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Summary

In the Mediterranean region, prolonged droughts affect the growth, and reproductive cycles of
grapevine. Changes in the physiological processes of grapevine, consequent to variations in
environmental factors or cultivation management, are recorded in wood anatomical and
isotopic traits in grapevine stems. In this study, we measured the anatomical traits and stable
carbon isotope content in the annual rings of Vitis vinifera L. subsp. vinifera 'Falanghina’ in
four vineyards located in southern Italy, characterised by different water availability. The aim
was to investigate how wood anatomical traits respond to interannual climatic variations
according to local conditions.

Wood cores were taken from the stem of the grapevines and subjected to both microscopy
and carbon stable isotope analyses to quantify functional wood anatomical traits, such as
vessel size and frequency, and the intrinsic water-use efficiency of the grapevine. Wood traits
were correlated with data of precipitation and temperature. The results showed that the plants
at the four vineyards were characterised by different wood structure influencing grapevines
physiology under different conditions of water availability. Overall, the analyses showed that
the grapevines at the wetter sites developed wood traits, e.g., wide vessels, which favour the
efficiency of water flow, while at the drier sites they developed plant traits, e.g., small vessels,
which favour safety against embolism. However, the robustness of such main trends is trait-

specific and is influenced by the interannual climatic variability.

KEYWORDS
Carbon isotopes, drought, quantitative wood anatomy, Vitis vinifera, intrinsic water-use

efficiency
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Introduction

The increase in frequency and severity of drought events in the Mediterranean region requires
rapid and targeted adaptation of agricultural practices (Masson-Delmotte et al. 2021).
Grapevine (Vitis vinifera L. subsp. vinifera), in Italy predominantly grown in rainfed regime,
is extremely interesting from a crop management perspective, as there is an increasing
demand of cultivation techniques by stakeholders to improve the water stress tolerance to
counteract the negative effects of climate change.

Plants hydraulic traits are affected by complex interactions among different environmental
factors, as well as between environmental factors and cropping practices (Cirillo et al. 2017,
Amitrano et al. 2019). Some cultivation techniques (e.g., canopy training system and pruning)
directly influence crown structure, as shown by the allometric relationships with wood
anatomical traits, and play an important role in controlling water-use efficiency (Cirillo et al.
2014, 2017; Souza et al. 2011; Willaume et al. 2004; Tyree & Evers, 1991). However, little is
known about the role played by environmental factors, such as soil conditions, in the
hydraulic architecture of grapevine xylem (Roig-Puscama et al. 2021). Grapevine vessel
architecture and hydraulic characteristics are critical in the grapevine adaptation strategies,
and must be considered in water management of the vineyard.

Variations in xylem vessel diameter and density are effective in changing plant responses to
environmental conditions (Hacke et al. 2017a); indeed, small changes in the vessel lumen
diameter are known to cause significant changes in the rate of xylem sap flow (Chavarria &
dos Santos 2012; Hacke et al. 2017a, PospiSilova & Zimmermann 1984). Grapevine has a
ring-porous, sometimes semi-ring-porous wood, characterised by the presence of extremely
large solitary vessels in the earlywood and narrow vessels grouped in radial rows or small
groups in the latewood (Schweingruber 1990). Large vessels in the earlywood efficiently

transport water, but they result not safe because of the risk of embolism under water stress
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conditions (Hacke et al. 2006). Failure in the hydraulic system can occur for a variety of
reasons, including frost and drought events (Tyree & Sperry 1989; Baas et al. 2004; Hacke et
al. 2017b). For plant survival, it is mandatory that the reproductive and photosynthetic organs
remain hydrated. Therefore, vessel cavitation may lead even to plant death due to extensive
xylem embolism (Brodersen et al. 2010).

The ability to maintain a functioning hydraulic system during periods of drought ultimately
depends on the ability of the vascular cambium to produce a hydraulic system adapted to the
environmental fluctuations occurring at the plant growth site (Anderegg & Meinzer 2015;
Hacke et al. 2001b; Hacke et al. 2017b; Islam et al. 2019). This ability is also reflected in the
variation in vessel lumen size (Bittencourt et al. 2016; de Melo et al. 2018; Hacke et al.
2017b; Schmitz et al. 2006), which is influenced by several environmental factors, and
determined by plant architecture (De Micco et al. 2008; Olson et al. 2014, 2018). Therefore,
vessels traits, including size, distribution, and relationships with other cellular elements,
provide valuable information for understanding how plants respond to environmental changes
to which they are exposed (Robert et al. 2009). Stable carbon isotopes can help assess
intrinsic water-use efficiency (IWUE) (Ehleringer et al. 1993), thus complementing the
information gained from quantitative anatomy. Changes in iWUE are indeed very important
because they reflect the rate of carbon assimilation and the loss of water to acquire CO., thus
the response to drought stress (Battipaglia et al. 2014; Altieri et al. 2015).

