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Abstract: Empirical models for the estimation of the Area of single Primary and 

Lateral leaves, and total Primary and Lateral Leaf Area of a shoot, are presented for 

the grapevine cv. Syrah (Vitis vinifera L.). The Area of single Leaves is estimated 

with models using the sum of the lengths of the two lateral veins of each leaf, with 

logarithmic transformation of both variables. Separate models are proposed for 

Primary and Lateral Leaves. Models based on the Lopes and Pinto (2005) method, 

using Mean Leaf Area multiplied by the number of Leaves as predictors, are 

proposed for the estimation for Total Primary and Lateral Leaf Area. It is suggested, 

that failure to locate the Largest Leaf of a Primary or Lateral shoot, would not 

significantly impair the accuracy of the models. All models explain a very high 

proportion of variability in Leaf Area and they can by applied in research and 

viticulture for the frequent estimation of Leaf Area in any phase of the growing cycle. 

They are inexpensive, practical, non-destructive methods which do not require 

specialised staff or expensive equipment. 

Key words: Leaf Area, grapevine, Syrah, empirical model, non-destructive methods 

 

Resumo: Modelos empíricos para estimativa da Área das folhas principais e 

secundárias, e para a estimativa da área foliar principal e secundaria dum sarmento, 

apresentam-se para a casta Syrah (Vitis vinifera L.). A área duma folha estima-se 

com modelos usando o cálculo dos comprimentos das nervuras laterais de cada 

folha, com transformação logarítmica das variáveis. Modelos distintos são sugeridos 

para folhas principais e secundárias. Modelos baseados no método proposto por 

Lopes e Pinto (2005), usando a área foliar média multiplicada pelo número das 

folhas como variáveis explicativas, são propostos para a estimativa da Área Foliar 

Primária e Secundária. Sugere-se, que a incapacidade de localizar a maior folha 

dum sarmento principal ou lateral, não iria prejudicar a precisão dos modelos de 

forma significativa. Todos os modelos têm uma boa capacidade preditiva da Área 

Foliar, e podem ser aplicados na investigação e em viticultura, para a estimativa 

frequente da Área Foliar em qualquer fase do ciclo biológico. Trata-se dum método 

com baixo custo, prático, não destrutivo que não precisa de pessoal especializado 

ou de equipamento carro. 

Palavras-chave: Área Foliar, videira, Syrah, modelo empírico, métodos não 

destrutivos. 
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2. Introduction 

 

2.1. Introduction 

Leaf Area (LA) is a parameter which has gained significant importance during the 

past years, as it can provide viticulturists and researchers with important indications 

regarding the vineyard’s condition. Leaves are the organs where sun radiation is 

converted to carbohydrates through photosynthesis, thus Leaf Area is the total area 

which could intercept light, providing an indication of the plant’s photosynthetic 

capacity, transpiration and gas exchange. 

As a measurable parameter, Leaf Area can be defined as the area of one side of 

the surface of a leaf, flattening it to expand its full surface, including any overlapping 

lobes. Leaf Area can then be estimated per shoot, plant or per metre of canopy. In 

these cases, it refers to the total area of all leaves belonging to the said sets. 

Leaf Area is already widely used in annual crops such as rice, wheat, maize, soya 

beans, sugar beet etc., as it is easy to obtain with indirect methods due to the 

herbaceous nature of these plants. In woody plants, such as trees and shrubs, and 

trellised crops such as the grapevine, the use of LA is limited for the moment, due to 

the difficulties of obtaining it by indirect methods and the interference of the plant’s 

woody parts and / or the trellis system with total LA, when indirect methods using 

light extinction through the canopy are used. This is also due to the fact that the 

indirect methods for the estimation of the LA of annual crops measure light vertically, 

while the LA of trees and vines has to be measured horizontally. It is understood that 

despite its evident interest, grapevine Leaf Area is not widely used, as it is a value 

which is difficult to obtain by the equipment available (Ollat et al., 2001). 

 

2.2. Objectives 

The aim of this work is to review the methods available for the estimation of 

grapevine Leaf Area and to provide a new and improved empirical model for the 

direct estimation of the area of a single leaf and the total Leaf Area of a shoot, based 

on the Lopes and Pinto (2005) model. This will allow LA to be used more widely in 

viticulture and research, as it will be obtainable without the use of special equipment, 

using nothing but instruments which measure length and an equation provided by the 

authors. 

The importance of LA and the benefits from an easy method for its estimation are 

described below. 
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3. Review of the State of the Art 

 

3.1. Importance of Leaf Area 

The fruiting capacity of grapevines in a given climatic region is largely determined 

by their total Leaf Area, and the proportion of shaded Leaf Area, provided that other 

factors are not restrictive (Kliewer and Dokoozlian, 2005). Excessive Leaf Area can 

indicate high vigour (Champagnol, 1984), while a lack of sufficient Leaf Area may 

impair the vineyard’s productive capability. According to Kliewer and Dokoozlian 

(2005), there must be an equilibrium between Leaf Area and yield, to achieve the 

desirable fruit ripeness and thus, wine quality, rendering Leaf Area a basic indicator 

to determine vine balance. In the same study, they provide the ideal Leaf Area to 

crop ratios for several cultivars. 

It has been established (Bravdo et al., 1984; Hepner et al., 1985), that Crop Load 

(CL), is also strongly correlated to wine quality. Crop Load is calculated as the ratio 

of yield of grapes, to the pruning weight of the following winter. However, Cohen et 

al., (2000), suggest that the Leaf Area, rather than pruning weight, should be utilized 

for the expression of Crop Load, given that photosynthesis and other metabolic 

processes in the leaf are responsible for changes in fruit quality, rather than pruning 

weight per se. The reinvention of CL based on Leaf Area rather than pruning weight 

can provide a more easily applicable and representative parameter, as it will better 

reflect the growing conditions of the current, rather than the previous season. 

Leaf Area can also be used to adjust the amount of dosage of plant protection 

products, to avoid underdosage which would provide insufficient protection against 

pests, or overdosage, which has adverse environmental effects and increases costs 

(Siegfried et al., 2006). 

 

3.2. Other parameters related to Leaf Area 

 

3.2.1. Leaf Area Index (LAI) 

The Leaf Area Index (LAI) is a dimensionless quantity defined as the ratio 

between the estimated area of vine foliage and the vineyard’s soil, both expressed in 

m2 (Champagnol, 1984; Carbonneau, 1989).  

Apart from providing an indication of the photosynthetic surface, LAI is also a 

fundamental indicator for the understanding of the plant’s responses to 

environmental factors (Lopes et al., 2004) and its quantification allows the evaluation 
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of cultural practices, especially those related to leaf management and the training 

system (Smart, 1995).  

Knowledge of the vineyard’s LAI can lead to conclusions regarding water balance 

(Beslić et al., 2009), the competition with weeds (Guisard et al., 2010), whole-plant 

assimilation, light interception and bunch exposure (Döring et al., 2013). As these 

factors affect the plant’s microclimate, conditions of moisture and temperature related 

to disease pressure and fruit quality and quantity (Smart, 1985; Sánchez-de-Miguel 

et al. 2011), can also be predicted. Changes in LAI could also give indications as to 

the extent of phytosanitary damages (Borghezan et al, 2010). Based on the LAI, 

several other parameters can be calculated, such as the yield / Leaf Area ratio, the 

ratio of exposed Leaf Area / total Leaf Area etc., factors important for viticultural 

practices (Smart and Robinson, 1991), and fruit quality (Petrie et al., 2000 a,b). For 

example, the estimation of Leaf Area Index can be important for the calculation of 

Evapotranspiration (ET) for the implementation of energy balance models, and can 

be used to calculate irrigation quantities (Fuchs et al., 1987) and to adapt volumetric 

irrigation to canopy characteristics (Guisard et al., 2010).  

 

3.2.2. Surface Area (SA) 

Another useful parameter is surface area (SA), which is the Leaf Area of the 

external leaves, which are exposed to sunlight. This is important, given the fact that 

90% of photosynthesis is carried out by these leaves (Sánchez-de-Miguel et al. 

