±0.03 a 

    
Year (Y)    
2021 19.9±0.12 c 7.61±0.27 a 3.27±0.03 b 
2022 21.5±0.44 b 7.21±0.16 a 3.03±0.02 c 
2023 25.8±0.07 a 7.51±0.13 a 3.43±0.02 a 

    
Significance    
DT NS * NS 
WR *** NS NS 
Y *** NS *** 
YxDT NS NS NS 
DTxWR NS NS NS 
YxWR NS NS NS 
YxWRxD NS * NS 
NS, *, **, and ***, Not significant or significant at p < 0.05, 0.01, and 0.001, 
respectively. Different letters within each column indicate significant differences 
according to Duncan9s multiple comparison tests (p ≤0.05). 

At the harvest time in 2021 and 2023, the same trends of variation in SSC 

were found with NDI in 2021 showing the lowest value. In 2022 there were no 
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significant differences among the treatments. In 2023, NDR showed the highest 

value (Figure 8). 

 

Figure 8. Soluble Solid Content (SSC) measured in three years 2021, 2022 and 2023 in 
the vines subjected to the four treatments: NDR (No Dust distribution-Raninfed); NDI 
(No Dust distribution-Irrigated); DR (Dust distribution-Rainfed); DI (Dust distribution-
Irrigated); Mean values and standard errors are shown. Different letters indicate 
significant differences among treatments according to Duncan9s multiple comparison 
tests (p ≤0.05). 

 

Finally, considering the ratio between LA and yield (Figure 9), the 
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Figure 9. LA/yield index measured in three years 2021, 2022 and 2023 in the vines 
subjected to the four treatments: NDR (No Dust distribution-Raninfed); NDI (No Dust 
distribution-Irrigated); DR (Dust distribution-Rainfed); DI (Dust distribution-
Irrigated); Mean values and standard errors are shown. Different letters indicate 
significant differences within treatments according to Duncan9s multiple comparison 
tests (p ≤0.05). 

3.5 Leaf and must mineral composition 

As regards the mineral composition of the leaf (Table 9), the main factor DT 

influenced only SO4- which was significantly lower in not-treated vines 

compared to treated ones. WR had significant effects only on Cl--whose values 

were significantly lower in irrigated conditions compared to rainfed vines. Y 

influenced all parameters except for K+ and PO4-. Na+ and Cl- were higher in 

2021 than in the other years while Mg2+ was highest in 2022. For Na+, K+, Mg2+ 

and Ca2+ no interaction was significant. For Cl- only WR × Y was significant 

while for SO4- and PO4-, DT × Y was significant. 
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Table 9. Main effects of Dust distribution treatment (DT), Water Regime (WR) and Year 
(Y) on Na, K, Mg, Ca, Cl, SO4 and PO4 content in the leaves sampled in the harvest 
phase. Mean values, standard errors, and significance of main factors and interactions 
are shown. 

 Na+ K+ Mg2+ Ca2+ Cl-- SO4- PO4- 

 g kg-1 d.m. g kg-1 d.m. g kg-1 d.m. g kg-1 d.m. g kg-1 d.m. g kg-1 d.m. g kg-1 d.m. 

Dust Treatment (DT)       

NO DUST 0.31±0.09 a 8.53±0.29 a 1.75±0.10 a 12.4±1.11 a 0.40±0.05 a 0.61±0.08 b 2.20±0.31 a 

DUST 0.26±0.06 a 8.91±0.42 a 1.72±0.11 a 12.0±1.14 a 0.49±0.05 a 1.22±0.16 a 2.48±0.44 a 

        

Water Regime (WR)       

RAINFED 0.31±0.07 a 8.73±0.29 a 1.8±0.11 a 12.1±1.08 a 0.54±0.06 a 0.87±0.14 a 1.99±0.20 a 

IRRIGATED 0.26±0.08 a 8.71±0.43 a 1.67±0.10 a 12.2±1.17 a 0.35±0.02 b 0.96±0.14 a 2.69±0.48 a 

        

Year (Y)        

2021 0.59±0.12 a 8.75±0.60 a 1.39±0.05 c 7.00±0.44 c 0.62±0.08 a 1.10±0.20 b 2.24±0.36 a 

2022 0.16±0.01 b 9.13±0.40 a 2.15±0.12 a 12.0±0.73 b 0.30±0.01 b 1.06±0.19 ab 2.56±0.55a 

2023 0.11±0.01 b 8.27±0.26 a 1.67±0.10 b 17.4±0.54 a 0.42±0.03 b 0.59±0.09 a 2.23±0.48 a 

        

Significance        

DT NS NS NS NS NS *** NS 

WR NS NS NS NS *** NS NS 

Y *** NS *** *** *** * NS 

DTxWR NS NS NS NS NS NS NS 

DTxY NS NS NS NS NS ** *** 

WRxY NS NS NS NS *** NS NS 

DTxWRxY NS NS NS NS NS NS NS 

NS, *, **, and ***, Not significant or significant at p < 0.05, 0.01, and 0.001, 
respectively. Different letters within each column indicate significant differences 
according to Duncan9s multiple comparison tests (p ≤0.05). 

 

The content of the main organic acids in the leaf is shown in Table 10. The 

effect of DT was significant for citrate and isocitrate which were significantly 

higher in not-treated vines than treated ones. The main factor WR did not 

influence any of the parameters. Y significantly affected all parameters. Malate, 

Oxalate and Isocitrate were significantly higher in 2023 than in the other years. 

The DT x WR interaction was significant for malate and tartrate content while 



70 

DT × Y was also for oxalate. WR × Y did not affect any parameters except for 

oxalate. 

 

Table10. Main effects of Dust distribution treatment (DT), Water Regime (WR) and 
Year (Y) on Malate, Tartrate, Oxalate, Citrate and Isocitrate content in the leaves 
sampled in the harvest phase. Mean values, standard errors, and significance of main 
factors and interactions are shown. 

 Malate Tartrate Oxalate Citrate Isocitrate 

 g kg-1 d.m. g kg-1 d.m. g kg-1 d.m. g kg-1 d.m. g kg-1 d.m. 

Dust Treatment (DT)     

NO DUST 34.4±2.04 a 51.0±2.28 a 0.41±0.05 a 2.52±0.12 a 0.53±0.03 a 

DUST 32.6±2.42 a 50.9±1.24 a 0.44±0.05 a 1.91±0.12 b 0.48±0.04 b 

      
Water Regime (WR)     
RAINFED 35.5±2.47 a 49.9±1.73 a 0.41±0.04 a 2.26±0.14 a 0.49±0.03 a 

IRRIGATED 31.67±1.9 a 52.0±1.9 a 0.45±0.05 a 2.17±0.14 a 0.52±0.04 a 

      
Year (Y)      
2021 25.1±2.40 c 46.2±2.28 b 0.36±0.04 b 1.89±0.21 b 0.43±0.04 b 

2022 34.5±1.92 b 55.2±1.71 a 0.29±0.03 b 2.6±0.14 a 0.46±0.03 b 

2023 41.1±1.48 a 51.4±1.95 ab 0.63±0.04 a 2.16±0.09 ab 0.62±0.03 a 

      
Significance      
DT NS NS NS *** NS 

WR NS NS NS NS NS 

Y *** *** *** *** *** 

DTxWR * * NS NS NS 

DTxY * * * NS NS 

WRxY NS NS * NS NS 

DTxWRxY NS NS NS NS NS 

NS, *, **, and ***, Not significant or significant at p < 0.05, 0.01, and 0.001, 
respectively. Different letters within each column indicate significant differences 
according to Duncan9s multiple comparison tests (p ≤0.05). 

 

Regarding the mineral content of themust (Table 11), the main factor DT 

influenced the content of Mg2+ and Ca2+ which were significantly higher in vines 

treated with dusts compared to not-treated ones. WR did not influence any 
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parameters while Y affected all cations and anions measured. K+, Mg2+ and PO4- 

showed the lowest values in 2021. Na+, K+ and PO4- presented WR × Y as the 

only significant interaction while for Ca2+ and SO4- only DT × Y was significant. 

Table 11. Main effects of Dust distribution treatment (DT), Water Regime (WR) and Year 
(Y) on Na, K, Mg, Ca, Cl, SO4 and PO4 content in the musts. Mean values, standard 
errors, and significance of main factors and interactions are shown. 

 Na+ K+ Mg2+ Ca2+ SO4- PO4- 

 g kg-1 d.m. g kg-1 d.m. g kg-1 d.m. g kg-1 d.m. g kg-1 d.m. g kg-1 d.m. 

Dust Treatment (DT)     

NO DUST 16.3±2.81 a 1778±81.9 a 79.2±2.98 b 86.5±5.68 b 43.6±4.62 a 195±14.7 a 

DUST 19.8±3.79 a 1751±58.8 a 85.7±2.28 a 96.7±3.57 a 43.7±4.84 a 207±16.9 a 
       

Water Regime (WR)     

RAINFED 21.4±4.47 a 1787±67.8 a 81.7±2.58 a 90.3±5.22 a 43.8±4.61 a 197±16.3 a 

IRRIGATED 14.8±1.44 a 1741±71.9 a 83.6±2.85 a 93.4±4.29 a 43.5±4.89 a 206±15.8 a 
       

Year (Y)       

2021 30.6±5.42 a 1445±39.1 c 72.5±3.68 b 82.6±4.71 b 36.2±3.71 b 154±7.61 b 

2022 9.06±1.39 b 1823±55.9 b 86.1±2.26 a 87.5±6.58 b 66.2±3.54 a 232±20.4 a 

2023 14.8±0.61 b 2025±49.1 a 89.3±1.24 a 105±3.83 a 28.6±2.52 b 218±20.3 a 
       

Significance      

DT NS NS *** * NS NS 

WR NS NS NS NS NS NS 

Y *** *** *** *** *** *** 

DTxWR NS NS NS NS NS NS 

DTxY NS NS * * NS NS 

WRxY * * NS NS NS * 

DTxWRxY NS NS NS NS NS NS 

NS, *, **, and ***, Not significant or significant at p < 0.05, 0.01, and 0.001, 
respectively. Different letters within each column indicate significant differences 
according to Duncan9s multiple comparison tests (p ≤0.05). 

 

In the musts, the organic acids content was also characterized and is reported 

in Table 12. The main factors DT and WR did not significantly affect any 

parameters, while Y influenced all parameters except malate content. In 2023, the 

content of tartrate and isocitrate was higher than in the other years, while for 
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citrate the content was significantly higher in 2022 compared to the other years. 

The interactions of the DT × WR and DT × Y factors influenced the tartrate 

content, while WR × Y affected citrate and isocitrate content. 

Table 12. Main effects of Dust distribution treatment (DT), Water Regime (WR) and Year 
(Y) on Malate, Tartrate, Oxalate, Citrate and Isocitrate content in the musts. Mean 
values, standard errors, and significance of main factors and interactions are shown. 

 Malate Tartrate Citrate Isocitrate 

 g kg-1 d.m. g kg-1 d.m. g kg-1 d.m. g kg-1 d.m. 

Dust Treatment (DT)    

NO DUST 2940±127 a 6181±156 a 402±18.3 a 75.3±4.61 a 

DUST 2692±108 a 6092±126 a 368±17.2 a 71.9±3.78 a 
 

    

Water Regime (WR) 
   

RAINFED 2699±89.8 a 6191±135 a 390±13.8 a 76.9±4.06 a 

IRRIGATED 2920±141 a 6078±145 a 378±21.6 a 70.2±4.17 a 
 

    

Year (Y) 
    

2021 2639±148 a 5556±104 c 310±15.6 c 64.9±4.07 b 

2022 2970±185 a 6162±97.7 b 451±17.5 a 64.1±3.82 b 

2023 2819±82.4 a 6684±119 a 391±8.44 b 91.6±2.37 a 
     

Significance     

DT NS NS NS NS 

WR NS NS NS NS 

Y NS *** *** *** 

DTxWR NS * NS NS 

DTxY NS *** NS NS 

WRxY NS NS * * 

DTxWRxY NS NS NS NS 

NS, *, **, and ***, Not significant or significant at p < 0.05, 0.01, and 0.001, 
respectively. Different letters within each column indicate significant differences 
according to Duncan9s multiple comparison tests (p ≤0.05). 

4 Discussion 

Climate change in the Mediterranean area represents a serious risk for 

grapevine cultivation. In many PDO production areas, the use of irrigation is not 

allowed. For this reason, it is important to study the effects of practices that can 
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mitigate drought stress by limiting the use of irrigation. The objective of this 

study was to understand whether the use of basalt dust can mitigate the negative 

effects of water stress. Indeed, previous studies in which other particle films have 

been applied to other grapevine cultivars have highlighted that the vines9 

responses depend on the water status of the plants (Attia et al. 2014; De Micco et 

al. 2024). In this experiment, the basalt dust distribution caused a reduction in 

vegetative growth especially in rainfed conditions. These results agree with 

findings from other authors who applied kaolin, such as in Syrah plants grown in 

South-Turkey  (Kamiloglu and Sakaroglu, 2022) and on pistachio cv. <Ohadi in 

which this effect was amplified when coupled with a low level of irrigation (Azizi 

et al. 2013).Probably the lower vegetative development in Falanghina vines, 

observed as lower leaf area and shoot length in the treated plants, may be due to 

a lower leaf temperature due to the presence of dust. The dust treatment factor 

decreased leaf temperature in agreement with other recent studies both on 

grapevine and other crops such as Citrus sinensis (Brillante et al. 2016; Bernardi 

et al. 2023). A cooling effect on the buds causes a delay in the bud break date and 

a lower development of the shoot development and leaf area (Keller and Tarara, 

2010). Furthermore, also the effect of climatic conditions influenced the response 

of vines to basalt dust in terms of vegetative growth differently. In particular, the 

reduced incidence of precipitation occurring in 2021 and 2022 in the pre-

flowering and flowering phases (May/June) compared to 2023 may have been 

responsible for a limitation in vegetative growth as confirmed by lower canopy 

development in terms of leaf number and area. Water stress in this period is 

reported to limit the expansion of the canopy (Hernandez-Santana et al. 2017). 

