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Abstract: This study aimed to develop mathematical models for estimating leaf area 
in three grapevine cultivars (‘Chardonnay’, ‘Marselan’, and ‘Pinot Noir’) grown with 
plastic overhead cover in Santa Catarina, Brazil. Linear measurements of midvein 
length, left and right secondary veins, and the sum of secondary veins were tak-
en from 200 leaves per variety during the 2020/21 and 2021/22 cycles. Linear re-
gression models were developed using leaf area and midvein length, midvein length 
squared, sum of secondary veins, and sum of secondary veins squared as predic-
tors. Model performance was evaluated based on Pearson correlation coefficient, 
root mean square error, bias, and efficiency. The developed models accurately es-
timate leaf area for the tested grapevine cultivars under plastic cover conditions, 
with the best-performing model using the sum of secondary veins squared as a pre-
dictor variable. These models can be useful for researchers and grapevine growers 
for estimating leaf area and improving plant growth management.

Index Terms: Vitis vinifera L., plastic cover, linear equations, length of veins.

Modelos matemáticos para determinação 
de área foliar nas variedades Chardonnay, 
Marselan e Pinot Noir
Resumo: Este trabalho teve como objetivo desenvolver modelos matemáticos para 
estimar a área foliar de três cultivares de videira (‘Chardonnay’, ‘Marselan’ e ‘Pinot 
Noir’) cultivadas sob cobertura plástica, em Santa Catarina, Brasil. Medições lineares 
do comprimento da nervura central, das nervuras secundárias direita e esquerda, e 
da soma das nervuras secundárias foram feitas em 200 folhas por variedade, duran-
te os ciclos 2020/21 e 2021/22. Modelos de regressão linear foram desenvolvidos 
usando área foliar e comprimento da nervura central, comprimento da nervura cen-
tral ao quadrado, soma das nervuras secundárias e soma das nervuras secundárias 
ao quadrado como preditores. O desempenho do modelo foi avaliado com base no 
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Leaf area (LA) is a crucial measure for as-
sessing plant growth, photosynthesis, and 
ecological competition, and determining 
crop ecosystem productivity, especially in vi-
ticulture (BUTTARO et al. 2015, SILVESTRONI 
et al., 2018). Non-destructive methods for 
measuring LA are preferred as they reduce 
variability and do not compromise other LA-
dependent parameters (SILVA et al. 2004). 
Direct methods involve portable LA integra-
tors, but they can be costly and require stan-
dard measurement protocols (JUNGES and 
ANZANELLO, 2021).

Indirect methods use mathematical equa-
tions based on leaf blade measurements 
such as length, width, and vein lengths 
(DEMIRSOY, 2009; BORGHEZAN et al., 
2010; BUTTARO et al., 2015; JUNGES and 
ANZANELLO, 2021). However, the relation-
ship between veins and LA can vary depend-
ing on the species, cultivar, edaphoclimatic 
conditions, and vine management (JUNGES 
and ANZANELLO, 2021). Thus, improving the 
accuracy and efficiency of LA estimation is 
a critical process for advancing agronomic 
and ecophysiological research in viticulture 
(TOMAZETTI, 2020).

To validate leaf area estimation models, 
statistical errors beyond the correlation be-
tween estimated and observed leaf area, 
such as root mean square error (RMSE), bias, 
and model efficiency, should be considered 
(BUTTARO et al., 2015). In vine cultivation 
under plastic cover, leaves tend to have a 
larger area due to anatomical transforma-
tions compensating for solar restriction, re-

sulting in increased photosynthetic capacity 
(TAIZ and ZEIGER, 2004; CHAVARRIA et al., 
2008; CHAVARRIA et al., 2012). This study 
aims to develop linear models for the leaf 
area of Chardonnay, Marselan, and Pinot 
Noir varieties grown with plastic overhead 
cover in Santa Catarina.

This study was conducted in an experimen-
tal vineyard located in Nova Trento – SC 
(27°15′34″S, 48°56′54″W, at an altitude of 78 
meters). The vineyard is situated in a region 
with a humid subtropical climate (Köppen-
Geiger classification: Cfa), characterized by 
warm summers and mild winters with no dry 
season. The soil in this area is predominantly 
Alic Cambisol Tb A moderate, clayey texture 
(POTTER et al., 2004). The vineyard was im-
planted in 2018 using a Y-trellis training sys-
tem, and plastic cover made of low-density 
polyethylene (LDPE) plastic film was used 
to cover the vines. The plastic cover was ar-
ranged along the planting line, following a 
north-south orientation, placed on metallic 
wires which were over steel arches (tunnels 
with a height of 1.50m from the vine to the 
plastic cover and 3m wide).