2010). It is estimated that around 0.9-1.5 m2 of exposed Leaf Area, are necessary for 

the ripening of 1kg of grapes (Carbonneau, 1989; Kliewer and Dokoozlian, 2005). 

An estimate of the surface area for a given plot can be used before planting a 

vineyard, to set the desired performance targets per metre of row or hectare. In 

designing the plantation, SA estimation will allow the calculation of row spacing and 

canopy height (Sánchez-de-Miguel et al. 2010). 

 

3.3. The evolution of Leaf Area during the growing season 

 

3.3.1. Phyllotaxy 

The leaf of the grapevine consists of the petiole (stalk) and the lamina (blade). 

Syrah and most grapevine leaves have 5 lobes and 5 main veins arising from a 

single point at the junction of the petiole to the lamina (Iland et al., 2011). In 

grapevines that are not juvenile, the phyllotaxy is distichous. This means that the 

leaves are produced on the opposite sides of the stem, so that the shoot is bilaterally 
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symmetrical with respect to leaf formation and the angle between successive leaves 

is 180°. In contrary, in juvenile grapevines, phyllotaxy is spiral and the angle between 

leaves is 145°. (Iland et al., 2011) 

 

3.3.2. Fixed and Free Growth 

After budburst, shoots sprout from buds formed during the previous season, 

containing preformed nodes, inter-nodes and inflorescence primordia. Nodes formed 

in a latent bud before it goes into dormancy, are called ‘fixed’ nodes. There are 6 to 

10 fixed nodes (Iland et al., 2011), or 6 – 12 (Champagnol, 1984; Sánchez-de-Miguel 

et al. 2010), in a N+2 bud and this implies that the structures found on the first 6 – 10 

nodes that occur in a season, including the expanded leaves, are a result of the fixed 

growth of nodes that were preformed in the bud during the previous year. Fixed 

Growth is a result of cell enlargement of preformed primordial cells and not of the 

formation of new cells (Sánchez-de-Miguel et al. 2010). Leaf and inflorescence 

primordia can be seen at the shoot tip from the time the shoot emerges from a bud 

(Iland et al., 2011). 

On the other hand, nodes of higher ranks, or free nodes, are the result of Free 

Growth of the apical meristem which requires cell division, thus the formation of new 

cells. Free growth is the result of the elongation and production of new primordia in 

the apical meristem activity (Sánchez-de-Miguel et al. 2010). The apical meristem 

has two functions: the production of new organs and new tissue. Growth occurs at 

the tip of the shoot and cell division mainly occurs in the apical meristems (Iland et 

al., 2011). 

During the season, shoot growth is a combination between fixed growth and free 

growth. 

 

3.3.3. Shoot growth and leaf growth 

The formation of new nodes at the apex usually stops around flowering (Iland et 

al., 2011). At this point, there may be up to 30 – 35 nodes. The elongation of a single 

node may last from 7 to 40 days and internode length may vary from 1 to 25 cm 

(Iland et al., 2011). According to Champagnol (1984), elongation in both nodes and 

leaves can last between 15-25 days, while radial expansion may be unlimited in time 

but is interrupted at the end of each period of growth. While the node reaches its final 

length after about 25 days, and does not increase further, its width or diameter may 

continue increasing under favourable conditions (Champagnol 1984).  

Young leaves grow for 3 to 5 weeks (Huglin and Schneider, 1998), or until they 

reach their final dimensions. Leaf development is divided into two phases: a rapid 
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growth phase of about 250 degree days (dd), followed by a plateau in Leaf Area 

(Wermelinger and Koblet, 1990). Usually, leaves from primary shoots stop emerging 

around flowering. Most primary leaves usually grow to reach a similar Leaf Area, 

while lateral leaves usually don’t reach the same size, although they exceed primary 

leaves in number (Wermelinger and Koblet, 1990). According to the same authors, 

the leaves remain in a productive condition for about 650 dd after they reach their full 

size. At the age of 900 dd, the leaves become senescent, something indicated by a 

sudden decrease of N and water content. 

 

3.3.4. Lateral shoots 

Lateral shoots or summer laterals (N+1), are shoots that arise from the first bud of 

the axil of the leaves of a current season shoot. These are prompt buds, in the sense 

that they start growing the same year when they are formed. The growth of lateral 

shoots can be strongly stimulated by the removal of the shoot tip by trimming, with 

the maximal effect occurring when at least 9 nodes are removed. (Iland et al., 2011). 

It seems that the dormancy is caused not only by the continuous development of 

buds on the primary shoots, but also by young leaves (Champagnol, 1984). Lateral 

shoots may continue growing even when the growth of the primary shoot has 

stopped. A greater number and length of lateral shoots is associated to high vigour, 

well exposed main shoots and severe pruning. (Iland et al., 2011) 

 

3.3.5. Function of lateral shoots 

Lateral Leaf Area can provide an additional source of leaves for photosynthesis. 

This is useful when a part of the main Leaf Area has been lost due to operations 

such as wire lifting, pests and diseases, abiotic stress (water and heat), or due to 

other reasons such as hail or frost. Lateral shoots are considered beneficial when 

they are located on the upper part of the shoot and can intercept sufficient sunlight 

for photosynthesis and in lower parts of the shoot they may protect the bunches from 

intense sunlight. However, extensive lateral shoot growth is considered undesirable, 

as it is a sign of vigour, imbalance and may cause an undesirable microclimate and 

shading. 

In general, lateral leaves represent a younger Leaf Area, as they emerge at a later 

stage. While they initially consume resources produced by larger leaves, they later 

start offering a greater contribution to total photosynthesis. Hale and Weaver (1962), 

consider that lateral shoots become sources of photosynthetic products after 

developing two or more fully expanded leaves. In general, the quantity and the 

proportion of lateral Leaf Area can vary according to the variety, the growing 



Estimation of Leaf Area in grapevine cv. Syrah using empirical models     15 

conditions and the cultural practices, but it usually represents an important part of the 

total Leaf Area. Lateral Leaf Area can comprise 6 -40% (Iland et al., 2011), or 22 – 

44% (Paliotti et al., 2000) of total Leaf Area and may in some cases have an 

important contribution to fruit ripening. Lateral Leaf Area can also represent an even 

higher proportion of the total Leaf Area under conditions of high vigour (Huglin and 

Schneider, 1998). In fact, lateral Leaf Area can be a precise indicator of vigour, as 

vigorous shoots are characterised by a great development of lateral shoots and a 

large lateral / total Leaf Area ratio. Distinguishing between primary and lateral Leaf 

Area is also important for assessing the viticultural potential of the training system 

and the terroir (Ollat et al., 2001). 

 

3.3.6. Rate of leaf emergence 

The rate of leaf appearance presents a symmetric pattern in time. It progressively 

increases during the first weeks and then decreases to zero during the ripening 

period. If there are no drought conditions, this is done by endogenous stimuli 

(Palchetti et al., 1995). The speed of leaf appearance and development is strongly 

related to temperature, for both exposed and shaded leaves. In fact, leaves develop 

at the same speed, regardless of the canopy zone where they, belong, thus leaf 

development speed is not affected by light. The time required for a leaf to grow, 

increases along the growing season (Schultz, 1993). Other factors such as pruning 

severity, growth direction, Crop Load, light exposure and nutrient availability, may 

also affect leaf appearance to some extent, but the number of leaves on a shoot is 

generally constant during the different phenological phases. Leaf emergence is not 

affected by the training system, but shoots growing vertically present a much higher 

vigour than those growing downwards (Palchetti et al., 1995). Shoot growth rates 

seem to be proportional to leaf growth rates, at least until before leaf fall 

(Wermelinger and Koblet, 1990). In fact, the shoot’s growth model is very similar to 

that of the leaves, because the grapevine is a deciduous plant (Sánchez-de-Miguel et 

al. 2010). 