The aim of this study was to investigate the inter-annual and inter-site variability of the
anatomical and isotopic (}3C/*2C) characteristics of xylem in the wood rings of grapevine
grown in four vineyards with different environmental conditions in southern Italy. A previous
study in the same vineyards has shown that grapevines have adapted their leaf anatomical
traits, especially vein and stomata traits, in response to different pedoclimatic conditions, and

that these traits correspond to different eco-physiological types (Damiano et al. 20223).
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Our hypothesis is that signs of acclimation observed in leaf anatomical traits in response to
different environmental conditions may also be observed in the anatomical characteristics of
the wood. In particular, we expect that under severe dry conditions wood anatomical traits
adjust, as leaf anatomical traits do, to minimize embolism risk in the sites characterised by
reduced water availability.

We also examined the relationships between wood traits and climatic factors to find possible
triggers for traits favouring either the efficiency or the safety of the water transport system,

likely reflecting different strategies for coping with drought at the four studied vineyards.

Materials and methods
Study site and plant material

Wood stem of V. vinifera subsp. vinifera 'Falanghina’ (Controlled designation of origin —
DOC/AQOC) was collected in 2019 in 4 vineyards within the farm “La Guardiense” in
southern Italy (Guardia Sanframondi, Benevento). The four vineyards are located at Santa
Lucia (SL, 41° 14" 45" N; 14°34' 16" ,194 m a.s.l.), Calvese (CA, 41° 14’ 19 N; 14° 35" 11"E,
163 m a.s.l.), Grottole (GR, 41°14' 21" N; 14°34’ 56" E, 158 m a.s.1.), and Acquefredde (AC,
41° 13 744" N; 14° 35' 33" E, 84 m a.s.l.). Grapevines (= 4545 vines/ha) were grafted on 157-
11 Couderc (Vitis berlandieri x Vitis riparia) rootstock and were uniform for age, training
system (double Guyot) and pruning management. The climate is Mediterranean with hot dry
summer and wet mild winter. Meteorological data of the period 2015-2019 are from the
Guardia Sanframondi weather station (41°14°17.2” N; 14°35°49.8” E) of the Campania region
weather network (www.agricoltura.regione.campania.it/meteo/agrometeo.htm). The average
temperatures of the periods 21 June - 23 September and 21 December - 20 March of the five
years were 25.2 °C and 9.3 °C, respectively. The mean cumulative precipitation of the periods

21 June - 23 September and 21 December - 20 March of the five years were 191 and 238 mm,
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respectively. The following parameters were also considered: annual mean temperature
(AMT), annual maximum temperature (AMaxT), annual minimum temperature (AMinT), and
cumulative annual precipitation (CAP) (Table 1).

At the experimental sites, the soils are Mollisols, classified as Typic Calciustolls by the
two principal soil series of the soil map of Valle Telesina area (1:50.000): i) Consociazione
dei suoli Pennine (SL, CA and GR sites) and ii) Consociazione dei suoli Taverna Starze (AC
site) (Terribile 1996). The horizons of the soil profiles are Ap and Bw, but the differences
among the experimental sites are mostly due to the percentage of stones variability along the
soil profile, and to the effect of vineyard planting. The four vineyards were cultivated under
rainfed conditions. A supplemental irrigation, which is allowed only under particularly
limiting conditions in specific years and is strictly regulated and controlled due to quality
labels regulations, was applied at the AC site. Previous studies have indicated that the
vineyards can be classified based on water availability for grapevines into two wetter sites,
namely SL and AC, and two dryer sites, namely CA and GR (Damiano et al. 2022a, 2022b).
Moreover, Damiano et al. (2022b) reported that in 2020 the cumulative precipitation was
measured separately in each experimental vineyard showing that, in the period when high
aridity is expected, CA and GR received almost halved water supply (18 and 15 mm)

compared to SL (32 mm) and AC (9 mm + supplemental irrigation).

Sampling of wood-cores

Wood cores of ten grapevines per vineyard were taken at the end of December 2019, from
their main stem at a height of 20 cm above the graft union point, using a 0.5 cm Pressler
increment borer. The 10 cores per each vineyard were first seasoned in a fresh-air dry store,
then cross-sectioned, after rewetting the surface, for wood anatomical analysis, with a sliding

microtome (WSL Core Microtome, Switzerland). Cross sections (13-15 um thick) were
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stained with a blend 1:1 of safranin (0.8 g in 100 ml distilled water) and Astra Blue (0.5 g in
100 ml distilled water and 2 ml acetic acid). Then the microsections were washed with
distilled water and subsequently dehydrated using an ethanol series from 40 to 100 % (Gartner
& Schweingruber 2013) to be finally mounted with EUKITT® and dried in the oven at 50 °C

for 24 hours.

