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Summary

Grapevine shoot morphology is widely studied for 
both ampelography and growing adaptation to environ-
mental stresses. However, few is known concerning the 
relative contribution and interactions of the genotype 
and of the growing conditions to the vegetative growth. 
In this work, seven grapevine cultivars were studied in 
three geographically distant ampelographic collections 
to maximize the genotype and environment differences 
among samples. Phytomers were studied concerning 
the leaf area and the stem and petiole diameters and 
lengths. These measurements allowed the calculation 
of derivative parameters to describe the proportions 
among elements. Despite most of the studied parameters 
significantly discriminated both factors (cultivar and 
growing conditions), it was possible to identify, for each 
one of them, the most promising parameters based on 
their relative variance explanation. In fact, a negative 
correlation was observed between the roles of genotype 
and environment among the studied parameters. The 
low interaction effect suggested a stability in the plant 
behaviors, confirming the possibility to use vegetative de-
scriptions for both cultivar discrimination and growing 
conditions. Future studies will be performed to develop 
specific indexes based on the phenotypical variability of 
shoot morphology described here.

K e y  w o r d s :  phytomer; leaf area; petiole; stem; vege-
tative growth; Georgian grapevine cultivars; phenotyping; smart 
measurement; adaptation strategies.

Introduction

Grape cultivars have been described since the birth of 
the Mediterranean culture by ancient Greeks and Romans, 
such as Theophrastus (375-297), Vergilius (70-19), Pliny 
and Columella, although the descriptions were in many 
aspects incomplete (Vršič 2012). In the last centuries, the 
Ampelography - the description and classification of grape-

vine species and cultivars based on morphology - became a 
scientific discipline of viticulture, and detailed descriptions 
were produced by different authors (e.g. Clemente 1807, 
Nicoleano 1900, Viala and Vermorel 1901-1910, Ga-
let 1975). Nowadays, the characters for ampelographic 
descriptions have been conventionally defined by the scien-
tific community and most of them concerns the vegetative 
growth (OIV 2001, Muñoz-Organero et al. 2010). To 
convert the subjective visual observations, that require a lot 
of experience by the operators, into objective measurements, 
ampelometry was developed and is now widely used (San-
tiago et al. 2005, Soldavini et al. 2009, Laiadi et al. 2013, 
Labagnara et al. 2018). Ampelometry is mainly based on 
leaf description, underlying the importance of this organ in 
the cultivar classification, due to the recognized stability of 
the leaf growth within the same genotype.

On the other side, it is well known that the growing 
conditions influence the plant canopy. It has been demon-
strated that different environmental factors affect the plant 
vegetative growth. For example, the role of water has been 
investigated showing an inhibition effect of drought in dif-
ferent grapevine cultivars (Schultz and Matthews 1988, 
Pellegrino et al. 2005, Hardie and Martin 2008). Soil 
and air temperatures can affect the growth of both stems and 
leaves (Woodham and Alexander 1966, Buttrose 1968, 
Kliewer and Lider 1970, Kliever 1975). Concerning light, 
not only the quantity, but also the spectrum (e.g. red:far-red 
ratio) can modify the organs' elongation (Buttrose 1968, 
Morgan et al. 1985). Keller et al. (1998) found that both 
low-light conditions and high nitrogen availability stimulate 
vegetative growth. The same environmental factors were 
studied by Grechi et al. (2007), highlighting the effect of 
the growing conditions in the plant organ biomass allocation. 
The importance of nitrogen availability on the vegetative 
growth is well known: a deficiency in this element can cause 
a reduction of 45 % of the lamina area expansion (Metay 
et al. 2014). Many mineral deficiencies cause variations 
in the plant appearance (Rustioni et al. 2018). Moreover, 
plants are integrated with and strongly influenced by the 
associated microbiome (the reason why the term "holobi-
ont" was coined; Vandenkoornhuyse et al. 2015). This 
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represents another integral and very important part of the 
environmental influence over the plant development and 
fitness (Berg et al. 2016), including the phenotype, as 
demonstrated by the effect of the so-called Plant Growth 
Promoting Bacteria (PGPB) known also for Vitis vinifera 
(Barka et al. 2006, Gasser et al. 2012).