 

3.3.7. Shoot and Leaf Area growth 

The pattern of the vine’s canopy development is similar to that of its shoots 

(Mullins et al., 1992). Environmental factors also affect shoot growth. In areas with 

lack of water, shoot growth may cease earlier. If there are no restrictive 

environmental factors the stop of shoot growth is caused by endogenous factors, that 

is, the alteration of hormonal balance within the plant. As shoot growth proceeds, the 

ratio of the number of older leaves to that of younger leaves increases. Shoot growth 
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slows down or stops. The organogenic activity of the apex stops and the apex dries 

and falls off. The proportion of adult leaves that have ceased to grow, to young 

leaves can be a factor predicting the oncoming cease of shoot growth. This can 

occur on both short and very long shoots, with small or large leaves (Champagnol, 

1984). 

The bunches become the most important sinks of photosynthesis products after 

flowering, but shoots and Leaf Area continue to increase due to the increase in 

structural components. However, lateral shoots may continue growing even when 

main shoot growth has slowed or ceased, especially in conditions of high vigour. 

(Iland et al., 2011) 

Shoot growth is slow after budburst but it later becomes exponential, reaching the 

highest rates around flowering. After flowering, shoot growth rate decreases. In field 

conditions, the curve becomes sigmoidal (Iland et al., 2011; Mullins et al., 1992). The 

exponential growth cannot persist in a complex organism such as the grapevine, due 

to increasing competition for carbohydrates from other organs, which cause a 

cessation of cell division and enlargement (Mullins et al., 1992). 

 

3.3.8. Factors affecting shoot growth  

Shoot growth can be affected by water and nutrient supply, as well as by climatic 

factors. Water deficit can result in reduced vigour and reduction in Shoot Length and 

Leaf Area, having a greater effect on lateral Leaf Area (Iland et al., 2011). It seems 

that node elongation is sensitive to water stress, while the formation of new nodes is 

not affected to the same extent. 

The rate of shoot growth increases with the increase of air and soil temperature. 

Cool to moderate temperatures favour internode elongation and vigour, while high 

temperatures favour node production. Lack of light results in longer internodes and 

exposure to wind may reduce shoot growth. 

As far as cultural practices are concerned, high plantation density decreases 

shoot growth but may leave the Leaf Area per area of soil (LAI) unaffected. Vines 

with a minimal pruning have a higher Leaf Area than cane pruned vines. Shoot 

thinning can stimulate the growth of the remaining shoots. Shoot positioning also 

affects shoot growth, with vertically positioned shoots being more vigorous. (Iland et 

al., 2011) 

The variations in shoot growth also affect the leaves but the fluctuations in light 

intensity affect leaves to a greater extent. Leaves that grow in shaded conditions are 

usually thinner and abscise earlier than those exposed to sunlight. This may also be 

due to the leave’s movement, seeking light. Leaves in vines with lack of water usually 
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have smaller epidermal cells and a lower nitrogen concentration. In this case, leaves 

are smaller and present a more leathery texture (Iland et al., 2011). 

 

3.4. Estimation of Leaf Area 

It is understood from all the above, that a rapid, easy and cheap method to 

estimate Leaf Area could be of significant use to growers. There are several methods 

of determining LA, which can be categorised as direct or indirect. Mabrouk and 

Carbonneau (1996), define as direct methods those where the measurements are 

done directly on plant organs and as indirect those where Leaf Area is estimated 

from the measurements of light. Direct methods can be destructive or non-

destructive, while the indirect methods are usually non-destructive. 

 

3.4.1. Indirect methods 

Indirect methods do not measure Leaf Area per se, but use equipment to measure 

other parameters, from which the LAI can be estimated, such as the measurement of 

light extinction through the canopy (Grantz and Williams, 1993; Sommer and Lang, 

1994; Oliveira and Santos, 1995; Ollat et al., 1998; Patakas and Noitsakis, 1999, 

Cohen at al., 2000). These methods only seem to be valid after the canopy reaches a 

certain size and the measurements have to be done below a clear sky and a sun 

declination that precludes the overlapping of shadows (Oliveira and Santos, 1995). 

Furthermore, the accuracy of Gap fraction Inversion (GFI) seems to vary according to 

the variety and does not give accurate estimates for most varieties (Cohen et al., 

2000). In other empirical models, Leaf Area is calculated according to temperature 

(Schultz, 1992; Bindi et al., 1997), or remote canopy imaging (Dobrowski et al., 

2002). These methods are rapid and relatively easy to implement but they have the 

significant drawback that they require expensive special equipment, which is beyond 

the budget of most growers. 

Grantz and Williams (1993) found the results, obtained with the conventional 

protocol of the LAI-2000 Plant Analyser, disappointing and consistently 

underestimating Leaf Area. Sommer and Lang (1994) also tested the LAI-2000 and 

Demon devices. Both devices measure natural light that can pass through the 

canopy and have special filters which reduce the effect of scattered light on 

measurements. They found the results provided by DEMON satisfactory, while the 

LAI-2000 systematically underestimated Leaf Area. Ollat et al. (1998), also tested the 

LAI-2000 Plant Canopy Analyzer, on Bordeaux vineyards. They found that results for 

single vines were not satisfactory and that good relationships could only be obtained 

if five or more consecutive vines were used. Regardless of the protocol used, the 
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device underestimated the Leaf Area of small vines and overestimated that of large 

vines. In general, the performance of the LAI-2000 was considered poor, in 

accordance with Grantz and Williams (1993) and Sommer and Lang (1994). 

Furthermore, Tregoat et al. (2001), point out that the LAI-2000 is a very expensive 

piece of equipment. 

Newer methods work in a similar way, but use a light source that is part of the 

equipment, rather than ambient light. One such method of indirect determination of 

Leaf Area is the Normalised Difference Vegetation Index (NDVI). Drissi et al., (2009) 

tested the GreenSeeker RT100 system on VSP Merlot. This is a portable device, 

using high intensity light emitting diodes (LED) that measures the light reflected by 

the canopy. The system seems to be unaffected by background light and 

temperature. Although the device is usually used to make vertical measurements, the 

authors used it to measure the canopy horizontally, with a screen placed behind it. It 

is understood that this complicates the procedure and also limits its applicability to 

VSP systems. One advantage of the equipment is that is can be connected to GPS 

systems and yield Leaf Area maps of the vineyard. As far as airborne NDVI is 

concerned, a recent study by Hall et al. (2009), concluded that it was effective in 

mapping spatial variability in planimetric canopy area, thus contradicting previous 

studies which claimed that Leaf Area could be predicted by airborne NDVI and 

attributed this correlation to a proxy relationship between NDVI and canopy area, 

which could then be a predictor of Leaf Area. They also point out, that the 

relationship depends on the density and the extent of Leaf Area. 

Arnó et al., (2012) used ground based light detection and ranging sensors 

(LiDAR), to estimate grapevine Leaf Area. This system measures the time a laser 

pulse needs to return, after it has been reflected by the canopy and the angle of the 

beam to the leaf. Although this system provides a relatively good estimation of Leaf 

Area, the processing of the data is very complicated. The accuracy of the method 

varies with the number of scans and several measurements have to be performed to 

obtain sufficient accuracy. Furthermore, the Leaf Area is given for length of canopy 

and not per vine or field area. Furthermore, the results seemed to be different if made 

from the other side of the canopy, a fact which indicates its lack of accuracy. 

There have been some attempts to develop methods of Leaf Area estimation that 

do not require sophisticated equipment. Ollat et al. (2001), obtained disappointing 

results with the use of pictures taken with a commercial digital camera. In a similar 

approach, Espinosa et al. (2010), used a commercial digital camera to estimate Leaf 

Area, and analysed the images with computer software. This method however, 

required pictures to be taken from a specific distance, using a white fibreglass 
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background. The background diminishes the effect of sky brightness on the 

measurements, but makes measurements less practical. Furthermore, it has only 

been tested for single, vertical trellises, with limited applicability to other training 

systems. 