Wood-anatomical traits

Microphotographs of the cross sections from the ten cores per vineyard were obtained with
a digital slide scanner (Zeiss Axio Scan.Z1, Oberkochen, Germany) to obtain digital images at
10x magnification and resolution of 1300 x 1030 pixels for whole tree-ring series. Images
were analysed to visually identify and date the rings. Digital images of whole rings of the last
five years (2015-2019) were captured in a selection of five cores per vineyard with an EP50
camera (Olympus, Hamburg, Germany) on a BX51 transmitted light microscope (Olympus,
Hamburg, Germany). Images were analysed with the CellSens 3.2 (Olympus) software
program. The following anatomical features were quantified in each ring: vessel area % (VA),
ray area % (RA), fiber area % (FA) over the total section analysed, lumen area of each vessel,
potential hydraulic conductivity (Kh) and hydraulic diameter (Dh) (Colangelo et al. 2017).
More specifically, as described in Colangelo et al. (2017) the Kh was estimated as Kh=(p x &t
x £d*)/(128 x p x Ar), where “p” is the density of water at 20 °C (998.2 kg m ), “d” is the
vessel lumen diameter, “p” is the viscosity of water (1.002 x 10~ MPa s at 20 °C) and “Ar” is
the area imaged; the Dh was calculated as the average of £d°/Zd*, where “d” is the medium
Feret diameter of each vessel lumen. Considering that grapevine xylem, as other vines, is
characterised by a large range of variation of vessel lumen area (VLA), in order to better
analyse how different distributions of VLA are related to hydraulic properties, vessels were

divided into three groups: lumen area <500 pm? (A), 500 pm? <lumen area<5000 um? (B),


http://www.zeiss.com/microscopy/en_us/products/imaging-systems/axio-scan-z1.html

OCoO~NOUAWNE

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

lumen area >5000 um? (C). Frequency distribution of the vessels in classes of lumen area
within each group was calculated. In the three groups, the following parameters were
quantified: 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 (VAMean B), average
of mean vessel area of group C (VAMean C), and average of maximum vessel area of group

C (VAMax C).

Stable C isotope analysis

After sectioning, the cores were observed under a dissection microscope Wild M32 (Leica,
Wetzlar, Germany), in order to dissect single rings of the last five years, with a blade cutter.
Each ring was ground in a centrifugal mill (ZM 1000, Retsch, Germany) with a 0.5-mm mesh
size to ensure homogeneity. Stable C isotope composition (*3C/*2C) was measured at the
iCONa laboratory of the University of Campania (Caserta, Italy) by combustion in an
elemental analyser (Flash EA 1112 series, Thermo Scientific, Waltham, MA, USA) connected
viaa CONFLO IV interface (Thermo Scientific, Waltham, MA, USA) to an isotope ratio
mass-spectrometer (Delta VV Advantage, Thermo Scientific, Waltham, MA, USA), operating in
the continuous flow mode. Isotopic compositions are expressed in delta notation (%o) relative
to an accepted reference standard: Vienna Pee Dee Belemnite for carbon isotope values. The
standard deviation for the repeated analysis of an IAEA international standard (CH3,
cellulose) was < 0.1%o. Finally, iWUE was estimated starting from the 13C isotope of the

respective vineyards. In particular, a simplified version of the Farquhar et al. (1989) equation

was used, excluding the mesophyll conductance of CO2 (Seibt et al. 2008) and post-

photosynthetic processes that may potentially affect tree-ring 613C (Gessler et al. 2014).

ca(b—A130C)
16 (b —a)

IWUE =
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With:

613Catm — 613Cp

A13C =
3¢ 1+ 613Cp

where A13C is the photosynthetic discrimination against 13C in the atmosphere, 613C atm is

the carbon isotope composition of atmospheric CO», ca is the mean annual atmospheric CO>
concentration, a is the fractionation during CO: diffusion through stomata (44%o), and b is the

fractionation during carboxylation (27%o), 8*3C, is the §*3C, of each plant.

Statistical analysis

Shapiro-Wilk and Kolmogorov—Smirnov tests were performed to check for data normality.
Logarithm transformation was applied in case data distribution was not normal. The percent
data were previously subjected to arcsine transformation. Anatomical data were subjected to a
two-way analysis of variance (ANOVA) using the four vineyards field (F) and year (Y) as
main factors, and analysing their interaction (F % Y). Duncan’s multiple range test (at p <
0.05) was applied to identify any significant differences among the four vineyards. iWUE
data were analysed by one-way ANOVA, grouping the 5 years per core, and using F as factor.
The SPSS 27 software package (SPSS Inc., Chicago, IL, USA) was used for the analyses.

Correlations and multivariate analysis were performed on anatomical, isotopic and climatic
data to visibly point out relationships among variables which allow us to see patterns of data
and understand multiple factors at once, making clear comparisons. To assess correlation
between climatic and anatomical/isotopic data, the approach reported in Fritts (1976) for
climate-growth relationships and used by Niccoli et al. (2020) was followed. More
specifically, the climatic data of interest were divided by single or multiple months and were
subjected to the linear Spearman’s correlation analysis to highlight the climatic parameter that

have mostly influenced anatomical traits of V. vinifera. Line plots, correlation plots (coreplot
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package with the Spearman’s method) were performed using the R software environment for
statistical computing and graphics (version 4.4.1).