The above-mentioned examples find applications in 
the potential use of vegetation indexes to support decisions 
for a precise and sustainable vineyard management. These 
technologies are already spreading among winegrowers 
(Hardie and Martin 2008, Hatfield et al. 2008, Taskos 
et al. 2015). However, despite the large body of literature 
concerning the effects of the genotype or of the growing 
conditions on the plant vegetation, few is known concerning 
their relative contribution and interactions in the grapevine 
phenotyping. Therefore, the aim of this work was to assess 
the respective roles of the genotype and of the growing 
conditions on several morphological parameters of seven 
grapevine cultivars grown in three different sites. The quan-
tification of the interaction effects indicates the stability of 
those parameters, which gives an indication of the cultivar 
plasticity among growing conditions. It is worth to notice 
that, in this work, with the term "growing conditions" we 
intend a combination of environmental and anthropogenic 
factors. The main purpose of this study is the identification 
of the most promising parameters to be used for future de-
velopment of accessible indexes to support winegrowers' 
decisions regarding vineyard management.

Material and Methods

E x p e r i m e n t a l  d e s i g n :  The experiment was 
carried out in June 2020, in three very different ampelo-
graphic collections. Two of them are in different Italian wine 
regions – Oltrepò Pavese and Salento – and one is sited in 
Jighaura – Georgia.

The Oltrepò Pavese collection (FAO INSTCODE: 
ITA035) is located in the region Lombardy in the north of It-
aly (Latitude 44.97, Longitude 9.08, Elevation 144 m a.s.l.). 
The vineyard is planted on a hilly terrace with a slight east 
exposition (row direction SE-NW), with a typical clay soil. 
Plants are spaced 2.5 m (interrow) and 1 m (intrarow), with 
a plant density of about 4000 plants·ha-1. Vines are trained at 
classic Guyot system; soil is managed with a natural grass 
cover and the vineyard does not have an irrigation system. 

The Salento vineyard is a private collection situated in 
the region Apulia in the south of Italy (Latitude 40.35, Lon-
gitude 17.40, Elevation 25 m a.s.l.). The vineyard is planted 
in a plain area, characterized by a sandy loam calcareous soil. 
Plants are spaced 2.2 m (interrow) and 0.9 m (intrarow), with 
a plant density of about 5000 plants·ha-1. Vines are trained 
at classic spur cordon; soil is managed by tillage and the 
vineyard is equipped with an irrigation system.

The Jighaura collection (FAO INSTCODE: GEO038) is 
sited in Georgia (Latitude 41.55, Longitude 44.46, Elevation 
585 m a.s.l.). The vineyard is planted in a plain area, with 
a typical alluvial carbonated deep soil, with middle and 
heavy clay texture, and high skeleton. The soil is managed 
with natural grass cover. The vineyard is equipped by a drip 

irrigation system. Plants are spaced by 2.35 m (interrow) 
and 1.25 m (intrarow), with a plant density of about 3,400 
plants·ha-1. The training system is a double cane without 
spur. Jighaura's collection rows of vineyard are directed 
from west to east, because of the wind direction. 

In each collection, the same seven cultivars were con-
sidered, namely 'Shavkapito', 'Rkatsiteli', 'Ojaleshi', 'Alex-
androuli', 'Gorula', 'Mgaloblishvili' and 'Aladasturi' - all of 
Georgian origin. For each cultivar, a total of 27 phytomers 
were described (3 plants, 3 shoots/plant, 3 phytomers/shoot). 
The plant and shoot selection was based on the visual ob-
servation of the vines: the most healthy and vigorous ones 
were chosen in each collection. Concerning the phytomers, 
the 3rd, 4th and 5th nodes were always considered. This choice 
was made based on the recommendations of IPGRI, UPOV 
and OIV (1997), that indicate the middle third of the shoot 
as the most stable within the same genotype and, thus, a 
low variability should be expected due to different growing 
conditions. Furthermore, the development of the basal part 
of the shoot is strongly influenced by the bud preformation 
and the availability of reserves in the initial phenological 
phases (Zapata et al. 2004). It means that a major contri-
bution of the terroir (not limited to the specific moment of 
shoot growth during the season, but also in relation to the 
general plant life) should be expected.