The periods of stress occurred at different times, influencing differently the 

vegetative-productive performance and the eco-physiological processes of the 

plants. During the veraison phase, the treated plants reached different levels of 

leaf water potential, a parameter highly correlated with the soil and the water 

status of the plants (Williams and Araujo, 2002). The presence of basalt dust 

combined with irrigated conditions (DI) determined an increase in leaf water 
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potential values in 2021 and 2023, compared to the NDR treatment that can be 

considered the <control= corresponding to the typical cultivation management of 

the farm. The NDI and DR treatments, however, presented similar behaviour and 

intermediate values between NDR and DI, suggesting that in the absence of 

irrigation, the dust distribution has a sort of compensatory effect allowing to 

maintenance of higher LWP compared to the control condition. The presence of 

particle films is reported to increase leaf water potential under conditions of 

irrigation (Glenn et al., 2010). Irrigation and dust improved LWP in 2021 and 

2023 likely due to the stomata closure as confirmed by reduced transpiration thus 

limiting water losses and avoiding water stress (Hall and Schulze, 1980). In the 

2021 and 2023 veraison phase, the DI treatment was characterized by good levels 

of photosynthesis and lower levels of transpiration and stomatal conductance 

compared to the other treatments, thus leading to the highest WUE. In 2021, NDI 

and DR treatments had a similar behaviour with WUE values lower than the DI, 

but higher than the NDR. Whatever the climatic conditions, in the three years the 

DI vines showed higher WUE compared to the other treatments, with less marked 

differences when the environmental conditions were more stressful (i.e. in 2022). 

Many studies support that particle film treatments improved WUE (Frioni et al., 

2019a; Glenn et al. 2010), decreasing transpiration for only irrigation treatments 

(Poni et al. 2009). In 2022, when the environmental conditions were more 

limiting, vines subjected to the different treatments presented similar levels of 

water status, as represented by the LWP. The DI treatment once again reported 

the best WUE levels, due to higher values of net photosynthesis rate compared to 

the other treatments which also reported comparable E, gs and WUE values. In 

photosystem efficiency terms, the main factors showed Fv/Fm values comparable 

to non-stressed plants. Dinis et al., (2018), measured values between 0.75 and 

0.82 in 'Chardonnay' and 'Touriga Nacional' in plants grown in no water stress 

conditions. The distribution of basalt dust did not influence the main fluorescence 

parameters, probably because the dust did not have such a strong shading effect 
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as to influence these parameters. Wu et al., (2018) have demonstrated that 

shading greater than 45% significantly affects eco-physiological parameters.  

The cooling effect of the dust could explain the decrease in fertility and bud 

break rate. Keller et al., (2010) found on 'Cabernet Sauvignon' that high bud 

temperatures (~40°C) caused an increase in both vegetative growth and fertility. 

High temperatures could increase the size of the berries with a consequent 

increase in the weight of the bunches and the yield per plant (Buttrose, 1969; 

Keller et al. 2010). This behaviour in fact could explain the lower production 

parameters (both in terms of numbers of bunches and the yield) of plants treated 

with dust. However, the reduction in yield did not influence the accumulation of 

SSC in the berries, while for those produced by irrigated plants, the decrease in 

SSC may have been caused by a dilution effect of the soluble solids contained in 

the berries (Orts et al. 2005). Furthermore, the dust distribution significantly 

influenced the titrable acidity (AT), but not the SSC content. The presence of dust 

reduced the concentration of some organic acids, thus increasing the maturation 

index (SSC/AT), and improving the ripening of the fruits.  

The yield was correlated to the leaf area per plant. The results demonstrated 

that the best vegetative-productive performance is given by the combination of 

foliar treatments with basalt dust distribution and irrigation for the 2021 and 2023 

years, in which the climatic conditions during the veraison phase were more 

favourable than in 2022, but during ripening were drier. In 2023, conditions of 

strong water stress occurred during the ripening phase, in fact, the main 

quantitative production parameters suffered a strong decrease compared to other 

years. Under these conditions, DI had a better vegetative-productive performance 

among the treatments. Furthermore, the mineral composition of the leaves 

suggests that dust treatments increase SO4- content compared to untreated leaves. 

High sulfur contents are commonly found in young leaves, while during 

maturation up to senescence, the content decreases (Anderson, 2005; Dubousset 

et al. 2009). Probably the leaves of the untreated plants, which had higher Tleaf 
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and more negative LWP, underwent more severe water and heat stress than the 

treated ones, likely inducing early senescence (Degu et al. 2021), also confirmed 

by the high citrate content (Griesser et al. 2015). The plants in rainfed conditions 

showed a higher value of Cl- in the leaves, suggesting a mechanism of rapid 

recovery and maintenance of cell turgor accumulating inorganic ions in the 

vacuole (Shabala et al., 2000). Finally, the highest Ca2+ content in musts was 

found in plants treated with dust.  Etchebarne et al. (2009) found the same 

behaviour in plants grown under favourable water conditions. These conditions 

help the absorption and translocation of these elements within the organs of the 

plant and in the fruits during the post veraison phase. In the same musts the lower 

levels of citrate and isocitrate acids it may be due to the high Mg2+ content which 

binds to these free acids during maturation, transforming them into the 

corresponding more soluble salts (Morata and Loira, 2019).  

 

5 Conclusion 

The effects of basalt dust foliar distribution were evaluated on vegetative growth, 

ecophysiology and qualitative-quantitative parameters in three years 

characterized by different climatic conditions. The results obtained showed that 

basalt dust associated with irrigation conditions can have positive effects both on 

the water balance and on the use of water, always recording a greater WUE and 

a reduction in Tleaf and LWP. The dust distribution reduced the vegetative 

growth, but this behavior is balanced with the best performance related to 

productivity, without having effects on the quality of the fruit, indeed, the dusts 

have effects on the SSC and not on the TA improving the maturation index of the 

grapes. Finally, the DR treatment had similar behavior to the NDI plants. These 

results suggest that the use of basalt dust in the cultivation of 'Falanghina' can 

mitigate the negative effects of water stress. Replacing irrigation with foliar 
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treatments of basalt dust seems promising to maintain good levels of yield and 

quality. 
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Chapter 4 

 

The basalt dust deposition on leaves does not influence the 
measurement of ecophysiological traits in grapevine 

 

This chapter has been published as:  

Petracca, F., Arena, C., Cirillo, C., & De Micco, V. (2023). The 
basalt dust deposition on leaves does not influence the measurement 
of ecophysiological traits in grapevine. Photosynthetica, 61.  
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Chapter 5 

Leaf and wood anatomical responses to water stress in 
8Falanghina9 grapevine (Vitis vinifera sub. Vinifera) as mediated 
by basalt dust foliar distribution 

 

1. Introduction 

Climate change has a strong impact on grapevine growth and yield due to 

high temperatures and water scarcity (Cabral et al. 2022; Keller et al. 2016). 

Acclimation mechanisms to water stress and high light intensity are cultivar-

dependent and are influenced by the pedo-climatic conditions in which the vines 

grow (Damiano et al. 2022). Leaf and wood structures play a fundamental role in 

physiological responses to abiotic stress, thus promoting acclimation ability. 

Recent studies have investigated grapevine leaf and wood structure, evaluating 

the tissue arrangement and functional traits and their relationships, in response to 

water stress conditions (Lovisolo et al. 2010; Tombesi et al. 2014). In semi-arid 

conditions, hydraulic control is particularly important under periods of low water 

availability. Especially when drought periods are prolonged, there is a high risk 

of xylem embolism, which interrupt the water flow from the roots to the 

photosynthetic organs and in severe cases can be responsible for plant death 

(Brodersen et al. 2013). From the xylem point of view, a trade-off between 

efficiency and safety plays a fundamental role. Indeed, on the one hand, the 

increasing of vessel size improves hydraulic efficiency, on the other hand, it leads 

to a reduction in the capacity to resist cavitation events during periods of drought; 

on the opposite the smaller the vessels, the greater the resistance to cavitation  

(Pockman and Sperry 2000, Martínez-Vilalta et al. 2002, Gleason et al. 2016). 

Plants implement abiotic stress adaptations by modifying the structure and 

functionality of various organs. One of the earliest mechanisms to prevent vessel 
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cavitation under conditions of limited water availability and high potential 

transpiration is stomatal closure (Jones and Sutherland, 1991). Leaf structure has 

a crucial role in the regulation of aqueous or fluid exchanges towards the external 

environment. In conditions of severe stress, a more well-timed regulation of 

stomata can be useful to limit water losses by transpiration, avoiding dehydration 

(Henry et al. 2019). Furthermore, the speed of regulation is closely related to 

stomata size and density (Lawson and Blatt 2014). Other adaptations also 

concern the tissue arrangement within the leaf lamina. The lamina thickness, 

mesophyll density, and stomata size influence the plants' ability to save water 

(Nawaz et al. 2014; Zúñiga-Feest et al. 2019). Furthermore, the increase in the 

number and size of epidermal cells can help store water (Yavas et al. 2024). The 

leaf lamina structure in terms of thickness and density of the various tissues is 

important for the diffusion of CO2 within the mesophyll in its path from the 

stomatal openings to the carboxylation sites (Patakas et al. 2003). In recent years, 

understanding the morpho-structural adaptations of grapevine plants has gained 

an increased interest in the scientific community, leading to a rising number of 

studies on these aspects. A deeper knowledge of grapevine behaviour under water 

stress is also essential to better support growers in sustainable vineyard 

management. Nowadays, given climate change, especially where irrigation is 

limited in terms of governance or water availability, the interest in the application 

of cultivation techniques aiming at improving plant9s acclimation ability has 

grown. Among other possibilities, the use of particle film, such as reflective dust, 

has been considered as a tool to counteract different abiotic and biotic stresses in 

grapevine. Kaolin, zeolite, calcite, and basalt dust are inert minerals that can be 

distributed on leaves creating a cover film. Recent studies have shown that the 

use of these particle films could mitigate the negative effects of water stress on 

plant physiological behaviour, decreasing leaf temperature (Brillante et al. 2016; 

Frioni et al. 2019; Cataldo et al. 2022) and transpiration (Cao et al. 2023) and 

improving water use efficiency (Cataldo et al. 2022; Dinis et al. 2018). However, 

few studies have investigated the effects of particle films on plant anatomical 
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traits which can modulate the eco-physiological responses. To understand 

whether particle film deposition can lead to changes in the wood and leaf 

anatomy, a study has been conducted on Falanghina grapevine grown in southern 

Italy, where a combination of basalt dust treatments and two irrigation regimes 

was applied.  

 

2. Materials and methods 

2.1. Study site and sampling 

The experimental trial was performed in a commercial vineyard of Vitis 

vinifera L. sub vinifera 8Falanghina9, in the Sannio wine district (lat: 41.229231 

lon: 14.592362, 84 m a.s.l.), at <La Guardiense= farm in Guardia Sanframondi 

(Benevento, Campania Region, Southern-Italy). Details on the plant material, 

cultivation management, pedo-climatic conditions, and soil features are reported 

in Chapter 2 and Chapter 3. In brief, 4 treatments were applied, in three years 

(from 2021 to 2023), by combining two factors: foliar distribution of basalt dust 

(two levels, namely presence/absence) and water regime (two levels, namely 

rainfed/irrigated): No Dust distribution-Rainfed (NDR), No Dust distribution-

Irrigated (NDI), Dust distribution-Rainfed (DR), and Dust distribution-Irrigated 

(DI). The sampling of plant material for anatomical analyses was conducted in 

2021 and 2022. Considering the climatic conditions of the period from April to 

October, in 2021 the temperature and cumulative precipitation were 21.13°C and 

375.9 mm, while in 2022 they were 21.75°C and 555.9 mm, respectively.  

The leaf samples, 1 fully expanded leaf from 6 plants per treatment was 

collected, standardizing the position within the canopy and the exposure, in the 

ripening phenological phase (10/09/2021 and 14/09/2022). Sampled leaves were 

immediately stored in FAA (40% formaldehyde, glacial acetic acid, 50% ethanol, 

5:5:90 by volume). The core wood samples were collected from 12 vines per 

treatment in January 2023 to guarantee the complete formation of the 2022 wood 

ring. The sampling on the trunk was conducted using a Pressler increment borer, 
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on 12 plants/treatment, standardizing the sampling point at 30 cm from the 

grafting point. 

 

2.2. Leaf anatomy 

Sampled leaves, stored in FAA, were dissected to quantify stomatal traits and 

to obtain semi-thin sections for the characterization of lamina tissues. For the 

analysis of stomata traits, the leaf samples were bleached in acetone for 48 h, 

rinsed and mounted on a glass slide with distilled water. Three regions from each 

leaf were observed under an epi-fluorescence microscope (BX51, Olympus, 

Hamburg, Germany) equipped with a mercury lamp, band-pass filter of 3303385 

nm, a dichromatic mirror of 400 nm and above, and a barrier filter of 420 nm and 

above, to highlight and detect stomata whose pore borders appear 

autofluorescent. The number of stomata was measured directly under the 

microscope by counting stomata in 6 leaves/treatments, in 4 fields per 3 leaf 

regions (12 field/leaf) at 40x magnification. Stomata frequency (SF) was 

calculated by counting the number of stomata and expressed as the number of 

stomata per mm2. The size of stomata was quantified on digital images captured 

under the same microscope, at 20x magnification, using an EP50 camera 

(Olympus, Hamburg, Germany) and ImageJ software (Rasband, NIH). The 

following parameters were quantified in 15 stomata per leaf. : stomata guard cell 

length (GCL), guard cell width (GCW), pore length (PL), and stomata area (SA).  