Leaves were collected from adult plants in 
the pea-sized berries phenological stage, 
and 200 leaves longer than 30 mm were ran-
domly selected for each variety and cycle. 
Leaf area was measured using a portable leaf 
area meter (ADC BioScientific Ltd – AM300, 
England) after obtaining measurements of 
midvein (MV), left and right secondary veins 
(SV), and sum of secondary veins (SSV) using 
a millimeter ruler.

coeficiente de correlação de Pearson, erro quadrático médio, viés e eficiência. Os mode-
los desenvolvidos estimam com precisão a área foliar das cultivares de videira testadas sob 
condições de cobertura plástica, com o modelo de melhor desempenho, usando a soma das 
nervuras secundárias ao quadrado como variável preditora. Esses modelos podem ser úteis 
para pesquisadores e viticultores para estimar a área foliar e melhorar o manejo do cresci-
mento das plantas.

Termos para Indexação: Vitis vinifera L., cobertura plástica, equações lineares, comprimen-
to das nervuras.
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Linear models were fitted using ordinary 
least squares method to adjust the mea-
sured leaf area to the variables of midvein 
(MV), MV2, sum of secondary veins (SSV), 
and SSV2. Models were adjusted with 70% of 
randomly sampled leaves and the remaining 
30% were used for testing them. The models 
were evaluated based on deviations mea-
sures, including angular coefficient, inter-
cept of linear regression between measured 

(LAo) and estimated (LAe) leaf area, Pearson 
correlation coefficient (r), root mean square 
error (RMSE), bias, and model efficiency. 
Statistical analysis was performed in Python 
using Scikit-Learn package for linear regres-
sion. Specific mathematical models for each 
variety were proposed based on the data 
obtained (Table 1), considering genetic vari-
ation to reduce deviations (TOMAZETTI, 
2020).

Table 1. Parameters of generated models based on linear regression between leaf area (LA) and 
midvein (MV), midvein squared (MV2), sum of secondary veins (SSV) and sum of secondary veins 
squared (SNL2).

Model Angular Coefficient (b) Intercept (a) Coefficient of 
Determination (R2)

Chardonnay

LA = b MV + a 20.37 -84.50 0.90
LA = b MV2 + a 0.97 15.41 0.92
LA = b SSV + a 13.04 -111.34 0.92
LA = b SSV2 + a 0.35 4.02 0.92

Marselan

LA = b MV + a 22.77 -95.28 0.92
LA = b MV2 + a 1.02 23.20 0.92
LA = b SSV + a 14.96 -118.46 0.94
LA = b SSV2 + a 0.41 10.45 0.94

Pinot Noir

LA = b MV + a 21.78 -86.67 0.89
LA = b MV2 + a 1.06 19.58 0.91
LA = b SSV + a 13.19 -96.83 0.90
LA = b SSV2 + a 0.37 14.36 0.92

The table 1 shows the models construct-
ed with squared variable values presenting 
angular coefficients (b) closer to one. For 
‘Chardonnay’, SSV2 and MV2 values were 
0.35 and 0.97, respectively, for ‘Marselan’, 
the values were 0.41 and 1.02, and for ‘Pinot 
Noir’, the values were 0.37 and 1.06. The 
intercept (a) values closest to zero were 
observed in the models obtained from the 
SSV2 measure for all varieties, with values of 
4.02 for ‘Chardonnay’, 10.45 for ‘Marselan’, 
and 14.36 for ‘Pinot Noir’. The coeffi-
cient of determination (R2) was highest for 
‘Chardonnay’ (0.92) with MV2, SSV, and SSV2 
measures, for ‘Marselan’ with SSV and SSV2 
measures (0.94), and for ‘Pinot Noir’ with 
SSV2 measure (0.92). A higher R2 value indi-
cates greater data proximity to the model 
estimate.

The table 2 summarizes the statistical anal-
ysis of the models. The Pearson correlation 
coefficient showed a positive association 
between leaf area and leaf measures, with 
SSV2 showing the highest correlation for 
‘Chardonnay’, SSV and SSV2 for ‘Marselan’, 
and MV, MV2, and SSV2 for ‘Pinot Noir’. The 
RMSE values were lowest for SSV2 for all va-
rieties, with values ranging from 15.47 to 
16.80 for ‘Chardonnay’, 16.67 for ‘Marselan’, 
and 16.06 to 16.08 for ‘Pinot Noir’. Pearson 
correlation coefficient measures the linear 
association between two variables, while 
RMSE expresses the deviation between the 
model and actual results (CASTILLO et al., 
2005).