A more recent attempt to eliminate the use of complex and expensive devices has 

been done by Fuentes et al., (2012). They developed an application (LAICanopy®) 

which can be installed on smartphones and tablets and can use the camera and GPS 

features of these devices to estimate Leaf Area. This software is also intended for 

use in vineyards, as the authors tested it on the cv. Merlot. However, it is still a beta 

version, and its accuracy and applicability has not been fully documented. Although 

this kind of software might solve the problem of expensive equipment, it still 

maintains most the disadvantages of the older imaging methods to estimate Leaf 

Area. 

In general, the disadvantages of the imaging methods include, that most devices 

require frequent calibration and specific sampling protocols (Ollat et al., 1998) a fact 

that implies that they should be operated by specialised staff. It has also been 

demonstrated (Grantz and Williams, 1993; Sommer and Lang, 1994; Cohen et al., 

2000), that under vigorous conditions or dense canopies these methods often 

underestimate Leaf Area, as leaves are overlapping. The remote-sensing approach 

seems to have several limitations, such as leaf clumping (Cohen et al., 2000; Blom 

and Tarara, 2007; López-Lozano and Casterad, 2013) and the variation in colour of 

the vegetative material within the canopy. It is sometimes difficult to distinguish the 

Leaf Area of a single plant within a row, as the canopies of neighbouring plants are 

often overlapping (Blom and Tarara, 2007). It must also be pointed out, that the 

results always include non-leafy elements (Cohen et al., 2000), thus do not reflect 

Leaf Area alone. In fact, a recent study by López-Lozano and Casterad (2013), 

demonstrated that not only the sampling protocol, but also the position of the sun 

during the measurements, strongly influence the results for Leaf Area estimation. 

They point out that most optical devices for indirect measurement of Leaf Area Index 

(LAI) from canopy-transmitted light are tailored for homogeneous canopies, thus 

limiting their application to discontinuous canopies such as vertically trained 

vineyards, and that the homogeneity of the canopy fraction measured along the 

ceptometer at each individual reading is a major requirement in order to obtain non-

biased LAI estimates. In fact, most devices for Leaf Area estimation are designed 

with a mathematical model assumption that individual leaves are randomly and 

uniformly distributed. Row crops and trellised vineyards in particular, generally violate 
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these assumptions and for this reason, large systematic errors in Leaf Area 

estimation can arise (Lang et al., 1985). 

Another disadvantage of the said methods is that they treat Leaf Area as a whole, 

without distinguishing between primary and lateral leaves (Lopes and Pinto, 2005; 

Smart and Robinson, 1991). Distinguishing the two Leaf Areas and estimating them 

separately is important, as their physiological activity is different (Sánchez-de-Miguel 

et al. 2011). 

 

3.4.2. Direct methods 

Contrary to indirect methods, direct methods consist of direct measurements of 

samples of leaves and shoots. They are considered more accurate but also more 

laborious (Mabrouk and Carbonneau, 1996). They can be categorised as destructive 

and non-destructive. 

 

3.4.3. Destructive methods 

Destructive methods require the removal of leaves and transporting them to a 

laboratory. Leaf Area can then be determined by special Leaf Area measuring 

devices, by planimeters, or by determining the area to weight ratio (Sepúlveda and 

Kliewer, 1983). The relation between blade dry or fresh weight and Leaf Area has 

also been confirmed by Tregoat et al. (2001), although it seems that ageing leaves 

become heavier relative to their size (Wermelinger and Koblet, 1990). Although leaf 

fresh weight was found to have a relatively good relation to Leaf Area and does not 

require special equipment (Sepúlveda and Kliewer, 1983), its applicability seems to 

be limited, as it is a destructive method. These methods are considered being easy 

to implement and produce accurate results (Sommer and Lang, 1994), but most of 

them also require some sort of equipment. Apart from being laborious, time-

consuming and reducing the plant’s photosynthetic Leaf Area (Lopes and Pinto, 

2005), they also present the disadvantage that the evolution the Leaf Area of a 

specific plant or shoot cannot be monitored along the growing season, as the leaves 

are destroyed (Lopes et al., 2004). 

 

3.4.4. Non-destructive methods 

Non-destructive direct methods require portable versions of the equipment 

described above, which could be transported to the field and perform the 

measurements there. These are even more expensive and difficult to use on the field 

(Lopes and Pinto, 2005). Another possibility of a non-destructive and direct method 
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to determine Leaf Area is to exploit the empirical relationship found between easily 

measurable parameters of leaf blades or shoots, and Leaf Area. 

 

3.4.5. Estimation of single Leaf Area 

There are several statistical models that can estimate the area of a single leaf with 

relatively good accuracy. Carbonneau (1976 a) found a good relation between the 

sum of the length of the two lateral veins and the total area of a single leaf. He 

pointed out, that by measuring the two lateral veins, the non-symmetric effect usual 

to grapevine leaves is eliminated and that they are usually correlated to either the 

length, or the width of the leaf. After the study mentioned above, several authors 

have suggested models for the determination of the area of a single leaf, using 

empirical models. Many models use the length of primary or lateral veins, while 

others use maximum leaf length and width (see Figure 1). A summary of these 

studies and the models obtained, is presented in Table 1. 

 

 

Figure 1. Predictors used to estimate the Area of a single Leaf. Leaf Length (LL), Leaf Width (LW), 

Length of the central vein (V1), Length of the Left Lateral vein (V2L), Length of the Right Lateral vein 

(V2R). 
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Table 1. Summary of studies regarding the prediction of the area of a single leaf, using Leaf dimensions. 

Cultivar Authors Predictors R2 Equation. NL 

Fernão Pires Lopes and Pinto (2000) 

 

V2S 0.92 LA=0.5016*(V2S)1.9364 

For all cultivars (n=800) 

200 

Vital 0.90 

Periquita 0.90 

Touriga 

Nacional 

0.93 

Cabernet 

Sauvignon 

Borghezan et al. (2010) 

 

0.98 LA=0.3039*(V2S)2.1267 

 

70(1) 

 

Sauvignon B. 0.95 LA=0.1732*(V2S)2.3616 

Riesling Döring et al. (2013) 0.96 LA=0.3152*(V2S)2.1396 302 

Blaufränkish Beslić et al., (2009) 0.93 LA=-74.7687+17.6594*V2S 100 

Merlot Borghezan et al. (2010) V2S 0.97 LA=-0.001*(V2S)2-13.551 70(1) 

Cabernet Franc Tregoat et al. (2001) V2S(4) 0.90 

0.94 

LA=0.5351*(V2S)2-4.1596*V2S+33.278 

XLA=0.3126*(V2S)2+1.7894*V2S-8.1452 

150(4) 

Silvestre and Eiras -Dias (2001) 

 

 

 

 

V2P 

 

 

 

 

0.96 LA=1.608*(V2P)1.002 50 

 

 

 

 

0.95 LA=1.551*(V2P)1.020 

Chardonnay 0.94 LA=1.196*(V2P)1.054 

Grenache N 0.94 LA=1.265*(V2P)1.060 

Merlot 0.98 LA=1.735*(V2P)0.988 
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Cultivar Authors Predictors R2 Equation. NL 

Pinot Blanc Silvestre and Eiras -Dias (2001) V2P 0.96 LA=1.762*(V2P)0.988 50 

Pinot Noir 0.96 LA=1.410*(V2P)1.025 

Riesling 0.96 LA=1.383*(V2P)1.077 

Sangiovese  0.94 LA=2.481*(V2P)0.863 

Sauvignon 

Blanc 

0.98 LA=1.942*(V2P)0.984 

Trebbiano 

Toscano 

0.94 LA=1.273*(V2P)1.060 

Trincadeira 

Preta 

0.92 LA=1.516*(V2P)1.068 

Cabernet 

Sauvignon 

Borghezan et al. (2010) 

 

V1 0.94 LA=1.1265*(V1)2.0445 

 

70(1) 