For the characterization of the leaf lamina, 1 fully expanded leaf was sampled 

from 6 plants per treatment as reported above. Leaves were dissected, obtaining 

subsamples (7 mm × 7 mm) from the leaf median region and dehydrated in an 

ethanol series up to 95%. The subsamples were infiltrated and embedded in the 

acrylic resin JB4® (Polysciences, Germany). Cross-sections (5µm thick) of the 

lamina were cut with a rotary microtome. Then, sections were stained with 0.5% 

Toludine blue in water (Feder & O9Brien 1968), and then mounted with distilled 

water and observed under a light microscope (BX51, Hamburg, Olympus). 
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Images (one at 4x magnification including the main vein, and three at 10x 

magnification along the leaf lamina), were captured using an EP50 camera 

(Olympus) and were analysed with the software ImageJ software (Rasband, 

NIH). The following parameters were quantified: main vein thickness (including 

epidermis, collenchyma, and parenchyma in correspondence to the main vein, 

VT), main vein width (including epidermis, collenchyma, and parenchyma in 

correspondence to the main vein, VW), the thickness of the adaxial collenchyma 

(AdCT) and abaxial (AbCT) and, abaxial collenchyma width (AdCW) located in 

correspondence of the main vein (Figure 1). The ratio between collenchyma 

thickness and main vein thickness was calculated as ACT/VT in which 

ACT=AbCT+AdCT. 

 

Figure 1.  Parameters measured view on light microscopy  cross sections: main vein 
thickness (VT), main vein width (VW), thickness of the abaxial (AbCT) and adaxial 
collenchyma (AdCT), abaxial collenchyma width (AdCW) located in correspondence of 
the main vein. 

 

The lamina thickness (LT), palisade parenchyma thickness (PPT), and 

spongy parenchyma tissues (SPT), adaxial and abaxial epidermal thickness 

(AdET, AbET), were measured. 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/light-microscopy
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2.3. Wood anatomical traits 

The sampled cores were glued on channelled wood and semi-thin (15-20 m) 

cross sections were obtained through a sliding microtome (WSL Lab-microtome, 

Switzerland). The sections were observed under a light microscope (BX51 

Olympus). The wood rings were visually dated and digital images of the rings 

corresponding to the years from 2018 to 2022 were captured with a digital camera 

(EP50) and analyzed with the ImageJ software (Rasband, NIH). A separation 

between the rings formed before (<pre=, years 2018-2020) and after the 

treatments (<post=, years 2021-2022) was applied to exclude that possible 

differences in wood anatomy in vines subjected to the four treatments were 

already present before the application of the treatments due to natural spatial 

variability.  

For each ring, two fields were selected. For each field the following 

anatomical characteristics were quantified: ring width, vessel area (as vessel 

area/field area analyzed; VA, in%), ray area (as ray area/field area analyzed; RA, 

in%) and fiber area (as fiber area/field area analyzed; FA, in%), vessel frequency 

and vessel lumen area (single and total). Vessel frequency was calculated as the 

number of vessels per mm2 according to Wheeler et al., (2010). Considering the 

vessel9s lumen area, the vessels were divided into three groups: group A with a 

vessel lumen area between 1 and 500 µm2, group B with a vessel area between 

501 and 5000 µm2 and group C with a vessel area>5001 µm2. In the three groups, 

the following parameters were quantified: average of minimum vessel area of 

group A (VAMinA), average of mean vessel area of group A (VAMeanA), average 

of mean vessel area of group B (VAMeanB), average of mean vessel area of group 

C (VAMeanC), and average of maximum vessel area for group C (VAMax C). 

The potential hydraulic conductivity (Kh) was calculated as follows:  

Kh = (ρ × π × Σd4)/(128 × μ × Ar), 

where <ρ= is the density of water at 20 °C (998.2 kg m-3), <d= is the vessel 

lumen diameter, <μ= is the viscosity of water (1.002 × 1029 MPa s at 20 °C) and 
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<Ar= is the area imaged. For each field the vessel diameter (d) was measured. The 

hydraulic diameter (Dh) was calculated, according to Sperry et al. (1994), as 

follows:  

Dh= Σd5/ Σd4 

The vulnerability index (VI) was obtained through the ratio between the 

mean vessel lumen diameter and vessel frequency (Colangelo et al. 2017). 

 

2.4 Statistical analysis 

The experimental data were analyzed with the SPSS 29 statistical software 

(SPSS Inc., Chicago, IL, USA). The data were analyzed by three-way analysis of 

variance (ANOVA), considering Dust treatment (DT), Water regime (WR) and 

Year (Y) in leaf anatomy and Dust treatment (DT), Water regime (WR) and Pre-

post application treatments (PT, i.e. years 2018-2019-2020 as <pre= and years 

2021-2022 as <post=) in wood anatomical traits, as the main factors. Percentage 

data were transformed through the arcsine function before statistical analysis. 

Whenever the interactions were significant, a two-way or one-way ANOVA was 

performed. Multiple comparison tests were performed with Duncan9s coefficient 

using p<0.05 as the level of probability. 

 

3. Results 

3.1 Leaf anatomy 

The microscopy observations showed that none of the treatments caused any 

changes in the arrangement of leaf lamina tissues which were typical of a 

dorsiventral model (Figure 2).  
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Figure 2. Light (A-D) and epi-fluorescence (E-H) microscopy views of cross sections (A-
D) and (lamina surface (E-H) of leaves of Vitis vinifera sub. vinifera 8Falanghina9 plants 
grown under the four treatments: NDR (A,E; No Dust distribution-Rainfed); NDI (B,F; 
No Dust distribution-Irrigated), DR (C,G; Dust distribution-Rainfed) and DI (D,H; Dust 
distribution-Irrigated). The reference scale bar for A), B), C) and D) images is 100 µm 
(in A). The reference scale bar for images E), F), G) and H) is 50 µm (in E). 

 

A) B) 

C) D) 

E) F) 

G) H) 
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However, the quantification of anatomical traits indicated the occurrence of 

modifications after the dust and water regimes treatments. The data are shown in 

Table 1. The main factor Dust treatment (DT) affected only VT showing a 

significant decrease in the leaves with dust (-13.7%) compared to untreated 

leaves. Water regime (WR did not influence any of the parameters. In 2021 the 

AbCT was lower than in 2022. The interaction Y × D treatment also was 

significant for AbCT. Finally, the interaction Y×DT × WR was significant for VT, 

AdCT and AbCT. 

Table 1. Main Effects of Dust Treatment (DT), Water Regime (WR), Year (Y) and their 
interaction on leaf anatomical traits: primary Vein thickness (VT), primary Vein width 
(VW), Adaxial vein collenchyma thickness (AdCT), Abaxial vein collenchyma thickness 
(AbCT), Abaxial vein collenchyma width (AbCW) and ratio ACT/VT of V. vinifera subsp. 
vinifera 8Falanghina9 vines in the two years. Mean values, standard errors and 
significance are shown. Different letters within the column indicate significant 
differences according to Duncan9s multiple-range test (P ≤ 0.05). 

 VT VW AdCT AbCT AdCW ACT/LT 
 µm µm µm µm µm  

Dust Treatment (DT)     

NO DUST 1590±58.5 a 1261±60.5 a 179±8.69 a 86.0±1.57 a 394±20.9 a 0.17±0.01 a 

DUST 1372±50.7 b 1108±54.7 a 158±7.28 a 83.4±2.00 a 356±22.6 a 0.17±0.01 a 

       
Water Regime (WR)     
RAINFED 1493±47.8 a 1175±52.5 a 167±6.63 a 84.6±1.82 a 386±19.8 a 0.17±0.01 a 

IRRIGATED 1459±70.1 a 1188±67.1 a 170±9.78 a 84.7±1.85 a 362±24.4 a 0.18±0.01 a 

       
Year (Y)       
2021 1516 ±59.0 a 1213±57.8 a 172±8.26 a 81.2±1.88 b 372±21.1 a 0.17±0.004 a 

2022 1434±57.8 a 1147±60.9 a 165±8.27 a 88.1±1.65 a 377±23.3 a 0.18±0.005 a 

       
Significance       
DT ** NS NS NS NS NS 

WR NS NS NS NS NS NS 

Y NS NS NS *** NS NS 

Y*DT NS NS NS * NS NS 

Y*WR NS NS NS NS NS NS 

DT*WR NS NS NS NS NS NS 

Y*DT*WR * NS * *** NS NS 



99 

 

NS, *, **, and ***, Not significant or significant at p < 0.05, 0.01, and 0.001, 
respectively. Different letters within each column indicate significant differences 
according to Duncan9s multiple comparison tests (p ≤0.05). 

 

Vein thickness (VT) was higher in 2022 than in 2021 in NDR and NDI 

(Figure 3).  

 

Figure 3. Vein thickness (VT) measured in 2021 and 2022 in the leaves subjected to the 
four treatments: NDR (No Dust distribution-Rainfed); NDI (No Dust distribution-
Irrigated); DR (Dust distribution-Rainfed); DI (Dust distribution-Irrigated); Mean 
values and standard errors are shown. Upper case letters indicate differences among 
years within the same treatment, while lower case letters indicate significant differences 
among treatments within a year according to Duncan9s multiple comparison tests (p 
≤0.05). 
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Adaxial vein collenchyma thickness was greater in 2021 than in 2022 in 
NDR. In 2021 the AdCT was comparable among the treatments while in 2022 
no differences were found (Figure 4). 

 

Figure 4. Adaxial vein collenchyma thickness (AbCT) measured in 2021 and 2022 in the 
leaves subjected to the four treatments: NDR (No Dust distribution-Rainfed); NDI (No 
Dust distribution-Irrigated); DR (Dust distribution-Rainfed); DI (Dust distribution-
Irrigated); Mean values and standard errors are shown. Upper case letters indicate 
differences among years within the same treatment, while lower case letters indicate 
significant differences among treatments within a year according to Duncan9s multiple 
comparison tests (p ≤0.05). 
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Abaxial vein collenchyma thickness (AbCT) was comparable among the 
treatments and about year (Figure 5). 

 

 

Figure 5. Abaxial vein collenchyma thickness (AdCT) measured in 2021 and 2022 in the 
leaves subjected to the four treatments: NDR (No Dust distribution-Rainfed); NDI (No 
Dust distribution-Irrigated); DR (Dust distribution-Rainfed); DI (Dust distribution-
Irrigated); Mean values and standard errors are shown. Upper case letters indicate 
differences among years within the same treatment, while lower case letters indicate 
significant differences among treatments within year according to Duncan9s multiple 
comparison tests (p ≤0.05). 

 

Lamina thickness (LT), adaxial epidermal thickness (AdET), abaxial 

epidermal thickness (AbET), spongy parenchyma thickness (SPT) and palisade 

parenchyma thickness (PPT) are reported in Table 2. Leaves treated with Dust 

distribution showed significantly lower values for all parameters compared to 

not-treated plants. The irrigated conditions significantly increased LT and PPT. 

In 2021, the leaves analysed had greater LT and PPT but lower AdET and AbET. 

The interaction Year x Dust treatment was significant for LT, SPT and PPT. Year 
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Water Regime significantly influenced only SPT. Finally, the interaction Year x 

Dust Treatment x Water Regime was significant for LT and PPT. 

Table 2. Main Effects of Dust Treatment (DT), Water Regime (WR), Year (Y) and their 
interaction on leaf anatomical traits: Lamina thickness (LT), Adaxial epidermal 
thickness (AdET), Abaxial epidermal thickness (AbET), Spongy tissue thickness (SPT) 
and Palisade tissue thickness (PPT)of V. vinifera subsp. vinifera 8Falanghina9 vines in 
two years. Mean values, standard errors and significance are shown. Different letters 
within the column indicate significant differences according to Duncan9s multiple-range 
test (P ≤ 0.05). 

 
LT AdET AbET SPT PPT 

 µm µm µm µm µm 

Dust Treatment (DT)     

NO DUST 192.3±2.34 a 20.78±0.36 a 19.34±0.29 a 88.76±1.42 a 61.03±1.04 a 

DUST 169.2±1.57 b 18.82±0.33 b 16.45±0.26 b 78.54±1.22 b 54.15±0.66 b 

            
Water Regime (WR)     
RAINFED 177.5±2.12 b 19.57±0.31 a 17.66±0.23 a 82.80±1.27 a 55.51±0.87 b 

IRRIGATED 186.3±1.94 a 20.18±0.42 a 18.28±0.38 a 85.04±1.48 a 61.00±0.84 a       
      

Year (Y)      
2021 184.8±2.31 a 19.02±0.35 b 17.10±0.29 b 82.56±1.34 a 63.66±0.91 a 

2022 176.9±1.95 b 20.58±0.34 a 18.68±0.29 a 84.74±1.39 a 51.53±0.68 b       
Significance      
DT *** * *** *** *** 

WR *** NS NS NS *** 

Y ** *** *** NS *** 

Y*DT *** NS NS *** * 

Y*WR *** NS * *** * 

DT*WR NS NS NS * NS 

Y*DT*WR *** NS NS NS *** 
NS, *, **, and ***, Not significant or significant at p < 0.05, 0.01, and 0.001, 
respectively. Different letters within each column indicate significant differences 
according to Duncan9s multiple comparison tests (p ≤0.05). 
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Lamina thickness (LT) was greatest in 2021 for NDR, while DR had a 
minimum value. In 2022 the maximum value was observed in NDI and the 
minimum in NDR and DI (Figure 6). 