Principal component analysis (PCA) was performed using Past3 statistical software
(University of Oslo, Norway) as reported in Amitrano et al. (2021). PCA biplot analysis was
used to find trends among variables (wood anatomical parameters) in the four vineyards, in
order to minimize the number of non-independent variables into only two Principal

Components (PC1 and PC2) which captures most of the variation.

Results

Microscopy observations showed that the grapevines from the four vineyards were
characterised by similar wood ring-anatomical characteristics (Fig. 1). Tree-ring boundaries
were evident and typically undulating, and the wood was semi-ring or ring porous with wide
parenchyma rays. In wide rings, the differentiation into earlywood, with very large vessels,
and latewood, with very narrow vessels organized in radial files or small clusters, was
evident. Such differentiation was less clear in narrow rings.

The effect of the main factor Y (Year) and of the interaction F (Field) x Y were never
significant in any anatomical parameters analysed. Concerning the area occupied by vessels,
fibres and parenchyma cells in each tree ring, the main effect F was significant for VA
(Vessel Area %) and FA (Fiber Area %). Concerning VA, the vineyard AC showed
significantly higher values than SL and GR, with CA having intermediate values between AC
and GR. The parameter FA was significantly higher in SL and GR sites compared to AC, with
CA having intermediate values (Table 2).

As regards the mean vessel area calculated for the three VLA classes A, B and C
(VAMean A, VAMean B, VAMean C), as well as the minimum and maximum vessel area

calculated for the narrower (A) and larger (C) VLA classes, respectively (VAMin A,
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VAMaxC), the main effect F was significant for all the analysed parameters except for
VAMean B. VAMin A and VAMean A showed the same trend of variation, with CA and AC
reaching higher values then SL, which in turn had a significantly higher value than GR.
VAMean C and VAMax C were significantly lower in GR compared to the other three
vineyards (Table 3).

Finally, for the calculated potential hydraulic conductivity (Kh) and hydraulic diameter
(Dh), the main effect of F was significant for narrower lumen area (KhA and DhA) and for
the larger lumen area (KhC and DhC) groups, but not for the intermediate group (KhB and
DhB). In particular, the vineyard GR showed significantly highest and lowest values of KhA
and KhC, respectively, compared to the other vineyards. As regards the hydraulic diameter
(Dh), GR showed DhA with the lowest value, whereas AC had the highest DhA. DhC was
significantly lower in GR than in the other vineyards (Table 4).

The distribution of vessels in classes of lumen size within each of the groups A (lumen
area <500 pm?), B (500 um? <lumen area<5000 pm?), and C (lumen area >5000 um?)
differed among the four vineyards (Fig.2). In particular, for the group A of lumen area, SL
showed a tendency towards a higher frequency of lumen areas in the range 350-500 pm? and
no vessels below 200 um? (Fig. 2A). The field CA showed a tendency towards a higher
incidence of lumen area in the range 200-250 pm? (Fig. 2D). GR showed the highest
incidence of vessels in the class 100-150 um? and was the sole vineyard to show vessels in the
class 50-100 um? (Fig. 2G). AC showed a vessel size distribution in the group A more similar
to SL compared to the other two vineyards (Fig. 2L). For the distribution of vessels in the
group B, the trends of lumen area distribution were similar among vineyards, with most of the
water flow relying on vessels with lumen size in the range 750-1750 um? (Fig. 2B, E, H, M).
For the group C, all the vineyards with the exception of GR showed similar trends of VLA

distribution, also with occurrence of vessels with VLA>50000 um? (Fig. 2C, F, I, N). In GR,
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most of the vessels showed lumen size in the range 7500-17500 um? with no vessels above
42500 um?. SL and AC sites showed a similar trend of the VLA distribution.

The carbon isotopes analyses indicated that values of IWUE at SL and AC sites were
significantly lower than at CA and GR sites (Fig. 3).