Sauvignon B 0.93 LA=1.0968*(V1)2.1628 

Grenache N Manivel and Weaver (1974) 0.998 LA=1.051-0.802*V1+1.162*(V1)2 N/A(2) 

Cabernet 

Sauvignon 

Borghezan et al. (2010) 

 

LU 

 

0.97 

 

LA=18.379*LU-151.41 

 

70(1) 

 

Riesling Schultz (1992) LU 0.93(3) LA=1.18*(LU-2.6)*(LU+8.75) 112 

Niagara Williams and Martinson (2003) LW 

 

0.98 LA=0.637*(LW)1.995 814 

DeChaunac 0.96 LA=0.672*(LW)1.963 995 
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Cultivar Authors Predictors R2 Equation. NL 

Cabernet 

Sauvignon 

Tsialtas et al. (2008) LW 0.87 LA=19.385*LW-144.59 18 

Grenache N Manivel and Weaver (1974) 0.998 LA=1.051-0.109*LW+0.469*(LW)2 N/A(2) 

Cencibel Montero et al. (2000) LL 0.968 LA=0.647*(LL)1.956 1739 

Chenin blanc Sepúlveda and Kliewer (1983) LL*LW 0.975 LA=2.49+0.68*(LL*LW) N/A 

Chardonnay 0.969 LA=3.17+0.69(LL*LW) 

Gutierrez and Lavin (2000) 0.93 LA=2.0857+0.6257(LL*LW) 

Cencibel Montero et al. (2000) 0.987 LA=0.587*(LL*LW) 1739 

Concord Elsner and Jubb (1988) LW*V1 

(LW)2+(V1)2 

0.984 

0.988 

LA=-3.01+0.85*(LW*V1) 

LA=-1.41+0.527*(LW)2+0.254*(V1)2 

500 

Asgari Eftekhari et al. (2011) V1+LW 

V1*LW 

0.920 

0.926 

LA=0.142*(V1+LW)2+0.796*(V1+LW) 

LA=-0.001*(V1*LW)2+0.860(V1*LW)+0.845 

1251 

1247 Keshmeshi 

Shahroodi 

Khalili 

1)It is not clear whether the sample comprised 70 leaves in total, or per cultivar 

2)Sample size of 10 shoots at veraison. 

3)Equation was calibrated using equations with R2 values from 0.93 to 0.97 

4)Separate models for Primary and Lateral Leaves. Number of primary and lateral leaves not specified 

LA = Leaf Area of Primary Leaves 

LL = Maximum leaf lamina length usually from tip to lowest point but not to petiolar sinus 

LU = Leaf length where the exact method of determination is not exactly specified 

LW = Largest leaf lamina width, perpendicular to central vein 

V1 = Length of central vein, or leaf lamina length from petiolar sinus to tip 

V2P = Product of the lengths of the two lateral veins 

V2S = Sum of the lengths of the two lateral veins 

XLA = Leaf Area of Lateral Leaves 
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Silvestre and Eiras-Dias (2001), also found a good relation between the area of a leaf and 

the distance from the central vein to the end of the right lateral vein, but they point out that 

this is a predictor which is difficult to measure. They rejected the use of the central vein, 

giving a correlation lower than 95%. Manivel and Weaver (1974), found relations between 

Leaf Area and the length of the petiole. Montero et al. (2000) found that the use of maximum 

width, leaf length and petiole length were not as closely associated to Leaf Area as the 

combination of leaf width and leaf length, although they also yielded high R2 values. 

Sepúlveda and Kliewer (1983), consider that the use of maximum leaf length and width as 

single predictors also have high correlation values, but smaller than the combination of both 

and they have a bigger standard error and highly negative intercept coefficients. For these 

reasons, they don’t consider them as good estimators of Leaf Area. Smith and Kliewer 

(1984) found the product of maximal leaf length and maximal leaf width to be the best 

predictors for the Leaf Area of Thompson Seedless (syn. Sultana), but rather than providing 

a single model, they presented different equations for bloom, veraison and bloom of the 

following year. Williams and Martinson (2003) also found a good correlation between 

midvein length, the square of midvein length, the product of midvein length, leaf width and 

Leaf Area, but they obtained the best results with leaf width, as it uses only one predictor 

and had a better accuracy. Eftekhari et al. (2011) also found good midvein length and leaf 

width to be good predictors (R2=0.917, R2=0.881 respectively) but results with the 

combination of both were better. It seems that in studies with a larger sample size, more 

predictors have good results. 

Studies conducted by Guisard and Birch (2005) and more recently Guisard et al., (2010), 

compared several of these methods, concluding that the most important variables for the 

estimation of the area of a single leaf are the length and the width of the leaf, with the 

lengths of veins usually improving the accuracy of the models. Borghezan et al, (2010) 

maintain that the models should be adapted to each variety separately. 

These methods are very simple and accurate and the area of a single leaf can be rapidly 

calculated without the use of any special equipment. It is usually easier to find and measure 

the central vein and / or the maximum width of a leaf, than to measure the lateral veins. 

Furthermore, the models based on the measurement of the main vein only, present the extra 

advantage of requiring a single measurement to determine Leaf Area, as opposed to the 

measurement of lateral veins, which always requires the length of both lateral veins. 

However, a general conclusion that can be reached from the results of previous works, as 

described in Table 1, is that the use of two predictors for the determination of the area of a 

single leaf always provides more accurate estimates. In this sense, the use of the two lateral 
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veins, or the combination of the length of the lateral veins and the length of the central vein, 

usually provide better R2 values than the use of the central vein only. Given that area is the 

dependent variable, it is also logical to assume that the product of two linear measurements 

would provide better results than one single linear measurement. Furthermore, measuring 

two parameters on a leaf (such as the two lateral veins) accounts for anomalies, asymmetry, 

or injuries on the Leaves, improving the estimation of Leaf Area. The length of the central 

vein does not take into account any asymmetries in the shape of the Leaf and it is in a way 

assuming that all Leaves are symmetrical, which is not the case in field conditions. However, 

most methods, even with the use of only one predictor, give satisfactory results with high R2 

values and seem to be practically applicable. On the other hand, to calculate the total Leaf 

Area of a shoot or a plant, each leaf should be measured separately, a procedure that would 

be extremely time-consuming. 

 

3.4.6. Estimation of shoot Leaf Area 

Upon determining an easy way to calculate the area of a single leaf, research was 

conducted to discover ways to estimate the area of a whole shoot, without measuring all 

leaves. Carbonneau (1976 b) suggested that measuring only one leaf in each set of four 

contiguous leaves, would not significantly impair accuracy. In a similar approach, Barbagallo 

et al., (1996) proposed an empirical model, which reduced the number of leaves that had to 

be measured per shoot to three, that is the largest leaf, the apical leaf and an intermediate 

leaf. The above methods have made a significant contribution to reducing the required 

measurements, but their validity has not been documented as regards to lateral Leaf Area. 

It has also been proposed, that total Leaf Area could be linked to the length of the 

primary, or primary and lateral shoots respectively (Spark and Larsen, 1966; Mabrouk and 

Carbonneau, 1996; Cohen et al., 2000; Tregoat et al., 2001; Blom and Tarara, 2007, Barajas 

et al., 2008), although this relationship strongly depends on the cultivar (Mabrouk and 

Carbonneau, 1996). From a physiological point of view, it is logical to assume that Leaf Area 

follows a growth similar to that of shoots, given the fact that grapevine is a deciduous plant 

(Schultz, 1992). This would be an easy method to estimate Leaf Area, as it is easy to 

perform and requires no special equipment, nor training. However, this ratio is not stable, as 

it varies along the growing season, as especially after shoot elongation stops, or after 

trimming, the Leaf Area to Shoot Length ratio grows (Mabrouk and Carbonneau, 1996). 