M o r p h o l o g i c a l  p a r a m e t e r s :  Phytomer 
morphology was described concerning the green surfaces 
and their proportions (Fig. S1). The selection of the varia-
bles was guided by the intention to propose those that are 
objective, numerical, easy to be measured, and that do not 
need expensive equipment. Internodal stems were measured 
directly on the plants, while leaves (with their petioles) were 
detached to facilitate the data recording. The length and 
diameter of internodal stems and petioles were measured 
using a ruler and an electronic caliper, respectively (diameter 
was measured in the middle point of the stem or the petiole). 
Leaf area was measured with the smartphone app 'Easy Leaf 
Area Free' (Easlon and Bloom 2014) (Fig. S2). These direct 
records were also used to calculate derivative variables for 
each phytomer. In total, 16 variables were considered, 5 di-
rect measurements [Leaf area, Stem length, Stem diameter, 
Petiole length, Petiole diameter] and 9 indirect variables 
[Total area of the phytomer, Petiole length/Petiole diameter 
ratio, Stem length/Stem diameter ratio, Stem area, Petiole 
area, Leaf area/Petiole area ratio, Stem area/Petiole area 
ratio, Leaf area/Stem area ratio, Leaf area (% with respect 
to the total green surface), Stem area (% with respect to the 
total green surface), Petiole area (% with respect to the total 
green surface)]. The areas of petiole and phytomers were 
calculated mathematically (circumference x length).

S t a t i s t i c a l  a n a l y s e s :  All statistical analyses 
were done in SPSS (IBM Corporation, Armonk, US). Var-
iables (direct and derivative) were checked for normality 
of distribution using the Shapiro-Wilk test. A Principal 
Component Analysis (PCA) was performed on all direct 
and derivative variables. The relative contributions to the 
total observed variance of the factors "Site", "Cultivar", 
"Internode", as well as of the respective interactions, was 
calculated as the percentage of the ANOVA mean of squares 
of each factor with respect to the sum of the mean of squares 
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of all factors (including the error). The relative contributions 
of the factors Site, Cultivar and Internode were compared 
each other by Pearson moment correlation. The significance 
of the factors "Site" and "Cultivar" on all variables, as well 
as on the four main PCA functions, was tested by ANOVA 
and Duncan Post-hoc analysis (at p < 0.05). Beta-error 
was controlled, and it was always equal to zero (analysis 
power = 1). The effect size was assessed by partial-η2. Final 
figures were assembled using ImageJ2 (Rueden et al. 2017) 
and the online image editor Photopea (available at www.
photopea.com).

Results

The Principal Component Analysis produced 4 func-
tions with eigenvalues higher than 1, explaining, respective-
ly, 34.9 %, 31.3 %, 16.5 % and 4.9 % of the total observed 
variance. The first function was mainly related to direct 
measurements: total phytomer, leaf, stem and petiole areas, 
stem length and petiole diameter. The second function in-
stead was mainly related to the proportions among phytomer 
elements (leaf and stem percentage of the total area). The 
third function was strongly related to the petiole morphology 
(petiole length, percentage of petiole area and petiole area, 
ratios among stem/petiole and leaf/petiole areas). The fourth 
function was related to the stem and petiole proportions (both 
length/diameter ratios) and to the stem diameter (Tab. S1).