In the multiple scatter plots (Fig. 4) the correlations among meteorological variables and
wood traits are reported. In SL and CA, the iWUE was positively correlated with AMT,
AMaxT and AMInT and negatively correlated with CAP. In GR, the iWUE was positively
correlated with all the meteorological parameters. In GR, the KhA was negatively correlated
with AMT, AMaxT and AMInT. The KhB in SL, CA and in GR was negatively correlated
with AMT, AMaxT, AMInT and only in SL positively correlated with CAP. The KhC was
negatively correlated with AMT, AMaxT and AMInT in SL, CA, AC and positively
correlated with CAP. In GR, the KhC was positively correlated in AMT, AMaxT, AMInT and
negatively with CAP. In the vineyard CA, the DhA was negatively correlated with AMT,
AMaxT, AMInT and positively with CAP. DhB and DhC followed the same trends of
correlations of KhB and KhC in the four vineyards. VA in the vineyards SL, CA, AC was
negatively correlated with AMT, AMaxT, AMInT and positively correlated with CAP. RA
was positively correlated with AMT, AMaxT, AMInT in the vineyards SL, CA, AC and
negatively correlated in GR. RA was negatively correlated with CAP in SL and AC and was
positively correlated with CAP in CA and GR. FA was negatively correlated with CAP in CA
and GR positively with AMT, AMaxT, AMInT. VAMInA was negatively correlated with
CAP in SL and AC and negatively correlated with AMT, AMaxT and AMInT in CA.
VAMeanA was positively correlated with AMT, AMaxT, AMInT in SL and negatively with
CAP in AC. VAMeanC and VAMaxC were positively correlated with AMT, AMaxT, AMInT

in SL, CA and AC, and positively with CAP in SL and AC.
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The PCA biplot (Fig. 5) separates the wood anatomical parameters and iWUE for the four
vineyards SL, CA, GR, AC, during the five study years. The first two components explained a
64.29 % (PC1) and 23.26% (PC2) of the total variance, respectively. From the PCA, it is
evident that the vineyard GR is the most different with reference to the other three, whereas,
CA and AC sites are the most similar regarding wood characteristics particularly in the A

lumen area class (widest vessels).

Discussion

This study highlighted the variation of anatomical traits in the wood of ‘Falanghina’
grapevine grown in different vineyards. These variations are in line with different
photosynthetic rates and productivity found in previous studies of the same vineyards
(Damiano et al. 2022a, b, c), and suggest different water-use efficiency in the four vineyards
in the five years analysed. In general, the four vineyards showed two main patterns of
development of wood anatomical parameters and iWUE values. In particular, SL and AC
were generally characterised by anatomical traits more focused on water flow efficiency and
associated with lower IWUE. Low iWUE means that the plants assimilate less carbon per unit
of water and thus that *3CO2 discrimination is high (Battipaglia et al., 2014).

In contrast, GR showed anatomical traits safer against xylem embolism, which were
associated with higher iWUE, suggesting lower 3CO: discrimination, possibly due to partial
or complete stomatal closure. CA showed intermediate behaviour, with anatomical traits more
similar to SL and AC, while iWUE was closer to GR. The overall wood data are consistent
with previous results from SL and AC, which were associated with higher water availability
than vineyards at CA and GR sites (Damiano et al., 2022a, b). The efficiency of water
transport is directly related to the plasticity of the vascular cambium (Hacke et al. 2017b;

Islam et al. 2019; de Melo et al. 2018). This, in turn, leads to changes in vessel size (Hacke et
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al. 2017b) when plants are affected by growth-limiting factors such as water shortage (de
Melo et al. 2018; Schmitz et al. 2006) that triggers the formation of narrow vessels due to
reduced turgor-induced enlargement during cell differentiation and as a strategy to reduce
cavitation risk (Hacke et al. 2006; Roig-Puscama et al. 2021). Analysing the vessel size
distribution among classes of diameter is important not only because variations in vessel size
are indicators of possible constraints during cambial activity, but also because changes in
vessel lumen can cause significant modification in the volume of xylem-sap flow (Hacke et
al. 2017b). The larger the vessels, the higher is the impact on water flow, when even a small
increase in vessel size occurs. While the analysis of larger vessels is important to obtain
information on the efficiency of water flow, there is a growing awareness that very narrow
vessels in grapevine must also be considered in any study aimed at understanding grapevine
water flow and its ability to adapt to limited water availability. Indeed, a new paradigm has
recently been established for grapevine, according to which xylem heterogeneity reduces flow
rates in wider vessels by diverting 15% of total flow to narrow vessels, due to the occurrence
of transverse pressure gradients (Bouda et al., 2019). Considering the data of VAMInA and
the distribution of vessel size in the narrowest vessel lumen group (group A), the wood of GR
shows narrower vessels compared to the other vineyards, especially SL and AC. On the other
hand, the values of VAMeanC, VAMaxC and the distribution of vessel size in the group with
the largest vessel lumen (group C) indicates that water flow in the wood of GR depends
mainly on the size classes of vessel lumens up to a certain threshold, while the occurrence of
very large vessels is limited compared to the other vineyards. Resistance to xylem embolism
is related to a reduction in lumen area or mechanical reinforcement of fibres (Nardini et al.
2013). The heterogeneity of xylem in grapevines at the four sites is also reflected in Kh,
which as well accounts for vessel frequency. The potential hydraulic conductivity Kh of the