Even if this method can be accurate, it has to be calibrated specifically for each growth 

stage, for each variety and separately for primary and lateral shoots (Tregoat et al., 2001), 

rendering its use extremely complicated. Furthermore, later works (Lopes and Pinto, 2000; 
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Tregoat et al., 2001, Lopes and Pinto, 2005) did not seem to support a strong correlation 

between Shoot Length (SL) and Leaf Area, especially for primary shoots. It also seems that 

even if a good relation between Shoot Length and Leaf Area can be found, this is 

momentary, as it applies only to the specific phenological stage and the equation is not valid 

for different stages or years (Di Lorenzo et al., 2005). Very strong correlations initially found 

between Shoot Length and Leaf Area of shoots without topping, underestimate primary and 

lateral Leaf Area of vines with canopy management, or overestimate primary Leaf Area and 

underestimate lateral Leaf Area of trimmed vines, when these equations are applied to other 

situations (Constanza et al., 2004). This can be explained by the fact that the length of 

internodes is highly influenced by the cultivar and vigour (Huglin and Schneider, 1998), and 

that trimming disproportionately decreases Shoot Length while having a lesser effect on Leaf 

Area, or on the contrary, leaf removal, pests and natural defoliation by leaf senescence, may 

decrease Leaf Area, while leaving Shoot Length unaffected (Lopes and Pinto, 2005). In 

conclusion, this method of estimation is fragile, as every factor that could affect surface area 

or Shoot Length, such as microclimate, hormonal relationships, the distribution of assimilates 

etc., can impair the validity of any established model. 

Cohen et al. (2000), and Blom and Tarara (2007), also found a correlation between the 

number of leaves and the total Leaf Area per shoot. This predictor has in fact been 

incorporated in the models developed by Lopes and Pinto (2000). 

For the estimation of primary Leaf Area, Lopes and Pinto (2000), using data from the cv. 

Aragonêz (syn. Tempranillo), proposed another model, consisting of 4 different variables: 

Shoot Length, number of primary leaves per shoot and the area of the largest and smallest 

leaf of each shoot. A similar approach was proposed for lateral Leaf Area, treating each 

lateral shoot as a composed leaf. Lopes and Pinto (2005) further developed this model, 

suggesting that the mean of the areas of the largest and the smallest leaf of each shoot, 

multiplied by the number of leaves per shoot, were sufficient to provide a strong predictor of 

shoot Leaf Area, thus reducing the number of required variables to three. 

Regarding lateral Leaf Area, the same authors (Lopes and Pinto, 2005), suggested a 

similar model, by correlating lateral Leaf Area to the mean Leaf Area, multiplied by the 

number of Lateral Leaves per shoot. According to this, only the largest and the smallest of all 

lateral leaves and the total number of lateral leaves have to be measured. 

The model developed by Lopes and Pinto (2000) and as modified by the same authors in 

2005, is accurate, easy and requires no special equipment. It seems to be valid at all stages 

of the growing season and unaffected by vigour and growing conditions. Furthermore, as 

presented on Table 2, it has been validated for several cultivars by other authors.  
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Table 2. Summary of studies regarding the prediction of the primary and lateral area of a single shoot. 

Cultivar Authors Predictors (P/L) R2 Model NS 

Fernão Pires Lopes and 

Pinto (2000) 

SL, NL, LALL, 

LASL 

XNL(1), XLALL(1), 

XLASL(1) 

P 

 

L(1) 

L 

L 

0.95 

 

0.97 

0.96 

0.96 

 

LAT=1511.44+1.5*SL+111.00*NL+7.06*LALL+4.56*LASL 

 

XLAT(1)=-195.01+51.31*XNL(1)+2.36*XLALL(1)+1.21*XLASL(1) 

XLAT=211.31-23.76*XSN+1.90*XLAT(2)-243.80*XLAT(3) 

XLAT=-200.5+38.89*XNL+1.43* XLAT(2) 

(For all cultivars) 

168 

 

160 

96 

96 

Vital 

Periquita 

Touriga 

Nacional(4) 

Jaen(4) Lopes et al. 

(2004) 

 P 

L 

0.99 

0.99 

LAT=1.0028*LAM1.025*LASL0.037 

XLAT=1.8094*XLAM1.048*XLASL-0.230 

230 

143 

Aragonêz 

(syn. 

Tempranillo) (6) 

Lopes and 

Pinto (2005) 

LAM 

XLAM 

P 

S 

0.99 

0.98 

LAT=1.0871*LAM0.0992 

XLAT=1.4134*XLAM1.029*XLALL-0.125 

 

180 

107 

Cabernet 

Sauvignon(4,5,6) 

Riesling(5,7) 

Cabernet 

Franc(6) 

Merlot(6) 

Syrah(6) 
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Cultivar Authors Predictors (P/L) R2 Model NS 

Blaufränkish 

(syn. 

Limberger, 

Frankovka, 

Kékfrankos) 

Beslić et al., 

(2009)(8) 

NL, LALL, LASL 

 

 

XNL, XLALL, 

XLASL 

P 

 

 

L 

0.78 

 

 

0.94 

LAT=-2504.21 +172.684*NL+9.10372*LALL+5.2072*LASL 

 

 

XLAT=-1630.7+73.228*XNL+8.2757*XLALL+22.7142XLASL 

30 

1)The area of a single lateral shoot. Not total lateral Leaf Area 

2)The total Leaf Area of the lateral shoot with the largest Leaf Area, belonging to a single primary shoot 

3)The total Leaf Area of the lateral shoot with the smallest Leaf Area, belonging to a single primary shoot 

4)Lopes and Pinto (2005) model, validated for this variety by the same authors 

5)Lopes and Pinto (2005) model, validated for this variety by Lopes et al., (2005) 

6)Lopes and Pinto (2005) model, validated for this variety by Sánchez-de-Miguel et al. (2011) 

7)Lopes and Pinto (2005) model, validated for this variety by Döring et al., (2013) 

8)Based on Lopes and Pinto (2000) 

P = Primary Leaf Area 

L = Lateral Leaf Area 

SL = Length of a primary shoot 

NS = Total number of shoots 

LAT = Total primary Leaf Area of a shoot 

LALL = Area of a primary shoot’s largest primary leaf 

LASL = Area of a primary shoot’s smallest primary leaf 

XLAT = Total Leaf Area of all lateral shoots belonging to a single primary shoot 

XLALL = Area of the largest lateral leaf belonging to a single primary shoot 

XLASL = Area of the smallest lateral leaf belonging to a single primary shoot 

XSN = Number of lateral shoots belonging to a single primary shoot 

XNL = Total number of lateral leaves belonging to a single primary shoot  

LAM = Mean Primary Leaf Area of a shoot multiplied by the total number of primary leaves. 

XLAM = Mean Lateral Leaf Area of a lateral shoot, multiplied by the total number of lateral leaves on a primary shoot. 
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A difficulty of the method is determining which is the largest and the smallest leaf, 

predictors which are necessary to implement the model. The largest and the smallest 

primary leaf can be found in various positions along the shoot. Assuming that the shoot has 

been trimmed; between budburst and flowering, the largest leaf is found at lower positions of 

the shoot and the smallest at the end of the shoot, while between flowering and veraison, the 

largest leaf can be at higher positions and the smallest at the end, the base of the shoot, or 

even at intermediate positions. These leaves can be visually identified while counting the 

leaves and in case of doubt, measuring the lateral veins can help distinguishing the largest 

and smallest leaf (Lopes et al., 2004). However, we can maintain certainty that in non-

trimmed, growing shoots, the smallest primary leaf is always located at the apex (Sánchez-

de-Miguel et al., 2011). In the case of non-trimmed shoots, the position of the largest primary 

leaf still remains uncertain, as described above. 

Several authors (Intrieri et al., 1992; Zufferey et al., 2000; Sánchez-de-Miguel et al., 

2010), consider that leaves become sources rather than sinks, when their main vein length 

exceeds 4.5 cm. On non-trimmed shoots, there can be several leaves at the apex, the main 

vein of which is smaller than 4.5 cm. Due to the fact that these leaves do not contribute 

significantly to total LA and photosynthesis, including them in the estimate would be time 

consuming without providing any significant benefits. This fact has been taken into 

consideration by Lopes and Pinto (2000) and the models for Total Leaf Area which use the 

smallest leaf as a predictor, only take into consideration leaves with a midvein longer than 3 

cm. This makes the methods easier to use, without compromising their accuracy. 