 

Figure 6. Lamina thickness (LT) measured in 2021 and 2022 in the leaves subjected to 
the four treatments: NDR (No Dust distribution-Rainfed); NDI (No Dust distribution-
Irrigated); DR (Dust distribution-Rainfed); DI (Dust distribution-Irrigated); Mean 
values and standard errors are shown. Upper case letters indicate differences among 
years within the same treatment, while lower case letters indicate significant differences 
among treatments within a year according to Duncan9s multiple comparison tests (p 
≤0.05). 
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In 2021, NDR showed the highest SPT while DR had the lowest value 
(Figure 7). In 2022, NDI and DR showed the same behaviour with significantly 
higher SPT than NDR and DI. 

 

Figure 7. Spongy tissue thickness (STT) measured in 2021 and 2022 in the leaves 
subjected to the four treatments: NDR (No Dust distribution-Rainfed); NDI (No Dust 
distribution-Irrigated); DR (Dust distribution-Rainfed); DI (Dust distribution-
Irrigated); Mean values and standard errors are shown. Upper case letters indicate 
differences among years within the same treatment, while lower case letters indicate 
significant differences among treatments within a year according to Duncan9s multiple 
comparison tests (p ≤0.05).  

 

In 2021, NDR had thicker palisade parenchyma thickness (PPT) than other 
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Figure 8. Palisade parenchyma thickness (PPT) measured in 2021 and 2022 in the leaves 
subjected to the four treatments: NDR (No Dust distribution-Rainfed); NDI (No Dust 
distribution-Irrigated); DR (Dust distribution-Rainfed); DI (Dust distribution-
Irrigated); Mean values and standard errors are shown. Upper case letters indicate 
differences among years within the same treatment, while lower case letters indicate 
significant differences among treatments within a year according to Duncan9s multiple 
comparison tests (p ≤0.05). 
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Table 3. Main Effects of Dust Treatment (DT), Water Regime (WR), and year (Y) and 
their interaction on stomata traits: Stomata frequency (SF), stomata guard cell length 
(GCL), Guard cell width (GCW), Pore length (PL) and Stomata area (SA) of V. vinifera 
subsp. vinifera 8Falanghina9 vines in two years. Mean values, standard errors and 
significance are shown. Different letters within the column indicate significant 
differences according to Duncan9s multiple-range test (P ≤ 0.05). 

 
ST GCL GCW PL SA 

 n mm
-2

 µm µm µm µm
2
 

Dust Treatment (DT)     
NO DUST 147.5±1.90 a 32.50±0.29 a 8.24±0.09 a 17.21±0.23 a 849.6±14.8 a 

DUST 147.7±2.00 a 32.05±0.29 a 8.19±0.10 a 16.46±0.28 b 834.6±16.3 a       
Water Regime (WR)     

RAINFED 151.0±1.89 a 32.46±0.31 a 8.23±0.09 a 17.18±0.27 a 846.5±14.3 a 

IRRIGATED 144.2±1.99 b 32.09±0.28 a 8.21±0.11 a 16.49±0.24 b 837.6±16.8 a       
Year (Y)      
2021 143.7±1.93 b 31.25±0.28 b 8.11±0.11 a 15.32±0.23 b 805.5±16.3 b 

2022 151.7±1.94 a 33.31±0.29 a 8.32±0.09 a 18.35±0.24 a 878.7±14.4 a       
Significance      
DT NS NS NS * NS 

WR * NS NS * NS 

Y *** *** NS *** * 

Y*DT NS NS NS * NS 

Y*WR NS * NS *** NS 

DT*WR * NS NS NS NS 

Y*DT*WR * * NS ** * 
NS, *, **, and ***, Not significant or significant at p < 0.05, 0.01, and 0.001, 
respectively. Different letters within each column indicate significant differences 
according to Duncan9s multiple comparison tests (p ≤0.05). 
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In 2021, the SF was significantly lower than in 2022 in the case of NDI and 

DR vines. In 2021, NDR showed higher SF than all the other treatments. In 2022, 

there were no significant differences among the treatments (Figure 9). 

 

Figure 9. Stomata frequency (SF) measured in 2021 and 2022 in the leaves subjected to 
the four treatments: NDR (No Dust distribution-Raninfed); NDI (No Dust distribution-
Irrigated); DR (Dust distribution-Rainfed); DI (Dust distribution-Irrigated); Mean 
values and standard errors are shown. Upper case letters indicate differences among 
years in the same treatment. Lower case letters indicate significant differences among 
treatments according to Duncan9s multiple comparison tests (p ≤0.05). 
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Stomata guard cell length (GCL) values were similar among the treatments 

and the year (Figure 10). 

 

Figure 10. Stomata guard cell length (GCL) measured in 2021 and 2022 in the leaves 
subjected to the four treatments: NDR (No Dust distribution-Raninfed); NDI (No Dust 
distribution-Irrigated); DR (Dust distribution-Rainfed); DI (Dust distribution-
Irrigated); Mean values and standard errors are shown. Upper case letters indicate 
differences among years in the same treatment. Lower case letters indicate significant 
differences among treatments according to Duncan9s multiple comparison tests (p 
≤0.05). 
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3.2 Wood anatomical traits 

Microscopy observations showed that the vines had a wood formed of 

thirteen rings and no IADFs (Intra-annual density fluctuation) were detected.The 

treatments did not induce any changes in the normal structure of the wood. As 

regards wood anatomical traits, no differences were found in the plants before 

the application treatments in RA, VA and FA terms (Table 4). 

Table 4. Main effects of the interaction between Dust Treatment (DT) x Water Regime 
(WR) on percentage of rays area (RA), fibers area (FA) and vessels area (VA) in Pre-
application treatments (2018-2019-2020) on V. vinifera subsp. vinifera.  Mean values, 
standard errors and significance are shown. Different letters within the column indicate 
significant differences according to Duncan9s multiple-range test (P ≤ 0.05). 

PT=PRE RA VA FA 

 % % % 

DT x WR    

NDR 31±0.9 a 22±1.7 a 46±1.6 a 

NDI 32±0.9 a 23±1.5 a 44±1.4 a 

DR 33±1.2 a 21±1.3 a 45±1.6 a 

DI 31±1.2 a 25±1.2 a 43±1.3 a 

Significance NS NS NS 

NS, *, **, and ***, Not significant or significant at p < 0.05, 0.01, and 0.001, 
respectively. Different letters within each column indicate significant differences 
according to Duncan9s multiple comparison tests (p ≤0.05). 

 

In post-application treatments, the presence of dust decreased the FA 

compared to not-treated plants. WR had no significant influence on any of the 

measured parameters. The interaction DT x WR significantly influenced RA 

and FA (Table 5). 
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Table 5. Main Effects of Dust Treatment (DT), Water Regime (WR), and their interaction 
on percentage of rays area (RA), fibers area (FA) and vessels area (VA) in Post-
application treatments (2021-2022) on V. vinifera subsp. vinifera.  Mean values, 
standard errors and significance are shown. Different letters within the column indicate 
significant differences according to Duncan9s multiple-range test (P ≤ 0.05). 

PT=POST RA VA FA  
% % % 

Dust Treatment 
(DT)    

NO DUST 32±0.8 a 20±1.0 a 48±1.2 a 
DUST 31±0.8 a 23±1.3 a 43±1.4 b 
    

Water Regime 
(WR)    

RAINFED 31±7.0 a 22±1.2 a 45±1.4 a 
IRRIGATED 32±9.0 a 21±1.2 a 45±1.4 a 
    

Significance    

DT NS NS ** 
WR NS NS NS 
DT x WR ** NS * 

NS, *, **, and ***, Not significant or significant at p < 0.05, 0.01, and 0.001, 
respectively. Different letters within each column indicate significant differences 
according to Duncan9s multiple comparison tests (p ≤0.05). 

 

Vessel lumen area (VLA), vessel diameter (VD), vessel frequency (VF), 

hydraulic conductivity (Kh), Hydraulic diameter (Dh) and vulnerability index 

(VI) in the plants before the application treatment (PT=PRE) are indicated in 

Table 6. Before the application of dust and water regime, there were no 

significant differences among the treatments in VLA, VD, VF, Kh and VI. Dh 

was significantly higher only in NDI vines than the others (Table 6). 
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Table 6. Main Effects of interaction between Dust Treatment (DT) x Water Regime (WR) 
on vessel lumen area (VLA), vessel lumen diameter (VD), vessel frequency (VF), 
hydraulic conductivity (Kh), hydraulic diameter (Dh) and vulnerability index (VI), in 
Pre-application treatments (2018-2019-2020) on V. vinifera subsp. vinifera.  Mean 
values, standard errors, and significance are shown. Different letters within the column 
indicate significant differences according to Duncan9s multiple-range test (P ≤ 0.05). 

PT=PRE VLA VD VF Kh Dh VI  

 µm2 µm N mm-2 

kg m¯ ¹MPa¯ ¹ 

s¯ ¹ μm μm mm−2 

DT x WR       

NDR 4417±514 a 57.3±3.36 a 64.4±11.5 a 134±24.1 a 146±5.38 b 111±18.7 a 

NDI 4609±527 a 57.6±3.81 a 60.6±11.5 a 199±32.2 a 173±6.53 a 118±26.1 a 

DR 3114±355 a 48.9±2.81 a 75.6±15.3 a 138±23.5 a 149±8.48 b 61.0±9.66 a 

DI 5230±953 a 61.1±6.57 a 80.1±14.1 a 154±19.2 a 148±6.73 b 89.8±20.2 a 

       
Significance NS NS NS NS * NS 

NS, *, **, and ***, Not significant or significant at p < 0.05, 0.01, and 0.001, 
respectively. Different letters within each column indicate significant differences 
according to Duncan9s multiple comparison tests (p ≤0.05). 

 

In post-application treatments, the dust treatment significantly decreased 

compared to not-treated vines (Table 7). WR significantly influenced VLA and 

VD with a reduction in irrigated conditions compared to the rainfed regime. The 

DT x WR interaction was not significant for any of the parameters. 
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Table 7. Main Effects of Dust Treatment (DT), Water Regime (WR) and their 
interaction on vessel lumen area (VLA), vessel lumen diameter (VD), vessel frequency 
(VF), hydraulic conductivity (Kh), hydraulic diameter (Dh) and vulnerability index (VI), 
in Post-application treatments (2021-2022) on V. vinifera subsp. vinifera. Mean values, 
standard errors and significance are shown. Different letters within the column indicate 
significant differences according to Duncan9s multiple-range test (P ≤ 0.05). 

PT=POST VLA VD VF Kh Dh VI 
 µm2 µm N mm-2 kg m¯¹MPa¯¹ s¯¹ μm μm mm22 

Dust Treatment (DT)      

NO DUST 3479±253 a 48.2±1.62 a 120±32.74 a 150±27.8 a 158±6.92 a 83.9±11.8 a 

DUST  4274±413 b 50.9±2.61 a 84.2±15.84 a 173±20.1 a 146±7.78 a 117±16.6 a 

       
Water Regime (WR)      
RAINFED 4175±301 b 54.0±1.93 b 77.1±12.33 a 158±20.6 a 147±7.98 a 82.7±16.4 a 

IRRIGATED 3285±318 a 43.5±1.99 a 127±33.62 a 167±25.5 a 154±7.12 a 119±24.3 a 

       

Significance       

DT * NS NS NS NS NS 
WR * *** NS NS NS NS 
DT*WR NS NS NS NS NS NS 

NS, *, **, and ***, Not significant or significant at p < 0.05, 0.01, and 0.001, 
respectively. Different letters within each column indicate significant differences 
according to Duncan9s multiple comparison tests (p ≤0.05). 

 

Average of minimum vessel area of group A (VAMinA; group A: vessel area 

between 1 and 500 µm2), average of mean vessel area of group A (VAMeanA), 

average of mean vessel area of group B (VAMeanB; vessel area between 501 and 

5000 µm2), average of mean vessel area of group C (VAMeanC; vessel area>5001 

µm2), and average of maximum vessel area of group C (VAMaxC) are shown in 

Table 8. Differences among treatments were not significant in terms of VAMinA, 

VAMeanA, and VAMeanB. VAMeanC was significantly lower in DR vines 

compared to the others; VAMaxC was significantly higher in NDI than DR with 

NDR and DI showing intermediate values. 
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Table 8. Main effects of interaction between Dust Treatment (DT) x Water Regime (WR) 
on average of minimum vessel area of group A (VAMinA), average of mean vessel area 
of group A (VAMeanA; vessel area between 1 and 500 µm2), average of mean vessel 
area of group B (VAMeanB; vessel area between 501 and 5000 µm2), average of mean 
vessel area of group B (VAMeanC; vessel area>5001 µm2), and average of maximum 
vessel area for group C (VAMaxC) on V. vinifera subsp. vinifera. Mean values, standard 
errors and significance are shown. Different letters within the column indicate 
significant differences according to Duncan9s multiple-range test (P ≤ 0.05 ). 

PT=PRE VAMinA VAMeanA VAMeanB VAMeanC VAMaxC 

 µm
2
 µm

2
 µm

2
 µm

2
 µm

2
 

DT x WR 
     

NDR 189±14.3 a 299±8.58 a 1337±53.2 a 15090±687 a 22785±1620 ab 

NDI 221±17.5 a 314±10.8 a 1384±71.3 a 16517±818 a 25652±1374 a 

DR 199±14.4 a 314±10.8 a 1391±72.7 a 11703±758 b 16114±1702 c 

DI 211±16.2 a 291±9.42 a 1435±85.5 a 16424±1023 a 20322±2077 bc 

Significance NS NS NS *** *** 

NS, *, **, and ***, Not significant or significant at p < 0.05, 0.01, and 0.001, 
respectively. Different letters within each column indicate significant differences 
according to Duncan9s multiple comparison tests (p ≤0.05). 