three classes A, B, and C was different in the four vineyards, indicating different water flow
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strategies. In our case, the distribution between cell types (vessels, fibres, and parenchyma
cells) was confirmed to be a rather stable feature between vineyards, suggesting that the
mechanical resistance of wood does not vary significantly under different environmental
conditions. Therefore, GR grapevines exhibit a stem vascular structure that would ensure a
continuous, albeit slow, water flow under conditions of severe water shortage (Colangelo et
al. 2017). On the contrary, under optimal temperature and rainfall conditions, grapevines at
GR would still have lower performance compared to other vineyards. The different hydraulic
behaviour of the wood, based on the anatomical and isotopic traits is consistent with leaf
anatomical traits. Indeed, in previous studies (Damiano et al., 2022a, 2022b), grapevines at
SL showed leaf vein and stomatal traits allowing the plants to keep stomata open to maintain
high photosynthetic rates, regardless of increasing water losses through transpiration, even
under conditions where grapevines at CA and GR promptly closed stomata to limit water loss
through leaves (Damiano et al., 2022a). However, embolism risk in SL grapevines would also
be limited due to other adaptations at the leaf anatomical level such as the appearance of
narrower leaf veins, which are recognised to contribute to grapevine drought tolerance, and
specific leaf venation controlling leaf hydraulic conductance (Broddrib et al., 2016; Creek et
al., 2020; Dayer et al., 2020; Damiano et al., 2022a). In the SL and AC vineyards, the
evapotranspiration needs of the grapevines seem to be continuously satisfied, in contrast to
CA and GR, where the higher iWUE compared to SL and AC together with the overall
quantitative anatomical data indicate that they were probably subjected to water shortage also
in the years analysed (Damiano et al. 2022a). Stomatal closure during drought stress usually
leads to an increase in iIWUE (Altieri et al. 2015). This is consistent with the data obtained
from the analysis of C isotopes in musts of the same grape varieties and with the low
photosynthetic rate recorded in CA and GR (Damiano et al., 20223, b). Grapevine wood

combines the occurrence of frequent wide vessels, typical of grapevines, with high
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heterogeneity in vessel size. This is a strategy that, under favourable environmental
conditions, favours water transport efficiency while maintaining safety from embolism during
drought as is the case of other Mediterranean woody species (Baas & Schweingruber, 1987,
De Micco et al. 2008). The occurrence of different vessel size classes in a wood, also known
as vessel dimorphism, is considered an adaptive trait to drought and is also a well-established
ecological trend in wood anatomical characteristics (Baas & Schweingruber, 1987). The
distribution of vessels in different classes of vessel lumen size can change in response to
environmental changes, but also to local pedoclimatic conditions and cultivation practises
(Cirillo et al. 2017). Comparing CA and GR, the two vineyards characterised by lower soil
water availability, the wood traits of the CA vineyard (especially the wider range of vessel
size distribution compared to GR) would explain the better growth performance of the first
vineyard compared to the second, especially in drier years (Damiano et al. 2022a). The
analysis of correlations between wood parameters and climatic data supports the idea of
xylem plasticity triggered by temperature values and precipitation amount during the
vegetative and reproductive seasons, but not with the same strength in all vineyards, as if
local environmental conditions acted as a buffer. Thus, this analysis results fundamental in
highlighting the differences among the four vineyards, supporting the data which were
already discussed above. Indeed, iIWUE positively correlated with all the temperature-related
parameters (AMT, AMaxT, AMiInT) in SL, CA and GR, and negatively with precipitation
(CAP) in SL and CA. In the latter two sites, these results suggest that warm and dry
conditions trigger wood-level adjustments that increase the amount of CO- fixed per
transpired water, which is still ensured by a slow but continuous water flow thanks to a
tendency to reduce the vessel size. This is also supported by the negative and positive
correlations between the hydraulic conductivity of the classes with larger vessel lumens (KhB

and KhC) and temperature and precipitation, respectively. Such trends are also quite
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consolidated in other species as a typical response to dry conditions (Abrantes et al., 2013;
Balzano et al., 2020). It is interesting to observe that at GR the correlation between iWUE and
precipitation was positive, while increasing temperature would increase the incidence of water
flow based on the classes of larger vessels (i.e., positive correlation between AMT, AMaxT
and AMInT and KhC). Such a strategy might be possible in GR grapevines, as these plants
can respond to severe drought by rapidly closing stomata due to their anatomical leaf
characteristics, such as small and fast-responding guard cells (Damiano et al. 2022a). In the
case of AC, relationships between climatic data and iWUE were not significant. In AC, the
relationships between wood anatomical parameters and climatic data followed the same
trends as in SL and CA, but were less marked. This is probably due to the cropping
management allowing supplemental irrigation in case of severe drought, which may have
buffered the relationships with temperature and precipitation data. In fact, according to
Santesteban et al. (2012), AC vineyard would be classified as not affected by drought- stress
based on 613C values.