PCA ordination of morphological data differentiated 
the cultivars on the first principal component based mainly 
on the size of individual elements (Fig. 1A-B): 'Shavkapito' 
and 'Rkatsiteli' had small vegetation, 'Ojaleshi', 'Alexan-
drouli' and 'Gorula' were intermediate, 'Mgaloblishvili' and 
'Aladasturi' were the biggest ones (Fig. 1B). The 2nd, 3rd and 

4th functions significantly discriminated the cultivars as 
well (Fig. 1C-E), corroborating the important role of the 
genotype in the plant morphology. However, function 1 
showed a large effect size (partial-η2 = 0.435) when tested 
by ANOVA, while other functions showed a medium effect 
size (partial-η2 = 0.11-0.12). All individual variables were 
significantly influenced by the cultivar (Fig. S3).

Cultivation sites (i.e. the environmental conditions, 
vineyard management, etc.) also significantly affected the 
plant morphology (Fig. 2A). Functions 1 and 4 showed a gra-
dient coherent with the latitude of the study sites: from south 
to north, Salento, Jighaura and Oltrepò Pavese (Fig. 2B, E). 
However, only function 4 discriminated all three experimen-
tal sites, while function 1 only revealed significantly smaller 
phytomers in Salento. Functions 2 and 3 discriminated the 
Continents: Jighaura showed significantly lower scores 
with respect to the Italian records (Fig. 2C-D). It is worth 
to notice that functions 2 and 4 were the most discriminant 
and that they were both related to derivative variables (the 
proportions among the different elements considered in the 
phytomer description; Tab. S1). In fact, functions 2 and 4 
showed a large effect size (partial-η2 = 0.215 and 0.216, 
respectively) (Fig. 2 C, E), while the effect size of function 1 
and 3 were respectively small and medium-small (partial-η2 
= 0.042 and 0.074, respectively) (Fig. 2 B, D). All individual 
variables were significantly influenced by the site, except 
petiole diameter (Fig. S4).

Fig. 3 reports the variance explanation by experimental 
site, cultivar, internode and interactions among factors. 
Considering the relative low differences among plants and 
shoots, these factors were not included in this analysis and, 
thus, their variability fall in the unexplained variance. In the 
graph, interactions have been merged, but extensive data are 
reported in Tab. S2. The average of all considered parameters 

Fig. 1: (A) Principal Component Analysis (PCA) of 16 morphological parameters, ordering the samples according to the grapevine 
cultivar. The first and the second PCA-functions were used to build the plot. (B-E) Contribution of the four main PCA functions to 
the discrimination between cultivars. Different letters above the bars represent significantly different means (Duncan's Post-hoc test, 
p = 0.05). Colors indicate the cultivars according to the legend. Details concerning the matrix of the four main Principal Component 
functions are reported in Tab. S1.
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Fig. 2: (A) Principal Component Analysis (PCA) of 16 morphological parameters, ordering the samples according to the experimental 
sites. The second and the fourth PCA-functions were used to build the plot. (B-E) Contribution of the four main PCA functions to the 
discrimination between sites. Different letters above the bars represent significantly different means (Duncan's Post-hoc test, p = 0.05). 
Colors indicate the sites according to the legend. Details concerning the matrix of the four main Principal Component functions are 
reported in Tab. S1.

Fig. 3: (A) Contribution of experimental factors and their cumulative interactions to the observed variance among all parameters tested, 
calculated as the percentage of the ANOVA mean of squares of each factor with respect to the sum of the mean of squares of all factors 
(including the error). The average of all parameters is also shown (first bar). (B) Correlation between the relative contributions of the 
factors Site, Cultivar and Internode to the observed variance. Person moment correlation rho and p values are also shown on the graph.
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indicated a variance explanation of 41.5 %, 30.2 %, 15.3 % 
and 12.3 % due to experimental site, cultivar, internode 
and interactions, respectively (Fig. 3A). Only 0.7 % of the 
variance remained unexplained (error). Fig. 3A shows the 
parameters ordered according to the variance explained by 
site (decreasing). A strong indirect correlation (p < 0.001) 
between contribution of genotype (cultivar) and environment 
(site) to the phenotype definition was observed (Fig. 3B). 
This result was corroborated by the correlations of the effect 
sizes calculated on the two factors (Pearson rho = -0.641, 
p = 0.008 - Fig. S5). Interestingly, the main factor of varia-
bility of the direct measurements (e.g. petiole diameter, total 
surface, leaf area, etc.) was the cultivar, indicating a strong 
and stable genetic control of these parameters (Fig. 3A; 
Fig. 5). On the other side, derivative parameters, i.e. the 
ones that describe variations in the proportions among the 
considered elements (e.g. Leaf area/Petiole area ratio, per-
centages of area distribution, etc.), varied mainly in relation 
to the environmental conditions, indicating a plasticity of 
the phenotype depending on the growing context.