 

After the application treatments, the DT main factor influenced VAMeanA 

and VAMeanC. In the presence of dust, VAMeanA significantly decreased while 

VAMeanC increased. WR significantly influenced the VAMinA and VAMeanA 

which were significantly lower under irrigation conditions compared to rainfed. 

The interaction DT x WR was significant only for VAMeanB (Table 9). 
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Table 9. Main Effects of Dust Treatment (DT), Water Regime (WR) and their interaction 
on average of minimum vessel area of group A (VAMinA), average of mean vessel area 
of group A (VAMean A; vessel area between 1 and 500 µm2), average of mean vessel 
area of group B (VAMean B; vessel area between 501 and 5000 µm2), average of mean 
vessel area of group B (VAMean C; vessel area>5001 µm2), and average of maximum 
vessel area for group C (VAMax C) in post-application treatment on V. vinifera subsp. 
vinifera. Mean values, standard errors and significance are shown. Different letters 
within the column indicate significant differences according to Duncan9s multiple-range 
test (P ≤ 0.05 ). 

PT=POST VAMinA VAMeanA VAMeanB VAMeanC VAMaxC 
 µm

2
 µm

2 µm
2 µm

2 µm
2 

      

Dust Treatment (DT)     

NO DUST 191±13.4 a 298±6.45 a 1238±44.8 a 16316±839 b 23666±1638 a 
DUST  192±15.5 a 272±7.77 b 1198±73.8 a 19055±1076 a 24138±1929 a 
      

Water Regime (WR)     

RAINFED 207±13.6 a 315±8.06 a 1251±47.5 a 16461±789 a 23579±1836 a 
IRRIGATED 160±10.3 b 271±6.17 b 1187±64.5 a 18759±1177 a 24100±1701 a 
      

Significance      

DT NS *** NS *** NS 

WR * *** NS NS NS 

DT*WR NS NS * NS NS 
NS, *, **, and ***, Not significant or significant at p < 0.05, 0.01, and 0.001, 
respectively. Different letters within each column indicate significant differences 
according to Duncan9s multiple comparison tests (p ≤0.05). 

 

The irrigated conditions after the treatments (post) increased the number of 

vessels with lumen area between 101 and 300 µm2 while decreasing the 

frequency in the class 401-500 µm2 (Fig. 11).  
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Figure 11. Distribution of vessels in classes of lumen area in the groups A (VLA<500 
µm2) in the trunk wood of vines of Vitis vinifera sub vinifera 8Falanghina9 from the four 
treatments: NDR (No Dust treatments-Rainfed), NDI (No Dust treatments-Irrigated), DR 
(Dust-Rainfed) and DI (Dust-Irrigated), after and before the treatment9s application. 

 

The frequency of vessels of group B was similar between pre and post-

treatments in NDR. In NDI, a decrease in all classes of frequency in group B was 

observed in post-treatment rings. The DR and DI treatments increased the 

frequency in the classes of 501-1000 and 3001-4000 µm2 (Figure 12). 
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Figure 12. Distribution of vessels in classes of lumen area in groups B (500 µm2 
<VLA<5000µm2) in the trunk wood of vines of Vitis vinifera sub vinifera 8Falanghina9  
from the four treatments:  NDR (No Dust treatments-Rainfed), NDI (No Dust treatments-
Irrigated), DR (Dust-Rainfed) and DI (Dust-Irrigated), after and before the treatment9s 
application. 

 

The distribution of group C frequency was influenced in all treatments. In 

NDR, the frequency in 5001-10000 µm2  increased in post-treatment rings, while 

NDI it increased in 15001-20000 and the class of VLA above 30001. In DR, a 

decrease of 32% in frequency in the class 5001-10000 µm2  was found while an 

increase of 36% in frequency in the classes 15001-20000 µm2 and above 25001 

µm2 were found. In DI, the increase in the frequency of post-treatment rings was 

found starting from the 20001 µm2 class. 
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Figure 13. Distribution of vessels in classes of lumen area in groups C (VLA>5001µm2) 
in the trunk wood of vines of Vitis vinifera sub vinifera 8Falanghina9 from the four 
treatments:  NDR (No Dust treatments-Rainfed), NDI (No Dust treatments-Irrigated), 
DR (Dust-Rainfed) and DI (Dust-Irrigated), after and before the treatment9s application. 

 

4 Discussion 

The analysis of leaf anatomy analyses showed that basalt dust distribution on 

Falanghina leaves induced a decrease in leaf lamina and vein thickness. At the 

same time, all other parameters such as adaxial and abaxial thickness at the 

lamina level decreased. Dust probably created a covering on the leaf, inducing its 

growth as a shade leaf. Compared to sun leaves, shade leaves are often 

characterized by a thinner leaf (Terashima et al. 2001). However, in our study no 

differences in leaf lamina tissues between treated and untreated leaves were 

detected. The thinner leaf could induce a shorter and faster path for CO2 diffusion, 

but the thinner palisade parenchyma indicates a lower photosynthetic capacity. 

Dust treatments also reduced stomata pore length and in 2021 (drier season) the 

0

20

40

60

80

100

1
0
0

0
0

1
5
0

0
0

2
0
0

0
0

2
5
0

0
0

3
0
0

0
0

O
th

er

F
re

q
u

en
cy

 (
%

)

Class

N D R

pre post

0

20

40

60

80

100

1
0
0

0
0

1
5
0

0
0

2
0
0

0
0

2
5
0

0
0

3
0
0

0
0

O
th

er

F
re

q
u

en
cy

 (
%

)

Class

N D I

pre post

0

20

40

60

80

100

1
0
0

0
0

1
5
0

0
0

2
0
0

0
0

2
5
0

0
0

3
0
0

0
0

O
th

er

F
re

q
u

en
cy

 (
%

)

Class

D R

pre post

0

20

40

60

80

100

1
0
0

0
0

1
5
0

0
0

2
0
0

0
0

2
5
0

0
0

3
0
0

0
0

O
th

er

F
re

q
u

en
cy

 (
%

)

Class

D I

pre post

Group C 



118 

 

stomata frequency decreased. The reduction of stomatal aperture consequently 

reduces water loss through transpiration, a mechanism that allows for better 

acclimation under water stress conditions and very high light energy intensity 

(De Micco et al. 2020). The presence of dust caused a decrease in transpiration 

rate (E) and photosynthetic rate (Pn) and an increase in Water Use Efficiency 

(WUE) (Chapter 3, Table 4). On the other hand, irrigation increases the thickness 

of the lamina and of the palisade parenchyma likely leading to an increase in the 

number of carboxylation sites and therefore a potential increase in 

photosynthesis. Considering the ratio of palisade to spongy parenchyma, 

irrigation increased this value. The higher ratio suggests an increase in mesophyll 

density suggesting a compact arrangement of cells and a high surface area of 

mesophyll per unit of leaf area that could facilitate CO2 absorption and therefore 

maintain photosynthesis (Chartzoulakis et al. 2000). Indeed, irrigation also 

induced a reduction of stomatal pore length. The trends of modifications of the 

anatomical traits are in line with eco-physiological behaviour shown in Chapter 

3 where irrigation is reported to reduce transpiration (E) and increase 

photosynthesis (Pn). In leaves sampled in 2021, the drier season, the thicker 

lamina and palisade parenchyma, and reduced frequency of stomata with shorter 

pore length, were in line with reduced stomatal conductance and transpiration but 

were not accompanied by higher photosynthesis which was comparable with the 

level of 2022 (Chapter 3). The overall analysis of the leaf anatomical parameters 

indicates a harmonization of traits that helps the vines to modulate the 

physiological processes in response to different irradiation and water availability. 

Bacelar et al. (2004) in olive trees found a high ratio of parenchyma/spongy 

associated with higher resistance to water scarcity and high light regime. 

Considering leaf anatomical organization, the NDI and DR were similar 

suggesting that the dust distribution would compensate for the lack of irrigation. 

At the xylem level, the woods of plants treated with basalt dust showed a 

lower percentage of fibers, but the level of ray and vessel area were similar 

compared to untreated plants. Vessel size was more influenced by the irrigation 
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regime than by dust distribution. Irrigation decreased the average diameter of the 

groupwith the smallest lumen area (A) and increased that of the group with the 

largest lumen area (C). The narrower vessels are responsible for hydraulic safety 

while wider vessels have high water conductivity (Zanne et al. 2014) suggesting 

that irrigation induced a tendency towards improving water efficiency while still 

maintaining high safety. In group A, NDI the treatment increased the number of 

vessels with a lumen area between 201 and 400 and decreased those of the 401-

500 class compared to NDR plants, also confirming that irrigated plants 

maintained high safety levels. DI vines, moreover, showed the highest number of 

vessels with an area of 101-200 and the lowest number of vessels of the 401-500 

class compared to all other treatments confirming the above-indicated trend 

towards safety. Furthermore, dust treatments have also increased, the frequency 

in the 501-10000 class, in fact for DR, post-application, the increase was 10% 

while in DI it was 7%, compared to only 1% for NDR. In group C with a larger 

vessel lumen area and hydraulic conductivity, DR and NDI showed similar 

behaviour with an increase in the 15001-20000 class, while the plants treated 

with dust foliar distribution (DR and DI) showed also higher frequency in the 

class of vessel lumen area above 20001 µm2. The anatomical aspects of leaves 

and wood in dust-treated vines cultivated in rainfed conditions present traits that 

can help plants, especially when prolonged low water availability events occur, 

to limit water losses, maintaining water conductivity and high water use 

efficiency. 

 

5 Conclusion 

The distribution of the dust induced changes in the stomatal and leaf 

structural traits, limiting transpiration and allowing better diffusion of CO2 within 

the leaf. The dust foliar distribution has induced structural changes also in wood 

structure, allowing for greater efficiency and hydraulic safety, thus likely 

avoiding losses of conductivity and embolism occurrence. The treatment of dust 
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therefore leads to improvements from both an eco-physiological and structural 

point of view, thus inducing adaptation mechanisms and mitigation of the 

negative effects of short and long-term climate change. 
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Chapter 6 

Vulnerability to xylem embolism and wood functional anatomical 
traits in autochthonous Campania cultivars 

 

1. Introduction 

In semi-arid areas, viticulture is at risk, given the low rainfall and the rise in 

temperatures. Lamarque et al. (2023), have recently characterised the 

vulnerability to drought of different species and subspecies of Vitis from various 

locations and climates worldwide, assessing the regional risk of vulnerability in 

more than 300 viticultural regions. This study highlighted the importance of 

considering the hydraulic traits related to plant drought resistance, thus 

vulnerability to embolism, to assess the regional risk of drought vulnerability and 

to recommend grapevine cultivars adapted to the local climate to allow viticulture 

sustainability under climate change (Dayer et al. 2020; Gambetta et al. 2020). 

Information on hydraulic traits and xylem vulnerability to embolism are available 

only for a limited number of genotypes (Lamarque et al. 2023; Quintana-Pulido 

et al. 2018), while it is recognized the important to better understand the hydraulic 

behaviour of different cultivars, also at local level, to define the best management 

techniques to safeguard them. Even where irrigation is permitted, knowing the 

resistance of the various cultivars would help winemakers to better manage 

irrigation under a scenario of increasing drought, to prevent hydraulic failure, 

thus reducing the risk for unsustainability of the cultivation of autochthonous 

cultivars. 

Drought stress causes negative effects on plant metabolism leading to a 

reduction in vegetative growth, fruit production and quality (Pirasteh‐Anosheh et 

al. 2016). Severe and prolonged stress can cause the inhibition of cell division, 

reduced growth due to turgor loss, and the alteration of physiological processes 
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such as photosynthesis (Taiz and Zeiger, 2002). However, plants implement 

various mechanisms to mitigate the negative effects of water stress and avoid 

events such as xylem cavitation. The main protective mechanism to reduce water 

loss through transpiration, when the soil undergoes dehydration and when cells 

begin to lose their turgor, is through stomatal regulation (Mahajan and Tuteja, 

2005). The stomatal closure limits the loss of water but also the exchange of CO2, 

thus reducing photosynthesis. The rapidity of stomata opening/closure is 

influenced by stomata traits which are in turn influenced by water availability. 

Indeed, the frequency and size of stomata have been reported to be inversely 

related, and drought conditions can increase the frequency while reducing the 

size of stomata (Haworth et al. 2023; Shipeng 2006; Zhao et al. 2015; Xu and 

Zhou, 2008). If the stomata are fundamental for limiting water losses, the water 

distribution system at the leaf and xylem level also has a deep influence on water 

transport efficiency and safety against embolism. The xylem allows the supply 

of water from the soil to the atmosphere through the root-stem-leaves 

compartments. At the leaf level, the veins develop in different orders. The 

primary vein connects the petiole to the apex of the leaf and, together with its 

ramifications, allows the distribution of water inside the leaf up to the evaporation 

points which are the stomatal openings (Sack and Scoffoni, 2013). The density 

of the veins and their dimensions therefore influence the leaf hydraulic 

conductivity. A greater density of the veins, for the same leaf surface, allows the 

presence of more numerous and shorter water paths (Sack and Frole, 2006). 