Our data show support that wood anatomical traits are likely modulated by environmental
conditions during grapevine growth and can strongly influence the physiological responses of
a grapevine cultivar to short-term changes in water availability, as IWUE indicated. The
anatomical traits found in the four vineyards corresponding to spatial variation in
environmental conditions indicated the occurrence of different water use strategies between
the two wetter and the two drier sites. Trends in wood traits in the grapevines from the four
vineyards were consistent with trends in leaf functional traits related to mesophyll and
stomatal conductance highlighted in previous studies (Damiano et al. 2022a, b). Indeed, the
importance of coordination between stomata and xylem traits for plant acclimation is also

recognised at the evolutionary level (Brodribb et al., 2016). In a gradient of water availability,
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SL is in the wettest end and so it functions as a water-spender (i.e. anisohydric), whereas GR
is at the driest end and so it tends to be water-saving (i.e. isohydric).

In conclusion, our analyses support the idea that Falanghina grapevine can adopt different
strategies of water use based on the development of specific structural traits at the wood and
leaf levels, triggered by environmental conditions. Therefore, wood anatomical traits must be
considered along with leaf hydraulic traits for a comprehensive understanding of grapevine
water use, and for forecasting possible changes in the hydraulic behaviour under changing
environmental conditions. Such an understanding would help develop science-based
appropriate cultivation management techniques to promote grapevine acclimation to drought,

especially with respect to precision application in viticulture.
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FIGURE CAPTIONS

Fig. 1. Light microscopy views of cross sections of the trunk wood of grapevines from the
four vineyards: Santa Lucia (SL); Calvese (CA); Grottole (GR); Acquefredde (AC).
Images are at the same magnification. Arrows indicate the beginning of the 2015 ring. Bars
=500 um.

Fig. 2. Distribution of vessels in classes of lumen area in the three groups A (<500 pm?), B
(500 um? <lumen area<5000 pm?), C (>5000 um?) in the trunk wood of grapevines from
the four vineyards: A-C, Santa Lucia (SL); D-F, Calvese (CA); G-I, Grottole (GR); L-N,
Acquefredde (AC).

Fig. 3. IWUE values in trunk wood (rings corresponding to the years from 2015 to 2019) of
grapevines from the four vineyards (X-axis): Santa Lucia (SL); Calvese (CA); Grottole
(GR); Acquefredde (AC). Mean values and standard errors are shown. Different letters
corresponded to significantly different values according to Duncan HSD test (p <0.001).

Fig. 4. Spearman’s rank correlation coefficients among climatic variables and wood
anatomical traits in the four vineyards: Santa Lucia (SL); Calvese (CA); Grottole (GR);
Acquefredde (AC). Positive (blue) and negative (red) correlations (r?) are shown. *, **,
*** significant at p <0.05, 0.01 and 0.001 respectively.

Fig. 5. Principal component analysis (PCA) biplot showing relationships between wood
anatomical parameters and iIWUE among the four vineyards (Santa Lucia, SL; Calvese,

CA,; Grottole, GR; Acquefredde, AC) during the five years 2015-2019.
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Table 1. Climate data of the period 2015-2019 from the Guardia Sanframondi weather station
(41°14°17.2” N;14°35°49.8” E) of the Campania region weather network: annual mean temperature
(AMT), annual maximum temperature (AMaxT), annual minimum temperature (AMinT), and
cumulative annual precipitation (CAP).

AMT AMaxT AMINnT CAP

°C °C °C mm

2015 16.6 22.8 11.4 872
2016 16.5 22.9 11.3 931
2017 16.6 23.6 10.8 815
2018 16.8 22.8 12.0 1144

2019 17.3 23.0 12.1 821




Table 2. Main effects of field (F) and year (Y) on average of Vessel Area % (VA), Ray Area %
(RA), Fiber Area % (FA) on ring area of Vitis vinifera L. subsp. vinifera ‘Falanghina’ from the four
vineyards: Santa Lucia, SL; Calvese, CA; Grottole, GR; Acquefredde, AC. Mean values, standard
errors and significance of main factors interactions are shown. Different letters within column
indicate significant differences according to Duncan’s multiple-range test (P < 0.05).

VA FA RA

% % %
Field (F)
SL 22.82+1.244 ¢ 43.03+£0.655 a 36.61+0.957 a
CA 27.63£0.945 ab 40.60£0.729 ab 33.76x0.512 a
GR 24.55+0.828 bc 41.81+0.903 a 36.14+1.002 a
AC 29.84+1.613a 39.40+£1.348 b 34.25+1.107 a
Year (Y)
2015 2551+1.141 a 42.79+0.813 a 34.31+0.919 a
2016 25.49+1.254 a 42.12+0.988 a 35.19+0.851 a
2017 27.33+£1.967 a 41.31+1.484 a 35.13+0.943 a
2018 26.83x1.241 a 39.86x+1.120 a 36.33+0.968 a
2019 27.09+1.571a 40.77+£0.967 a 35.67+1.485a
Significance!
F **k* ** NS
Y NS NS NS
FxY NS NS NS

]_NS,*, 7’c~k7 ***:

Non-significant or significant at P < 0.05, 0.01, 0.005, respectively.