Discussion

In this work, we tested the feasibility of plant mor-
phological parameters to be used as indicators of growing 
conditions or cultivar classification. To do this, we assessed 
the relative contribution of the experimental factors (site, 
cultivar and internode) to the total variance of 16 direct and 
derivative morphological parameters of seven grapevine 
cultivars grown in three different sites (two in Italy, Europe, 
and one in Georgia, Western Asia). We found out that direct 
variables were mainly influenced by the genotype, while 
several derivative variables were more dependent from the 
sites: we propose that the latter could be further studied for 
use as indexes to measure how the plant responds to the 
surrounding environmental conditions.

The experimental sites were intentionally selected to 
maximize the differences in the plant growing conditions 
(weather, soil, vineyard management, etc.). In parallel, the 
seven genotypes were chosen, among those available in 
the three experimental sites, based on their morphological 
differences.  Furthermore, these cultivars originated from 
different Georgian wine regions: 'Rkatsiteli' (B) – Kakheti, 
'Ojaleshi' (N) – Samegrelo, 'Alexandrouli' (N) – Racha, 
'Mgaloblishvili' (N) – Imereti, 'Aladasturi' (N) – Guria, 
'Gorula' (B) and 'Shavkapito'(N)– Kartli (Ketskhoveli 
et al. 1960, Tsertsvadze 1989). This fact suggests that 
these varieties underwent different selective pressures by 
local farmers, which likely resulted in an increased genetic 
variability among them. Moreover, being Georgia a primary 
domestication center of cultivated grapevines, Georgian 
varieties have been shown to have a high intraspecific ge-
netic variability (De Lorenzis et al. 2015), resulting in an 
interesting phenotypic variability (Maghradze et al. 2014, 
Abashidze et al. 2015)

Plant morphology appeared to be strongly defined by 
genotype, especially concerning the general size appearance 
of the plant (Fig. 1). It is worth to notice that the cultivar 

recognition has been based on the description of the plant 
morphology for centuries and, despite the increased impor-
tance of molecular markers, it maintains a fundamental role 
in the varietal classification. In ampelography, the observa-
tion of vegetative organs is mandatory focusing on the tips, 
young and mature leaves, shoots, clusters, berries, etc. (OIV 
2001, Muñoz-Organero et al. 2010). However, the visual 
observation can often suffer of the objectivity of the evalua-
tion and, thus, despite its major and undisputed importance 
in the plant classification, inaccuracies can happen, also due 
to the limited number of descriptor categories and the diffi-
culties to perform statistical analyses on this kind of visual 
records. For example, the ampelographic descriptions of the 
studied cultivars report the bigness of the mature leaves as 
follow: 'Mgaloblishvili', 'Aladasturi' and 'Gorula' - large; 
'Rkatsiteli' - medium-large; 'Ojaleshi', 'Alexandrouli' and 
'Shavkapito' - medium size (Tsertsvadze, 2012). Howev-
er, our results indicate (Fig. S3) that cultivars are grouped 
as follow: 'Rkatsiteli' and 'Shavkapito' – smaller; 'Gorula', 
'Ojaleshi' and 'Alexandrouli' – medium; 'Mgaloblishvili' and 
'Aladasturi' – larger sized leaves. Moreover, notably, very 
stable values of leaf areas were recorded among genotypes, 
as demonstrated by the small standard error bars of Fig. S3. 
Despite these (yet not huge) discrepancies with the litera-
ture data of visual description, we argue that our precise 
measurements are more reliable due to the quantitative and 
objective nature of the records. Moreover, this approach is 
more modern, and takes advantage of digital technologies 
already available for free. Thus, in the next future, this kind 
of measurements will also likely support the cultivar classi-
fication and the ampelographic description. With this regard, 
it is worth noticing that petiole diameter (a parameter never 
considered in the cultivar classification until now) resulted 
to be the most representative and stable variable for cultivar 
discrimination, independently from the growing conditions 
(Fig. S3 and S4). This evidence should encourage further 
studies in this direction.