The Lopes and Pinto (2000) model treats lateral Leaf Area as a whole, without taking into 

consideration each lateral shoot separately. When trying to estimate lateral Leaf Area with 

the said model, one should search for the smallest and largest of all lateral leaves and not of 

each lateral shoot separately. This can present even more difficulties than finding the 

smallest and largest primary leaf, as there has been no pattern observed as to their usual 

position. Lateral shoots present an irregularity as to the position of the largest and smallest 

leaves, similar to that of primary shoots, except that they usually do not have as small leaves 

as the primary shoots have on their apexes. It is understood that is even more complicated 

to locate the smallest and largest lateral leaf when all lateral shoots have to be treated as a 

whole. 
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4. Material and Methods 

 

4.1. Field conditions and plant material 

The study was conducted on the Syrah grapevine cultivar (Vitis vinifera L.). Shoot 

sampling was performed destructively at the educational vineyard of the Instituto Superior de 

Agronomia, in Tapada da Ajuda, Lisbon, Portugal, between April and July 2013. The 

vineyard is situated at a latitude of 38˚42’ N and a longitude of 9˚11’ W, at an altitude of 

approximately 120 metres. The vines were planted in 1998 and grafted on 140Ru (Vitis 

berlandieri x Vitis rupestris) rootstocks. The total area of the vineyard is 1ha, of which around 

800m2 were planted with the cultivar Syrah, with a double cordon Royat training system 

supported, which comprised the sample. The later were supported on a trellis with wooden 

posts, with two rows of double movable wires and one fixed wire at the top. The trunk of the 

vines had a height of around 70cm. The vines have an average of 4-5 spurs with 3 buds 

each and are planted at an interrow spacing of 2.5 metres and 1.2 metres between the 

plants. Thus, the density of the plantation can be calculated to 3333 plants/ha and around 

40,000 buds/ha. The soil is a deep and fertile clay, with a small inclination. The vineyard was 

in a very good condition, with no damaged or missing plants. 

The vineyard was equipped with drop irrigation, but irrigation was not necessary during 

this season. Herbicide was applied on the lines, while a cover crop of natural vegetation was 

left between the rows. 

 

4.2. Leaf area measurements 

Samples of 30 fruiting shoots were taken periodically from the stage of visible clusters to 

veraison, which corresponded to the middle of April to the middle of July (7 sampling dates), 

to ensure that the samples contained shoots with various numbers of leaves and in different 

phenological stages. The sampling was done at intervals of approximately two weeks, taking 

into consideration the weather conditions and the speed of growth. On each occasion, the 

shoots were randomly collected, immediately placed into plastic bags and transferred to the 

lab. Care was taken to maintain the plant material at a good state of turgor, to exclude the 

effect of wilting on the accuracy of the measurements. After being numbered, the leaves 

were removed from the plant and measured. As a rule of the thumb, basal leaves were 

disregarded, as they usually have an abnormal shape and are too small. The smallest 

leaves considered were those whose primary vein length (V1) was at least 30mm. 

Measurements of length were done using two rulers of 15 and 50 cm, to the accuracy of 1 
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mm and Leaf (LA) Area was measured with a leaf area meter (Delta – T area meter, Delta – 

T devices, England) to the accuracy of 1 cm2. The full extent of leaf area was measured for 

each leaf, which means that leaves were dissected and opened to unfold their full area, in 

case they were folded or the lobes were overlapping. 

The measurements were recorded in an Excel worksheet, using Microsoft Office 2007. In 

total, 210 primary shoots and 2560 primary leaves were measured. For all primary shoots, 

the following observations were made: Number of inflorescences or clusters per shoot (NI), 

number of immeasurable leaves (NUM) (basal leaves or leaves with a primary vein length 

smaller than 30mm), number of lateral shoots (NLS), shoot length from the base to the apex 

in cm, (SLT) and shoot length to the last measurable leaf (SLL) in cm. For each leaf, the 

length of the central vein in mm (V1), the length of the left and right lateral veins in mm (V2L, 

V2R) and the leaf area in cm2 (LA) as measured with the leaf area meter, were also 

recorded. 

From these measurements, the following variables were calculated or observed: The sum 

of the lengths of the lateral veins for each leaf in mm (V2S), the number of primary leaves 

(NL), the area of the smallest primary leaf of each shoot in cm2 (LASL), the area of the 

largest primary leaf of each shoot in cm2 (LALL), the total leaf area per shoot as measured 

by the leaf area meter in cm2 (LAT). From this data, two further variables were calculated: 

The mean between the largest and smallest primary leaf in cm2 (LAMM), 

LAMM=(LASL+LALL)/2, (Equation 1) and the mean primary leaf area per shoot cm2 (LAM), 

LAM=LAMM*NL (Equation 2). 

For lateral shoots, the measurements began when the lateral leaves and shoots reached 

a considerable size and number, that is at the 4th sampling occasion in the end of May, 

which corresponded to the phenological stage of berry set. A total of 913 lateral shoots and 

2108 lateral leaves were measured. The laterals derived from a primary shoot were treated 

as a single shoot representing the total lateral Leaf Area. 

Using a similar approach as in primary shoots, the following measurements were 

performed: The insertion (XI), that is the node were the lateral shoot was located, the 

number of lateral leaves (XNL), the length of the central vein in mm (XV1), the length of the 

left and right lateral veins in mm (XV2L, XV2R) and the leaf area of each lateral leaf in cm2 

(XLA). 

From this data, the sum of the lengths of the lateral veins for each lateral leaf in mm 

(XV2S)the sum of the lateral leaf area per primary shoot in cm2 (XLAT), the area of the 

largest lateral leaf in cm2 (XLALL) and the area of the smallest lateral leaf in cm2 (XLASL) 

were determined. The calculated variables for lateral leaves were the mean lateral leaf area 
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in cm2: XLAMM=(XLALL+XLASL)/2 (Equation 3) and the mean lateral leaf area per shoot in 

cm2: XLAM=XLAMM*XNL (Equation 4). 

 

4.3. Statistical analysis 

Statistical analysis was done using the R version 3.0.0 statistical software (© 2013 The R 

Foundation for Statistical Computing). Simple and Multiple Linear Regression Analyses were 

performed between several independent variables and the dependent variables (LA, XLA, 

LAT, XLAT). Models were fitted using the least squares method. The t-test was used to 

evaluate and select independent variables, with a significance level of <0.001 for the p-value 

Models were evaluated with the F-test for the fit of data with a significance level of <0.001. 

for the p-value and the goodness of fit was evaluated with the coefficient of determination 

R2. The Bonferroni outlier test was used for the elimination of outliers. The Akaike 

Information Criterion (AIC) was used to evaluate the models obtained.  
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5. Results and discussion 

 

5.1. Single Leaf Area 

Statistical analysis has yielded several satisfactory results regarding the relation of the 

area of a single primary leaf to the length of the central and / or the lateral veins. The 

correlation matrix between the Area of Primary Leaves (LA), and the length of the leaf’s 

veins is presented in table 3. 

 

Table 3. Correlation matrix between Leaf Area of primary leaves and the selected variables: length of the primary 

vein (V1), length of the left lateral vein (V2L), length of the right lateral vein (V2R) and the sum of the lengths of 

the two lateral veins (V2S). 

 

 V1 V2L V2R V2S LA 

V1 1.00     

V2L 0.93 1.00    

V2R 0.93 0.93 1.00   

V2S 0.95 0.98 0.98 1.00  

LA 0.93 0.93 0.94 0.95 1.00 

 

The linear regression model using V1 as a predictor can explain variability in Leaf Area of 

Primary Leaves, with the following equation: LA=-65.52+1.84*V1 (Equation 5); Adjusted 

R2=0.87 (p<0.001); df=2516; RMSE=20.63 cm2; F-statistic=17600 on 1 and 2516 df 

(p<0.001). We have 95% confidence that the true value for the intercept lies in the interval (-

68.1284,-62.9031) and that the true coefficient for V1 lies in the interval (1.8101,1.8644). 