These pathways increase water conductivity in the leaf and increase resistance to 

water stress (Scoffoni et al. 2011). Furthermore, in addition to the stomatal and 

vein traits, also other morpho-anatomical features of the leaf lamina parenchymas 

play a role in regulating water losses and maintaining high photosynthetic 

efficiency, especially in situations of water limitation. The mesophyll anatomy 

influences the hydraulic conductivity of the leaf as it is responsible for flow 

resistances into and out of the leaf xylem (Buckley et al. 2015) and varies among 

species (Sack and Holbrook, 2006). The mesophyll thickness and the ratio 
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between spongy and palisade tissue are correlated with the leaf water 

conductivity (Sack et al. 2015). The tissue that has greater resistance in water 

transport is spongy, given the presence of many air spaces and the low 

connectivity of the cells (Buckley et al. 2015). Furthermore, the size of the 

mesophyll cells and their cell wall thickness influence the hydraulic conductivity 

of the leaf across species (John et al. 2013). Water transport to the leaves depends 

on the xylem. Its structure influences both the quantity of transportable water and 

vulnerability to embolism, in case of a reduction of water availability in the soil, 

which are closely related to the dimensions of the xylem vessels. Vessels with 

large lumen have greater hydraulic conductivity but less resistance to cavitation 

phenomena, linked to the formation of emboli (Hochberg et al. 2015). Narrow 

vessels, on the other hand, have low conductivity but high resistance to cavitation 

(Lovisolo and Tramontini, 2010). When the tension inside the vessels increases, 

with the decrease in the water potential of the soil due to water stress, bubbles 

will likely form from the expansion of the air dissolved in the water, causing 

embolism phenomena that interrupt the flow of water (Cochard et al. 2013). 

About the plant9s behaviour in conditions of water stress, grapevine cultivars 

can be classified into two groups: anisohydric and isohydric. 'Grenache' cultivar 

is considered isohydric because. in case of stress. the vines regulate stomatal 

opening/closure to maintain a high level of leaf water potential, decreasing 

stomatal conductance and consequently also gas exchange and carbon fixation 

(Gerzon et al. 2015). On the other hand, anisohydric cultivars such as 'Syrah', 

under water stress conditions, maintain high rates of transpiration and 

photosynthesis, reaching very low water potentials (Sade et al. 2012), and 

investing more in carbon fixation, maximizing the short-term yield (Jones and 

Sutherland 1991; Gerzon et al. 2015). 8Falanghina9 cultivar has been reported to 

behave either as isohydric or anisohydric, with leaf and wood traits associated 

with the specific hydraulic model, under different pedo-climatic conditions 

(Damiano et al. 2022). Some authors recommend defining the response to water 
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stress of different cultivars using other approaches and not the iso-anisohydric 

classification, because the same cultivars in different growth conditions or 

different phenological phases can have different vulnerability to water stress, also 

defining the importance of characterizing the hydraulic traits of each cultivar as 

a principle on which to base the study of specific plasticity (Gambetta et al. 2020). 

However, a recent study has shown that despite the different behaviours of 

plants during periods of water deficit, there is a further mechanism which, in 

conditions of low water potential, to avoid rapid plant death, activates stomatal 

closure when the xylem pressure reaches a certain threshold. This threshold 

varies depending on the resistance to embolism of the species (Martin‐StPaul et 

al. 2017). The correlation among leaf traits, leaf embolism vulnerability and 

margins of hydraulic safety gives important inputs on the characterization of the 

vulnerability to water stress of cultivars (Dayer et al. 2020).  

Therefore, to define possible strategies to avoid hydraulic failure of 

grapevine with severe damage to yield and production, and the disappearance of 

autochthonous cultivars over time, it would be necessary to improve the 

knowledge of their vulnerability to embolism. Linking such information with a 

deep knowledge of their hydraulic traits at the leaf and wood level would help 

evaluate the risk they will likely face in a scenario of increasing severity and 

frequency of drought events. In this study, the vulnerability of the xylem and leaf 

of four autochthonous cultivars from the Campania region was evaluated together 

with the characterization of the hydraulic anatomical traits at the leaf and stem 

levels.  

 

2. Materials and methods 

2.1. Experimental design and plant material  

The study was conducted on a total of 72 plants of Vitis vinifera L. subsp. 

vinifera of four autochthonous Campania cultivars: Aglianico, Falanghina, Fiano 
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and Greco. One-year-old shoots grafted on 420A were randomly placed in the 

spring of 2022 and 2023 under the same conditions in the same glasshouse, 

located at the Nouvelle-Aquitaine Bordeaux research centre of the National 

Research Institute for Agriculture, Food and Environment (INRAE), France 

(44°47223.822 N, 0°34239.33 W). The plant growth conditions were: 24.3°C and 

57% relative humidity (RH) on average from 24 May 2022 to 31 August 2022 

and 23.7°C and 64% RH on average from 24 May 2023 to 31 August 2023. They 

were grown in 7L pots filled with 1 kg of gravel and 5.5 kg of commercial potting 

medium (70% horticultural substrate and 30% sand) and kept well-watered. They 

were continuously drip irrigated with a nutrient solution (0.1 mM NH4H2PO4, 

0.187 mM NH4NO3, 0.255 mM KNO3, 0.025 mM MgSO4, 0.002 mM Fe, and 

oligo-elements [B, Zn, Mn, Cu, and Mo]). To limit the soil evaporation, the 

surface of each pot was covered with burlap. During plant growth, the fruits were 

removed to promote shoot growth and homogenize the plant material. 

During the study, growth parameters were measured on the main and lateral 

shoots on 48 plants (24 in 2022 and 24 in 2023). Shoot length, number of leaves 

and leaf area were measured on the main shoot while on the lateral shoot, the 

number of leaves and leaf area were quantified. Leaf area was estimated using an 

allometric estimation model and applying a linear regression between leaf width 

and leaf area (Caccavello et al. 2017). The equations were calculated based on 

the measurements of 12 leaves per cultivar. The measurements were performed 

using ImageJ software (Rasband, NIH; https://wsr.imagej.net).   

In June-August 2022 and 2023, 12 one-year-old plants per each cultivar, were 

subjected to the optical technique to measure leaf vulnerability to embolism. In 

July 2023, 6 two-year-old vines per cultivar, with lignified shoots, were subjected 

to the flow-centrifuge technique (mega-cavitron) to measure the stem 

vulnerability to xylem embolism.  
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During the analysis of leaf vulnerability to embolism, 6 leaf samples, 

sampled randomly in different plants (one per plant), were taken per cultivar for 

the characterization of the veins and stomatal traits, while, during the analysis of 

xylem embolism, 6 stem portions were taken from different plants (one per plant) 

per cultivar to quantify wood anatomical traits. To standardize the sampling, the 

leaf samples were dissected from completely expanded leaves, at 1.5 m from the 

vegetative apex, between the 13th and 14th nodes. Leaf samples were dissected 

from the median region of the lamina and fixed in FAA solution (40% 

formaldehyde, glacial acetic acid, 50% ethanol, 5:5:90 by volume). The stem 

portions were taken in a shoot region between 1.50 m from the vegetative apex 

and 40 cm from the grafting point and fixed in 80% ethanol. 

 

2.2 Optical vulnerability (OV) technique. 

The leaf vulnerability to embolism was characterized by studying xylem 

embolism patterns in leaves positioned between the 10th and 11th nodes. The 

plants of Aglianico, Greco, Fiano and Falanghina were unpruned. All plants were 

kept well-hydrated until the start of measurements and transported from the 

greenhouse to the laboratory keeping the pot in a plastic bag to avoid evaporation 

from the soil. The embolism phenomena in leaves were visualized using the 

optical technique (Brodribb et al. 2016). The plants had the same shoot length 

(229.61±35.25, mean value ± standard deviation) and a comparable number of 

leaves (20.10±6.07). In each plant, one mature leaf at the same distance from the 

apex (1.5 m), thus between the 10th and 11th nodes, was selected and placed on 

the scanner (Perfection V800 Photo, EPSON, Suwa, Japan) with settings set 

according to Lamarque et al. (2023). The leaves, which were still attached to the 

parent grapevine, were fixed on the scanner surface, with tape and glass slide, to 

limit the movements of the leaf during plant desiccation. Each leaf was 

automatically scanned every five minutes using AutoIt automation software. On 
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each plant, one stem psychrometer (ICT International, Armidale, NSW, Australia) 

was installed to monitor, every 10 minutes, the stem water potential (Ψstem) on 

the internode preceding the monitored leaf. The accuracy of psychrometer 

measurements was regularly cross-validated by measuring Ψstem using a 

pressure bomb (DG-MECA, Gradignan, France), using adjacent leaves. 

After the complete plant9s dehydration (about seven days), captured images 

were analysed using ImageJ software to reveal embolism events. The embolism 

events corresponded to rapid changes in light transmission through leaf veins due 

to air entry into leaf xylem vessels. All the embolism events were recorded, and 

a new stack of images was created, on which the number of embolized pixels in 

leaf veins was counted. These data were then combined with the water potential 

timeline to determine the stem water potential associated with each embolism 

event. For each plant were calculated the percentage of embolized pixels (PEP %, 

or PLC %) as follows in according to Lamarque et al. (2023): 

PLC = 100/ (2)  1 + exp (S/25 ∗ (Ψ − Ψ50))  

where Ψ50 (MPa) is the xylem pressure/water potential inducing 50% loss 

of hydraulic conductivity and S (% MPa-1) is the slope of the vulnerability 

curve at the inflexion point. For each plant the xylem pressures inducing 12% 

(Ψ12) and 88% (Ψ88) loss of hydraulic conductivity were calculated as follows:  

Ψ12 = 50/S +Ψ50 

Ψ88=-50/S+Ψ50. 

Ψ12 indicated the initial event of embolism and Ψ88 the complete spread 

(Brodribb et al. 2016). 
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2.3 Vulnerability to xylem embolism  

Stem vulnerability to xylem embolism was assessed using the flow-

centrifuge technique (MEGA-CAVITRON, Caviplace, Phenobois platform, 

University of Bordeaux, Pessac, France). The measures were carried out in June-

July in flowering and fruit set phases using a 100-cm diameter rotor (DG-MECA, 

Gradignan, France). The two-year-old plants were transported, keeping the pot in 

a plastic bag to limit the evaporation from the soil. The main stems were cut 

underwater in a tank to a standard length of 1 m. During the characterization of 

vulnerability using the cavitron, the solution of ultrapure and deionized water 

containing 10 mM KCl and 1 mM CaCl2 was used as a reference ionic solution. 

To induce pressure on the xylem, the initial rotation speed of the centrifuge was 

−0.8 Mpa, then gradually increased. Using the Cavisof software (v. 5.2, 

University of Bordeaux) for each plant, the hydraulic conductivity (Kh) and the 

percentage loss of hydraulic conductivity (PLC) for each speed were calculated. 

In particular: 

PLC= 100 * (1 - Kh/Kmax) 

where Kmax was the hydraulic conductivity at −0.8 Mpa. For each plant the 

xylem pressures inducing 12% (Ψ12) and 88% (Ψ88) loss of hydraulic conductivity 

were calculated as follows:  

Ψ12 = 50/S +Ψ50 

Ψ88=-50/S+Ψ50  

In which Ψ50 (MPa) is the xylem pressure/water potential inducing 50% loss 

of hydraulic conductivity and S (% MPa-1) is the slope of the vulnerability curve.  

 

2.4 Stomatal and vein traits 

The leaf samples were bleached in acetone for 48 h, rinsed and mounted on 

a glass slide with distilled water. Three regions from each leaf were observed 

under an epi-fluorescence microscope (BX51, Olympus, Hamburg, Germany) 



132 

 

equipped with a mercury lamp, band-pass filter of 330–385 nm, a dichromatic 

mirror of 400 nm and above, and a barrier filter of 420 nm and above, to highlight 

and detect stomata whose pore borders appear autofluorescent. Stomata 

frequency (SF) was calculated at 40x magnification by counting the number of 

stomata in 12 regions per leaf, of the epidermis and expressed as the number of 

stomata per mm2. Images of 3 areas per leaf, were collected using the EP50 

camera (Olympus, Hamburg, Germany) at 20x magnification, and analysed to 

measure: stomata guard cell length (GCL), guard cell width (GCW), and pore 

length (PL), in 15 stomata per leaf. The measurements were performed using 

ImageJ software (Rasband, NIH).   

The characterization of vein traits was carried out on 12 scanned images per 

cultivar, during the leaf vulnerability analysis.  The images were analysed with 

ImageJ software with a subtraction method to emphasize the area of veins. The 

8Analyze Particles9 function was used to filter out noise and automatically 

measure the pixel area of each order of veins and their number. Therefore, the 

analysed parameters were: 

• Primary vein (first-order) diameter; 

• Primary vein density = primary vein area/image area; 

• Second-order vein density = area of second-order veins/image area; 

• Total vein area = sum of areas of overall order veins; 

• Minor vein density = [Total vein area - (Primary vein area + area of 

second-order veins  area)]/image area; 

• Free vein endings per unit area = number of vein endings/image area (n 

cm-2). 
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2.5 Wood anatomical traits 

Semi-thin sections (15-20 µm) from the shoot disks were obtained with a 

sliding microtome (WSL Lab-Microtome, Switzerland) and stained with safranin 

1% (in 96% ethanol) for 5 minutes. Images of 2 areas per section (about 

700mm2/area), placed 120° apart, to collect both dorsoventral and lateral xylem 

shoot, were captured with an EP50 camera (Olympus) on a BX51 transmission 

light microscope (Olympus). Wood anatomical parameters were quantified using 

CellSense 3.2 software (Olympus). The following anatomical features were 

quantified in the rings formed in 2022 and 2023: ring width, vessel area (VA, 

in%), ray area (RA, in%) and fiber area (FA, in%) over the total section analysed, 

vessel lumen area and vessel frequency,  average of minimum vessel area of group 

A (VAMin A), average of mean vessel area of group A (VAMean A), average of 

mean vessel area of group B (VAMeanB), average of mean vessel area of group 

C (VAMeanC), and average of maximum vessel area for group C (VAMax C),   

potential hydraulic conductivity (Kh), and hydraulic diameter (Dh) . 