It is well known that the phenotype is the result of the 
genotype, the environmental conditions, and their interac-
tions (Rustioni et al. 2019). Many studies deal with the 
effects of the growing conditions on the grape production 
quantity and quality (Poni et al. 2018) or the plant phenology 
(Rustioni et al. 2014). However, considering morphology, 
a dominant effect is usually ascribed to the genotype, as 
demonstrated by the broad use of ampelography and ampe-
lometry (Labagnara et al. 2018, Laiadi et al. 2013, OIV, 
2001, Muñoz-Organero et al. 2010, Santiago et al. 2005). 
Generally, it is accepted that the plants undergo long-term 
morphological adaptations to cope with environmental con-
strains during their evolution; however, short-term morpho-
logical adaptation strategies to the surrounding environment 
also exist. Our results indicate that the growing conditions 
strongly and significantly affect the grapevine morphology. 
This is not surprising if we think about the roles of the light 
or of the nitrogen availability or of the plant water status or 
of the biotic interactions with the microbiome (Pellegrino 
et al. 2005, Schultz and Matthews 1988, Hardie and 
Martin 2008, Woodham and Alexander 1966, Kliever 
1975, Kliewer and Lider 1970, Buttrose 1968, Morgan 
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et al. 1985, Keller et al. 1998, Grechi et al. 2005, Metay 
et al. 2014, Berg et al. 2016) on plants. Of course, the plant 
response to the environment is guided by the genetic infor-
mation, but we found that some morphological characters are 
quite coherent among genotypes in different environments 
(low variance explanation related to the interaction; Tab. 
S2), indicating a stability in the adaptations mechanisms 
among different cultivars. In particular, we found that deriv-
ative parameters (especially proportions between elements) 
are those mainly influenced by the environment. This is 
coherent with the results of Pellegrino et al. (2005) who 
observed that morphological composite indicators are best 
descriptors of water deficit for grapevine. Although Schultz 
and Matthews (1988) showed that all shoot elements re-
sponded similarly to water stress, their work was based on 
one cultivar only, while in our study the analysis of seven 
different cultivars likely highlighted the dominant role of the 
genotype over the environment on the general development 
of individual elements.

Although the availability of an ampelographic collection 
network allowed the comparison of the same cultivars in 
different growing conditions, this preliminary work does 
not permit to confirm a cause-effect outcome. Moreover, our 
observational and explorative study does not allow a break-
down of the individual environmental factors responsible 
for the variance observed. Future dedicated studies, which 
experimentally separate the environmental factors, will be 
necessary to determine their actual role on the phenotype 
modulation in grapevine: when these will be unraveled, it 
will be possible to develop easily measurable indexes to 
assess the plant response to the different growing condi-
tions. This will help the farmers and the policy makers to 
take decisions both in the long term (for example, deciding 
which cultivar is more suitable to be planted on a certain 
site, or to assess strategies to face climate change) and in 
the short term (for example, deciding whether to irrigate or 
not, or which fertilizer is needed in that growing phase). Our 
selection of simple, low-cost, and objective measurements 
of parameters able to discriminate the phenotypes based 
on plant morphology represents a promising tool, easily 
available to everybody, for future research and application 
in viticulture.
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