Table 3. Main effects of field (F) and year (Y) on average of minimum Vessel Area of group A

(VAMiIn A), average of mean vessel area of group A (VAMean A), average of mean Vessel Area of
group B (VAMean B), average of mean Vessel Area of group C (VAMean C), average of maximum

Vessel Area of group C (VAMax C) of Vitis vinifera L. subsp. vinifera ‘Falanghina’ from the four
vineyards: Santa Lucia, SL; Calvese, CA; Grottole, GR; Acquefredde, AC. Mean values, standard
errors and significance of main factors interactions are shown. Different letters within column
indicate significant differences according to Duncan’s multiple-range test (P < 0.05).

Field (F)
sL
CA
GR
AC

Year (Y)
2015
2016
2017
2018
2019

Significance!
F

Y

FxY

VAMin A VAMean A VAMeanB VAMeanC VAMaxC
pm? pm? pm? pm? pm?
83.84+2.981 b 245.247.459 b 1377+46.84 a 17569+1066.5 a 31944+2373.3 a
135.6+7.463 a 268.9+8.021 ab 1374+41.83 a 20530+1373.8 a 38101+2731.1a
49.91+3.637 ¢ 195.5+7.792 ¢ 1584+104.9 a 9903.2+6949 b 16051+1518.1 b
152.1+11.71 a 287.2+11.15a 1376+43.77 a 18371+1054.7 a 34646+2208.1 a
94.92+9.746 a 250.5+11.64 a 1392+65.69 a 16409+1398.5 a 29862+3181.3 a
105.0+11.71 a 251.5+11.52 a 1443+58.00 a 16433+1700.2 a 30387+3437.4 a
101.8+11.48 a 249.0+12.40 a 1432+53.51 a 15080+1056.2 a 28627+2401.1 a
111.4+14.29 a 245.9+13.33 a 1375+63.35 a 19346+1787.5a 34705+3479.6 a
113.7413.98 a 249.2413.89 a 1500+117.1 a 15698+1344.7 a 27346+3056.5 a
*k*k *k*k NS *k*k *k*k
NS NS NS NS NS
NS NS NS NS NS

]_NS,*, **7 ***:

Non-significant or significant at P < 0.05, 0.01, 0.005, respectively.



Table 4. Main effects of field (F) and year (Y)on potential hydraulic conductivity (Kh), hydraulic diameter
(Dh), for the three group: lumen area <500 pm? (A), 500 pm? <lumen area<5000 pum? (B), lumen area
>5000 um? (C) of Vitis vinifera L. subsp. vinifera ‘Falanghina’ from the four vineyards: Santa Lucia, SL;
Calvese, CA, Grottole, GR; Acquefredde, AC. Mean values, standard errors and significance of main
factors interactions are shown. Different letters within column indicate significant differences according to
Duncan’s multiple-range test (P < 0.05).

Field (F)
sL
CA
GR
AC

Year (Y)
2015
2016
2017
2018
2019

Significance!
F
Y

FxY

KhA KhB KhC DhA DhB DhC
(kgm *MPa s 1) (kgm *MPa ts 1) (kgm MPa s %)
x1072 x1072 x10 2 pum pum pm
0.488+0.074 b 10.68+1.595 a 483.7£159.1 a 34.05£0.619 bc 76.51+1.888a  220.3+7.642 a
0.388+0.046 b 7.168+0.467 a 425.5+41.54 a 36.54+1.046b  76.19+1.188a  239.9+8.636 a
0.782+0.065 a 11.10+1.628 a 158.1+20.22 b 31.18+0.863¢c  76.57+2.062a  171.2+7.720b
0.541+0.052 b 9.729+1.001 a 443.5+£66.84 a 40.41+2.073a  76.91+£1.707a  221.8+8.017 a
0.588+0.069 a 8.590+1.072 a 348.4+63.35 a 36.93+2.154a  76.84+1.980a  213.9+9.948a
0.609+0.097 a 10.27+1.422 a 368.5£79.67 a 36.92+1.551a  77.44+1597a 212.4+11.20a
0.487+0.073 a 10.38+1.329 a 286.9+43.44 a 33.62+0.999a  78.36x1.562a  205.2+8.886 a
0.517+0.062 a 9.711+£1.791 a 534.4+186.6 a 36.74+1.953a  73.88+1.890a 231.3+10.94a
0.549+0.066 a 9.393+1.574 a 350.3+76.44 a 33.51+0.877a  76.22+2.472a  203.6x11.32a
*k*k NS * **k%k NS *kx
NS NS NS NS NS NS
NS NS NS NS NS NS

1NS’*’ **’ ***:

Non-significant or significant at P < 0.05, 0.01, 0.005, respectively.
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