For details on wood anatomical traits please refer to previous chapters 

(Chapter 5, paragraph 2.3) 

 

2.6 Statistical analysis 

The experimental data were analysed with the SPSS 29 statistical software 

(SPSS Inc., Chicago, IL, USA). The percent data were previously subjected to 

arcsine transformation. The physiological and leaf anatomical data were analysed 

by one-way analysis of variance (ANOVA), while wood anatomical data were 

analysed through two-way ANOVA considering the cultivar (C) and tree-ring 

year (Y) as the main factors. Whenever the interactions were significant, a one-

way ANOVA was performed. Multiple comparison tests were performed with 

Duncan9s coefficient using p<0.05 as the level of probability.  
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3 Results 

3.1 Biometric characterization 

Shoot length (SL), number of leaves (NLM), leaf area of the main shoot 

(LAM), number of leaves of the lateral shoot (NLL) and leaf area of the lateral 

shoot (LAL) of the plants analysed are shown in Table 1. There were no 

significant differences among the cultivars in terms of SL, NLM and NLL. LAM 

was significantly higher in 8Aglianico9 and 8Fiano9 compared to 8Greco9 and 

8Falanghina9, while LAL was significantly higher in 8Fiano9 and 8Falanghina9 

compared to the other two cultivars.  

 

Table 1. Biometric parameters: shoot length (SL); number of leaves of main shoot 
(NLM), leaf are main shoot (LAM), number of leaves of lateral shoot (NLL) and leaf are 
lateral shoot (LAL) of four cultivars of Vitis vinifera L. sub vinifera: 8Aglianico9,9 
Greco9, 8Fiano9 and 8Falanghina9. Mean values, standard errors and significance are 
shown. Different letters within the column indicate significant differences among the 
cultivars according to Duncan9s multiple-range test (P ≤ 0.05). 

  SL NLM LAM NLL LAL 

 cm n cm2 n cm2 

Cultivars (C) 
   

 
 

AGLIANICO 224±12.2 a 22.0±1.04 a 3021±188 a 12.8±1.94 a 1481±238 b 

GRECO 239±14.4 a 20.6±4.03 ab 1693±303 b 10.0±1.32 a 954.1±157 b 

FIANO 247±13.1 a 22.7±2.12 a 2874±274 a 11.6±1.26 a 3221±479 a 

FALANGHINA 213±8.84 a 15.9±1.03 b 2216±147 b 14.8±1.63 a 3452±278 a 

Significance NS NS *** ns *** 

NS, *, **, and ***, Not significant or significant at p < 0.05, 0.01, and 0.001, 
respectively. Different letters within each column indicate significant differences 
according to Duncan9s multiple comparison tests (p ≤0.05). 

 

3.2 Optical vulnerability (OV) technique. 

The leaf vulnerability to embolism of 8Aglianico9, 8Falanghina9, 8Fiano9 and 

8Greco9 is reported in Figure 1 where P50, P12 and P88 represent the percentage 

loss of conductivity at 50%, 12% and 88% thresholds. The 8Greco9 plants 
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achieved P12, P50 and P88 values at significantly more negative values of xylem 

pressure (Ψstem), respectively -1.57 and -1.80 and -2.02 Mpa, than the other three 

cultivars which were characterized by not significantly different values among 

them. 

 

Figure 1. Xylem pressure (Ψstem) at which the four cultivars of Vitis vinifera sub. vinifera: 
8Aglianico9, 8Falanghina9, 8Fiano9 and 8Greco9, achieve a Percentage loss of hydraulic 
conductivity (PLC) of 12, 50 and 88% (P12, P50 and P88). Mean values and standard 
errors are shown. Different letters indicate significant differences among the cultivars 
according to Duncan9s multiple comparison tests (p ≤0.05).  

 

3.3 Vulnerability to xylem embolism 

The xylem vulnerability measured using the flow centrifuge technique is 

reported in Figure 2. The values of xylem pressure (Ψstem) at which P12 and P50 

occur were not significantly different among the cultivars. 8Greco9 was 

significantly different at P88 with significantly more negative xylem pressure 

than the other cultivars. The decrease in water potential from P12 to P88 was 
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47.5% in 8Greco9 vines while it ranged between 60.1 and 63.2 % in the other 

three cultivars. 

 

Figure 2. Xylem pressure (Ψstem) at which the four cultivars of Vitis vinifera sub. vinifera: 
8Aglianico9, 8Falanghina9, 8Fiano9 and 8Greco9, achieve the Percentage loss of hydraulic 
conductivity (PLC) of 12, 50 and 88% (P12, P50 and P88). Mean values and standard 
errors are shown. Different letters indicate significant differences among the cultivars 
according to Duncan9s multiple comparison tests (p ≤0.05).  

 

3.4 Stomatal and vein traits 

Stomata frequency was significantly higher in 8Greco9 vines than in the other 

three cultivars which did not show significantly different values among them 

(Figure 3). 
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Figure 3. Stomata frequency in leaves of vines of Vitis vinifera L. subsp. vinifera: 
8Aglianico9, 8Falanghina9, 8Fiano9 and 8Greco9. Mean values and standard errors are 
shown. Different letters indicate significant differences among the cultivars according to 
Duncan9s multiple comparison tests (p ≤0.05). 

 

Stomata guard cells were significantly longer in 8Falanghina9 leaves than in 

the other three cultivars which showed similar values among them (Figure 4A). 

Guard cell width was similar in 8Aglianico9 and 8Falanghina9 stomata which 

showed significantly larger cells than 8Fiano9 (Figure 4B). The 8Greco9 cultivar 

showed intermediate values between 8Falanghina9 and 8Fiano9 leaves. 

Consequently, the stomata area was significantly higher in 8Falanghina9 than in 

8Aglianico9 leaves which in turn showed significantly higher values than the other 

two cultivars (Figure 4C). Finally, stomata pore was significantly longer in 

8Falanghina9 leaves than in 8Aglianico9 which showed significantly higher values 
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than 8Greco9, while 8Fiano9 leaves showed intermediate values between 

8Aglianico9 and 8Greco9 stomata (Figure 4D). 

 

Figure 4. Stomata guard cell length (A, GCL), guard cell width (B, GCW), pore length 
(C, PL) and stomata area (D, SA) in leaves of vines of Vitis vinifera L. subsp. vinifera: 
8Aglianico9, 8Falanghina9, 8Fiano9 and 8Greco9. Mean values and standard errors are 
shown. Different letters indicate significant differences among the cultivars according to 
Duncan9s multiple comparison tests (p ≤0.05). 
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Primary vein density (Figure 5A) was significantly lower in Fiano than in the 

other cultivars, while second-order vein density (Figure 5B), and minor vein 

density (Figure 5C) were not significantly different among the cultivars. Free 

vein endings number was higher in 8Aglianico9 leaves than in all the other 

cultivars (Figure 5D). 
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Figure 5. Primary vein density (A, PVD), second-order vein density (B, SVD), minor vein 
density (C, MIVD) and free vein density (D, FEVD) in leaves of vines of Vitis vinifera L. 
subsp. vinifera: 8Aglianico9, 8Falanghina9, 8Fiano9 and 8Greco9. Mean values and 
standard errors are shown. Different letters indicate significant differences among the 
cultivars according to Duncan9s multiple comparison tests (p ≤0.05). 
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Figure 6. Primary vein diameter in leaves of vines of Vitis vinifera L. subsp. vinifera: 
8Aglianico9, 8Falanghina9, 8Fiano9 and 8Greco9. Mean values and standard errors are 
shown. Different letters indicate significant differences among the cultivars according to 
Duncan9s multiple comparison tests (p ≤0.05). 

 

3.5 Wood anatomical traits 

Vessel area (VA), fiber area (FA) and ray area (RA) of the wood stem were 

analysed (Table 2). For VA and FA, the Cultivar main factor didn9t have a 

significant effect, while 8Fiano9 and 8Falanghina9 showed lower ray area 
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Table 2. Effects of Cultivar (C) and Year (Y) and their interaction on the percentage of 
vessel area (VA), fiber area (FA) and ray area (RA). Mean values, standard errors and 
significance are shown. Different letters within the column indicate significant 
differences according to Duncan9s multiple-range test (P ≤ 0.05). 

 VA FA RA 
 % % % 

Cultivar (C)    

AGLIANICO 31±3.0 a 43±2.9 a 24±0.8 a 

GRECO 32±1.0 a 40±1.3 a 26±0.6 a 

FIANO 36±4.6 a 41±4.6 a 21±0.7 b 

FALANGHINA 37±2.2 a 43±2.3 a 20±0.7 b 
    

Year (Y)    

2022 30±1.2 b 48±1.4 a 20±0.4 b 

2023 39±2.8 a 35±2.7 b 23±0.6 a 
    

Cultivar x Year (C x Y)   

2022    

AGLIANICO 29±3.4 a 46±3.5 bc 21±0.7 b 

GRECO 31±1.5 a 44±1.5 c 24±0.4 a 

FIANO 28±1.3 a 54±1.5 a 19±0.5 c 

FALANGHINA 28±1.8 a 51±1.7 ab 20±0.9 b 

    

2023    

AGLIANICO 30±3.3 b 43±1.9 a 26±1.0 a 

GRECO 33±1.5 b 37±1.8 b 26±0.9 a 

FIANO 30±1.5 b 44±1.7 a 23±1.1 b 

FALANGHINA 45±3.1 a 40±1.6 b 19±0.9 b 

    

Significance    

C NS NS *** 

Y *** *** *** 

CxY * NS *** 

NS, *, **, and ***, Not significant or significant at p < 0.05, 0.01, and 0.001, 
respectively. Different letters within each column indicate significant differences 
according to Duncan9s multiple comparison tests (p ≤0.05). 

 

Wood anatomical parameters in terms of ring width (RW), vessel lumen area 

(VLA), vessel diameter (VD), vessel frequency (VF), hydraulic conductivity 

(Kh), hydraulic diameter (Dh) and vulnerability index (VI) of vines subject to 

xylem embolism measurements are reported in Table 3. The main effect of 
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Cultivar was significant for all parameters. 8Greco9 and 8Fiano9 reported greater 

values in VLA and VD than 8Falanghina9 and 8Aglianico9. 9Greco9, 8Fiano9 and 

8Falanghina9 showed higher RW, Kh, and Dh than 8Aglianico9 while for VI the 

behaviour was similar for all plants. The main effect of Y was significant for all 

analysed parameters. In 2022, RW and VF were significantly larger than in 2023 

but presented lower values for VLA, VD, Kh, Dh and VI. The interaction between 

C and Y was always significant. 
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Table 3. Effects of Cultivar (C) and Year (Y) and their interaction on ring width (RW), 
vessel lumen area (VLA), vessel diameter (VD), vessel frequency (VF), hydraulic 
conductivity (Kh), hydraulic diameter (Dh) and vulnerability index (VI) on V. vinifera 
subsp. vinifera. Mean values, standard errors and significance are shown. Different 
letters within the column indicate significant differences according to Duncan9s multiple-
range test (P ≤ 0.05). 

 
RW VLA VD VF Kh Dh VI 

 µm µm
2
 µm n/mm

2
 kg m¯¹MPa¯¹ s¯¹ μm μm mm−2 

        
Cultivar (C) 

       
AGLIANICO 1537±81.6 b 5159±179 b 63.0±1.15 b 45.2±3.73 b 184±20.6 b 151±5.74 b 351±64.6 ab 

GRECO 2132±127 a 7552±290 a 68.1±1.53 a 36.8±2.01 bc 384±32.0 a 207±4.51 a 394±71.7 ab 

FIANO 1875±106 a 7499±240 a 71.5±1.10 a 34.0±2.13 c 312±21.0 a 196±4.60 a 537±98.1 a 

FALANGHINA 2069±104 a 5666±176 b 58.4±1.00 c 56.2±5.27 a 361±26.4 a 196±4.95 a 242±33. b 

        
        

Year (Y)        
2022 2990±41.0 a 5429±100 b 60.1±0.61 b 57.1±2.55 a 219±11.2 b 168±3.18 b 126±9.28 b 

2023 784.8±20.0 b 11773±434 a 88.8±2.10 a 27.8±1.34 b 410±20.6 a 211±3.57 a 653±63.1 a 

        

Cultivar x Year (C x Y)       

2022        

AGLIANICO 2304±41.7 c 4320±149 b 58.7±1.09 c 60.7±3.54 b 118±16.6 b 132±5.76 c 94.8±14.5 b 

GRECO 3140±40.5 b 4500±151 b 52.9±0.97 d 78.9±7.38 a 248±26.7 a 169±3.07 b 76.5±9.78 b 

FIANO 3034±91. 0 b 6654±229 a 67.8±1.29 a 44.5±1.86 c 227±16.2 a 178±5.33 ab 168±22.9 a 

FALANGHINA 3476±51.4 a 6543±273 a 63.9±1.55 b 47.3±1.69 c 273±13.7 a 187±3.62 a 148±10.3 a 

2023        

AGLIANICO 684.2±42.9 b 11352±906 ab 95.3±4.89 ab 29.8±4.12 ab 249±31.1 b 171±7.35 b 607±93.6 ab 

GRECO 787.5±30.5 b 12284±1005 ab 87.7±4.62 ab 26.3±1.52 ab 494±52.3 a 227±5.39 a 639±121 ab 

FIANO 716.3±23.0 b 13814±1044 a 99.5±5.00 a 22.5±1.97 b 406±29.2 a 216±4.87 a 940±166 a 

FALANGHINA 962.6±54.0 a 10759±643 b 82.6±3.13 b 33.5±2.30 a 475±27.9 a 222±4.17 a 391±39.8 b 

        

Significance        

C *** *** *** *** *** *** *** 

Y *** *** *** *** *** *** *** 

C*Y *** *** *** *** *** *** *** 

NS, *, **, and ***, Not significant or significant at p < 0.05, 0.01, and 0.001, 
respectively. Different letters within each column indicate significant differences 
according to Duncan9s multiple comparison tests (p ≤0.05). 
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Average of minimum vessel area of group A (VAMinA), average of mean 

vessel area of group A (VAMeanA; vessel area between 1 and 500 µm2), average 

of mean vessel area of group B (VAMeanB; vessel area between 501 and 5000 

µm2), average of mean vessel area of group C (VAMeanC; vessel area>5001 

µm2), and average of maximum vessel area for group C (VAMaxC) are shown in 

Table 4. The main factor Cultivar was significant for all parameters except for 

VAMinA. 8Aglianico9 had a larger vessel area of group A (1<VA>500 µm2) than 

8Greco9 and 8Falanghina9 which in turn showed higher values than 8Fiano9. For 

the vessel area of group B, 8Aglianico9 and 8Greco9 showed significantly greater 

values than 8Fiano9 which had significantly higher values than 8Falanghina9. The 

average mean vessel area of group C (VAMeanC) was significantly higher in 

8Fiano9 than in 8Greco9 and 8Falanghina9 which showed significantly higher 

values than 8Aglianico9. Finally, the average of maximum vessel area of group C 

(VAMaxC) was significantly lower in 8Aglianico9 than in all the other cutivars. 