Models for ‘Chardonnay’ showed the 
lowest bias with SSV (-0.45%) and SSV2 
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(-0.58%), while for ‘Marselan’, models 
from MV2 and MV resulted in the low-
est bias. For ‘Pinot Noir’, the models from 
MV2 and SSV2 showed the smallest biases. 
The highest accuracy was observed in the 
models obtained through SSV and SSV2 for 

‘Chardonnay’, MV and MV2 for ‘Marselan’, 
and MV2 and SSV2 for ‘Pinot Noir’. The high-
est efficiency was observed in the models 
generated with SSV2 for ‘Chardonnay’, SSV 
and SSV2 for ‘Marselan’, and MV, SSV, and 
SSV2 for ‘Pinot Noir’.

Table 2. Models for estimating leaf area of Chardonnay, Marselan and Pinot Noir obtained by sim-
ple linear regression using the measure of midvein length (MV) and sum of secondary veins (SSV). 
Precision was determined by correlation coefficient (r) and root mean square error (RMSE), accu-
racy was determined by bias (BIAS), robustness was determined by angular coefficient and model 
efficiency. Statistics were obtained from model validation, comparing estimated and observed leaf 
area.

Model Pearson Correlation 
Coefficient (r) RMSE (cm2) BIAS (%) Model 

Efficiency

Chardonnay

LA = 20.37 MV – 84.50 0.96 18.42 2.56 0.91
LA = 0.97 MV2 + 15.41 0.96 16.47 1.42 0.93

LA = 13.04 SSV – 111.34 0.96 16.80 -0.45 0.92
LA = 0.35 SSV2 + 4.02 0.97 15.47 -0.58 0.94

Marselan

LA = 22.77 MV – 95.28 0.96 18.34 0.24 0.92
LA = 1.02 MV2 + 23.20 0.96 18.01 -0.15 0.92

LA = 14.96 SSV – 118.46 0.97 17.53 0.40 0.93
LA = 0.41 SSV2 + 10.45 0.97 16.67 1.99 0.93

Pinot Noir

LA = 21.78 MV – 86.67 0.95 16.92 -2.31 0.95
LA = 1.06 MV2 + 19.58 0.95 16.08 0.46 0.95

LA = 13.19 SSV – 96.83 0.94 17.54 -1.41 0.94
LA = 0.37 SSV2 + 14.36 0.95 16.06 -0.93 0.95

The best mathematical models for estimat-
ing leaf area in the studied varieties were 
obtained from the SSV2 measurement, as 
demonstrated in Figure 1. This non-de-
structive method using secondary veins 
shows promise, although some authors 
prefer models requiring only the measure-
ment of a single vein, such as the midvein, 
due to their practicality and ease of mea-
surement in the field (BORGHEZAN et al. 
2010; BUTTARO et al. 2015; JUNGES and 
ANZANELLO, 2021).

Furthermore, the selection of a model re-
quires balancing the predictive qualities of 
the model while including a minimum num-
ber of variables needed to estimate leaf 
area (BUTTARO et al. 2015). In this work, we 
chose to adopt secondary veins because the 
generated models had greater accuracy and 
precision.

Furthermore, to maintain high levels of pre-
cision and accuracy, it was decided to create 
a model for each variety. It is known that 
the different varieties of the species Vitis 
vinifera have very diverse leaf morphology, 
which allows, for example, the recognition 
of varietal groups in ampelography studies 
(CARBONNEAU, 1976). Thus, in some cases 
the equations defined to establish the leaf 
area for a given variety can be used to esti-
mate the leaf area of others, however not all 
models may be appropriate when a greater 
degree of precision is desired (TSIALTAS et 
al, 2008). In this way, the establishment of 
equations for each varietal group is a neces-
sary step to promote precision and accuracy 
(BORGHEZAN et al., 2010).

The evaluation of leaf area in plants in the 
field can be performed easily and quickly by 
measuring the length of leaf veins. The leaf 
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area obtained through the proposed math-
ematical models presents a high correlation 
between the estimated leaf area and the 
observed leaf area, with high accuracy and 
precision.

It is recommended to use the SSV to esti-
mate the leaf area through the equation LA 
= 0.35 SSV2 + 4.02 for Chardonnay; LA = 0.41 
SSV2 + 10.45 for Marselan; LA = 0.37 SSV2 + 
14.36 for Pinot Noir.

Figure 1 - Linear models selected to estimate the leaf area of Chardonnay, Marselan and Pinot Noir. 
Training data highlighted in purple, trend line constructed with test data.
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