The main factor Y was significant for VAMinA, VAMeanC and VAMaxC with 

significantly higher values in 2023 compared to 2022. The interaction C x Y was 

significant only for VAMaxC parameter. 
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Table 4. Effects of Cultivar (C) and Year (Y) and their interaction on average of minimum 
vessel area of group A (VAMinA), average of mean vessel area of group A (VAMean A; 
vessel area between 1 and 500 µm2), average of mean vessel area of group B (VAMean 
B; vessel area between 501 and 5000 µm2), average of mean vessel area of group B 
(VAMean C; vessel area>5001 µm2), and average of maximum vessel area for group C 
(VAMax C) on V. vinifera subsp. vinifera. Mean values, standard errors and significance 
are shown. Different letters within the column indicate significant differences according 
to Duncan9s multiple-range test (P ≤ 0.05 ) 

 VAMinA VAMeanA VAMeanB VAMeanC VAMaxC 

 µm2 µm2 µm2 µm2 µm2 

Cultivar (C)      

AGLIANICO 276.6±32.0 a 338.5±5.51 a 1626±41.3 a 13764±347 c 25327±1747 b 

FIANO 308.4±46.4 a 258.8±5.12 c 1459±34.7 b 23632±575 a 47748±2074 a 

GRECO 250.8±31.8 a 294.4±4.61 b 1580±32.3 a 21021±459 b 44212±1987 a 

FALANGHINA 287.9±33.1 a 297.5±3.23 b 1312±25.6 c 20213±415 b 45810±1857 a 

      

Year (Y)      

2022 158.7±7.10 b 296.3±2.35 a 1473±18.2 a 17345±218 b 37532±1518 b 

2023 491.4±31.6 a 283.5±6.86 a 1485±36.1 a 29590±640 a 45131±1708 a 

      

Significance      

C NS *** *** *** *** 

Y *** NS NS *** *** 

C x Y NS NS NS NS * 

NS, *, **, and ***, Not significant or significant at p < 0.05, 0.01, and 0.001, 
respectively. Different letters within each column indicate significant differences 
according to Duncan9s multiple comparison tests (p ≤0.05). 

 

Figure 7 shows the average distribution in classes, in the four analysed 

cultivars in 2022. In group A, 8Greco9 woods showed a higher frequency of 

vessels with a lumen area of less than 200 µm2, while 8Aglianico9 had a greater 

number of vessels with an area between 301 and 500 µm2. In group B the 

distribution was similar for 8Aglianico, 8Fiano9 and 8Greco9, however, 

8Falanghina9 plants had a higher frequency in the 501-1000 class. Finally, 

Aglianico presented a higher frequency in the 5001-10000 class but lower in the 
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30001-40000 class and did not present vessels with an 'area equal to or greater 

than 40001. 8Greco9 woods had a high frequency in classes 20001 µm2 and above. 
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Figure 7. Distribution of vessels in classes of lumen area in three groups A (<500 µm2), 
B (501 µm2 <lumen area<5000µm2), C (>5001 µm2) in the trunk wood of vines from 
the four varieties of Vitis vinifera sub. Vinifera: 8Aglianico9, 8Falanghina9, 8Fiano9 and 
8Greco9 in 2022 ring. 

 

In 2023, 8Falanghina9 and 8Greco9 for group A presented a similar distribution 

with a greater number of vessels in the classes between 101 and 300 µm2 (Figure 

10). 8Fiano9 had a higher frequency in classes between 201 and 500 µm2 while 

Aglianico had the lowest number of vessels in the 201-300 class. For group B, 

all woods presented a higher frequency in the 501 and 2000 classes between 31 

and 48% for each class. 8Greco9 had the highest frequency in 1001-2000 µm2. 

Also, for 2023, in the group C class 8Aglianico9 presents a highest frequency in 

the 10001-20000 class but less for classes equal to or greater than 40001 while 

the other cultivars had higher values in classes above 20001. 
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Figure 8. Distribution of vessels in classes of lumen area in three groups A (<500 µm2), 
B (500 µm2 <lumen area<5000µm2), C (>5000 µm2) in the trunk wood of vines from 
the four varieties of Vitis vinifera sub. Vinifera: Aglianico, Falanghina, Fiano and Greco 
in 2023 ring. 

 

4 Discussion 

Studying the morpho-structural traits of different cultivars can help in 

understanding their resistance and support growers in vineyard management, 

especially in conditions of water stress. In the leaf vulnerability evaluation, 

8Greco9 showed greater resistance to increasing water stress, likely due to the 

stomata traits. Indeed, to understand if this resistance was favoured by peculiar 

quantitative traits in the structure of the leaves, the stomata traits were analysed.  

Stomata, by regulating transpiration and photosynthesis, play a fundamental role 

in the plant9s tolerance to water stress (Miglietta et al. 2011). 8Greco9 leaves 

showed a higher frequency of smaller stomata than other cultivars. This inverse 

relationship between the frequency and size of the stomata helps in regulating 

stomatal conductance (gs) and therefore CO2 exchange with a small stomatal 

surface limiting water losses through transpiration (E) but also photosynthesis 

(Düring, 2015). The stomatal arrangement of the 8Greco9 leaves could explain the 

greater resistance of this cultivar to increasing water stress and its slower 

embolism rate under increasing water pressure in the stem. Considering this 

parameter the Fiano behaved similarly to the 8Greco9. Even in the 8Fiano9 leaves, 

with the same stomata frequency, smaller stomatal dimensions were found in 

terms of guard cell width and stomata area, compared to the other cultivars. Many 

studies have reported the inverse relationship between frequency and stomata 

size and demonstrated that plants with greater stomatal density of smaller stomata 

have a quicker speed of stomata regulation which allows prompt stomata 

response (opening/closure) under fluctuating environmental conditions 

(Hetherington and Woodward 2003). Furthermore, the shorter response times of 

stomata regulation can help plants in unfavourable conditions. When the plant is 
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in conditions of high stomatal conductance, sudden changes, such as decreases 

in evaporative air demand can cause damage within the xylem such as the 

occurrence of embolisms. The higher speed in response can reduce exposure to 

danger and allow plants to reach a new equilibrium in a short time (Drake et al. 

2013). Regarding the leaf veins, 8Greco9 leaves, as 8Aglianico9 showed a smaller 

diameter of the primary vein compared to the other analysed cultivars. This 

aspect suggests a reduction in the risk of cavitation of the veins in conditions of 

lower water availability as also reported in Falanghina vines growing under 

different pedoclimatic conditions (Damiano et al. 2022). The 8Aglianico9 leaves 

also showed the highest density of free vein endings, which is reported to increase 

the leaf9s hydraulic conductance (Sack and Scoffoni, 2013). In 8Falanghina9 

instead, larger stomata dimensions suggest a slower regulation response that with 

a greater diameter of the primary vein would expose the vines to a higher risk for 

embolism, but also higher hydraulic conductivity under favourable conditions 

(Brodribb and Jordan, 2011). Considering the lower leaf vulnerability to 

embolism and the leaf anatomical trait, 8Greco9 seems to be the best-adapted 

cultivar to water stress compared to the other analysed. This result was also 

partially confirmed by the xylem vulnerability analysis which showed a lower 

rate of decrease in xylem water pressure to induce loss of conductivity from 50% 

to 88% compared to the other cultivars. The 8Greco9 and 8Fiano9 had a greater 

vessel lumen area but a lower frequency. The presence of a smaller number of 

vessels but with a larger vessel diameter influences the water conductivity which 

is higher as well as the vulnerability to cavitation (Christman et al. 2012). This 

would suggest higher vulnerability for such a wood. However, dividing the vessel 

areas into three frequency classes, the 8Greco9 vines showed a high frequency of 

vessels with a lumen area above 40000 µm2 but also a high frequency of narrow 

vessels (with a lumen area between 101 and 200 µm2. This structural 

conformation could help 8Greco9 plants to have better water conductivity under 

high water availability conditions, but in situations of water stress, the greater 
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number of small vessels could maintain high conductivity with a reduced risk of 

embolism, thus safeguarding the water transport (Christman et al. 2012). 

However, Lens et al. (2023) showed that the diameter-vulnerability relationship 

is also linked to other factors, including gas-liquid tension within vessel 

membranes, at the nanometric level, so species with larger vessels are not 

necessarily more vulnerable to drought.  

Recent studies have shown how plants can implement adaptation measures 

to water stress defined as hydraulic vulnerability segmentation, with evidence of 

leaves and stems exhibiting different vulnerabilities to embolism (Lamarque et 

al. 2023; Li et al. 2024; Song et al. 2022). In poplar, on plants in limited water 

conditions, a greater resistance to stem vulnerability was found, combined with 

a lower leaf area, a lower stomatal conductance and a stem water conductivity 

comparable to plants grown in well-watered conditions (Lemaire et al. 2021). On 

the contrary, in sunflowers, lower vulnerability to leaf embolism was found in 

plants grown under water-limited conditions explained to effective stomatal 

regulation (Cardoso et al. 2018). Therefore, coupling a faster stomatal response 

to a more vulnerable xylem under water-scarce conditions can be effective in 

resisting water stress. By overall evaluating the behaviours and foliar and xylem 

structures of the cultivars analysed, it is concluded that the 8Greco9 presented a 

behaviour like the anisohydric plants with a greater stomatal frequency which 

allows, in conditions of water stress, to have a faster stomatal regulation to be 

able to resist water stress more efficiently (Gerzon et al. 2015). The high xylem 

conductivity due to the presence of very large vessels would be compensated by 

the high frequency of very narrow vessels which act as a backup system to 

maintain the 3D pattern of water flow under conditions of stress, in agreement 

with the theory by which the trait known as vessel dimorphism is an adaptive trait 

to drought (Baas and Schweingruber 1987; De Micco and Aronne, 2012). 

Falanghina plants, on the other hand, showed a structure and behaviour like 

isohydric plants presenting larger stomata and larger intermediate diameter 

vessels. 8Fiano9 and 8Aglianico9 presented intermediate characteristics. The likely 
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slower stomatal control in 8Aglianico9 due to larger stomata compared to 8Fiano9 

and 8Greco9 could be compensated by its xylem anatomical traits which are 

typical of high-safety wood. The overall combination of leaf and xylem traits, 

with possible compensation phenomena, would explain the similar behaviour of 

at least 8Aglianico9, 8Fiano9 and 8Falanghina9 in terms of xylem vulnerability to 

embolism through the two applied techniques. of. Nevertheless, in grapevine, a 

great variability in physiological and anatomical traits has been reported as 

dependent on soil, spatial and inter-annual climatic variability. Damiano et al. 

(2022; 2024) demonstrated that the anatomical and functional traits of wood and 

leaves of Vitis vinifera sub. vinifera 8Falanghina9 differs based on the 

pedoclimatic conditions in which the plants grow. Indeed the 8Falanghina9 

grapevine is reported to be able to behave either as a isohydric and anisohydric 

model depending on environmental conditions in the vineyard (Giorio et al. 2007; 

Damiano et al. 2022). 

The overall analysis confirmed the importance of having a comprehensive 

characterization of physiological and anatomical traits to better understand the 

plasticity of different grapevine cultivars and forecast their capacity for 

acclimation under changing environmental conditions. The characterization of 

each cultivar, the vulnerability to water stress with the anatomical and functional 

traits of wood and leaves should be explored deeper to better understand the 

relationships between efficiency and resistance of the various organs of the vine, 

also considering possible variability due to different pedo-climatic and 

cultivation conditions. 
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Systems of the Mediterranean" of Portici. This project aimed to investigate the 

morpho-functional aspects of grapevine plants in response to drought to suggest 

possible mitigation strategies for sustainable vineyard management in the context 

of climate change. A field experiment was set up to evaluate the effects of the 

distribution of basalt dust on 8Falanghina9 plants grown in southern Italy, in the 

Sannio wine district, combined with two levels of water availability. The results, 

obtained through eco-physiological monitoring, morpho-anatomical and 

vegetative-productive characterization, suggested that the use of particle film can 

mitigate the negative effects of water deficit. The responses were also influenced 

by climatic characteristics, confirming that vines have a high degree of plasticity 

and that their ability to adapt is also a function of soil-climate variability. A strong 

relationship between the anatomical traits of plants and their physiological 

acclimation mechanism was confirmed indicating the differential ability of 

Falanghina vines to modulate morpho-functional traits in years characterized by 

different climatic conditions. A deeper focus on leaf and wood functional 

anatomical traits and xylem vulnerability to embolism was devoted to four 

Campania Region autochthonous cultivars for which such information is 

completely lacking. Indeed, there is increasing awareness that considering the 

hydraulic traits related to plant drought resistance, thus vulnerability to 
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embolism, is needed to recommend grapevine cultivars adapted to the local 

climate to allow viticulture sustainability under climate change. 
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