The AIC value for Equation 5 is 22392.09. Estimated Leaf Area seems to fit well with actual 

Leaf Area, as presented in Figure 2. Similar results were found using the sum of the lengths 

of the lateral veins (V2S) as a predictor, where LA=-79.27+1.16*V2S (Equation 6); Adjusted 

R2=0.91 (p<0.001); df=2516; RMSE=17.52 cm2; F-statistic=25360 on 1 and 2516 df 

(p<0.001). We have 95% confidence that the true value for the intercept lies in the interval (-

81.6171,-76.9325) and that the true coefficient for V2S lies in the interval (1.1470,1.1756). 

The AIC value for Equation 6 is 21570.95. This equation is presented in Figure 3. 

Separate models were found for the area of lateral leaves. The equation of the area of 

Lateral Leaves (XLA) to the length of their central veins (XV1) is XLA=-33.88+1.29*XV1 

(Equation 7); Adjusted R2=0.88 (p<0.001); df=2060; RMSE=6.432 cm2, F-statistic= 15600 on 

1 and 2060 df (p<0.001). We have 95% confidence that the true value for the intercept lies in 
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the interval (-35.0332,-32.7308) and that the true coefficient for XV1 lies in the interval 

(1.2692,1.3097). The AIC value for Equation 7 is 13531.58. With the sum of the lengths of 

the lateral veins (XV2S) as a predictor, the equation is: XLA=-34.99+0.74*XV2S (Equation 

8); Adjusted R2=0.93 (p<0.001); df=2060; RMSE= 4.992 cm2, F-statistic=27250 on 1 and 

2060 df (p<0.001). We have 95% confidence that the true value for the intercept lies in the 

interval (-35.8790,-34.1088) and that the true coefficient for XV2S lies in the interval 

(0.7293,0.7468). The AIC value for Equation 8 is 12486.64.The graphs for Equations 7 and 

8 were also very similar to those for Equations 5 and 6. 

 

Figure 2. (left) Relationship between the length of the central vein (V1) in cm, and the Area of Primary Leaves 

(LA) in cm
2
,, using the model presented in Equation 5. Prediction bands are in blue and confidence bands in red. 

Figure 3. (right) Relationship between the sum of the lengths of the two Lateral veins (V2S) in cm, and the Area 

of primary leaves (LA) in cm
2
, using the model presented in Equation 6. Prediction bands are in blue and 

confidence bands in red. 

 

Despite the good relationship, an intense curvature of the fitted line in Figures 2 and 3 

was observed, and this is reflected in the fact that extreme LA values (both very high and 

very low) tend to be above the line. The curvature also implies other drawbacks of the linear 

model in terms of the validity of inferential results, such as the confidence intervals. This is 

more clear when looking at the residual plots for Equations 5 and 6 (Figures 4 and 5). A 

curved pattern can be observed on these plots, where residual vs. fitted values start off 

being positive, then appear in negative values, and finally appear positive again. This means 

that Equations 5 and 6 systematically underestimate predicted high and low Leaf Area 

values and overestimate LA values in the middle range. This phenomenon is more marked 

for the model using V2S as a predictor (Figure 5). 
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Figure 4. (left) Residual plot for Equation 5, where V1 is the independent variable and LA is the dependent 

variable.  

Figure 5. (right) Residual plot for Equation 6, where V2S is the independent variable and LA is the dependent 

variable. 

 

This is logical when comparing length, which is a linear value, to area. For this reason, 

others models using multiplication or logarithmic transformation of the variables were tested, 

in order to produce a line with a better fit. The following model was found for the relation of 

LA to the square of the length of the central vein (V1)2: LA=10.33+0.01*(V1)2 (Equation 9); 

Adjusted R2=0.87 (p<0.001); df=2516; RMSE=21.07 cm2; F-statistic=16770 on 1 and 2516 

df (p<0.001). We have 95% confidence that the true value for the intercept lies in the interval 

(8.7034,11.9478) and that the true coefficient for (V1)2 lies in the interval (0.0098,0.0101). 

The AIC value for Equation 9 is 22498.64. This relationship is presented in Figures 6 and 7. 

In Figure 6 the independent variable on the x-axis is transformed to (V1)2, giving a straight 

line for Equation 9, while on Figure 7, the independent variable on the x-axis is maintained 

as V1, giving a curve for Equation 9. 

It was also tested, whether a second degree polynomial Equation would improve the fit of 

Equation 9. The following Equation was found with V1 and (V1)2 as predictors: LA=-

35.46+1.09*V1+0.0041*(V1)2 (Equation 10); Adjusted R2=0.88 (p<0.001); df=2515; 

RMSE=20.21 cm2, F-statistic=9225 on 1 and 2515 df (p<0.001). We have 95% confidence 

that the true value for the intercept lies in the interval (-41.7026,-29.2148) and that the true 

coefficient for V1 lies in the interval (0.9463,1.2343) and the true coefficient for (V1)2 lies in 

the interval (0.0034,0.0049). The AIC value for Equation 10 is 22289.09. As expected, the 
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polynomial Equation did improve the fit of Equation 9 to some extent, but the improvement 

was not dramatic. 

 

Figure 6. (left) Relationship between the square of the length of the central vein (V1)
2
 in cm, and the Area of 

primary leaves (LA) in cm
2
, using the model presented in Equation 9. Prediction bands are in blue and 

confidence bands in red. 

Figure 7. (right) Relationship between the length of the central vein V1 in cm, and the Area of primary leaves 

(LA), in cm
2
, using the model presented in Equation 9. 

 

Based on this result, the same approach was used for the estimation of the Area of 

Lateral Leaves: XLA=0.79+0.01*(XV1)2 (Equation 11); Adjusted R2=0.89 (p<0.001); 

df=2060; RMSE=6.113 cm2, F-statistic=17490 on 1 and 2060 df (p<0.001). We have 95% 

confidence that the true value for the intercept lies in the interval (0.1871,1.3909) and that 

the true coefficient for (XV1)2 lies in the interval (0.0111,0.0115). The AIC value for Equation 

9 is 13321.53. As demonstrated on Figure 8, the data are more evenly scattered around the 

line and present a more linear form. On Figure 9, the independent variable on the x-axis is 

maintained as V1, giving a curve for Equation 11. 

The product of the lengths of the lateral veins (V2P) was also tested for the prediction of 

Leaf Area: The product of the lengths of the veins was given by the following Equations: 

V2P=V2L*V2R (Equation 12) for Primary Leaves and XV2P=XV2L*XV2R (Equation 13) for 

Lateral Leaves. The following model was found for primary leaves: LA=-3.88+0.02*(V2P) 

(Equation 14); Adjusted R2=0.94 (p<0.001); df=2516; RMSE=13.73 cm2, F-statistic=42910 

on 1 and 2516 df (p<0.001). We have 95% confidence that the true value for the intercept 

lies in the interval (-5.0175,-2.7334) and that the true coefficient for V2P lies in the interval 
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(0.0158,0.0161). The AIC value for Equation 14 is 20341.33. The graph of this relationship is 

presented in Figure 10. 

 

Figure 8. (left) Relationship between the square of the length of the primary vein (XV1)
2
 in cm, and Leaf Area of 

lateral leaves (XLA) in cm
2
, using the model presented in Equation 11. Prediction bands are in blue and 

confidence bands in red. 

Figure 9 (right) Relationship between the square of the length of the primary vein (XV1)
2
 in cm, and Leaf Area of 

lateral leaves (XLA) in cm
2
, using the model presented in Equation 11. 

 

With the same approach, the following model was found for lateral leaves, using the 

product of the lateral veins (XV2P): XLA=-0.85+0.01*(XV2P) (Equation 15); Adjusted 

R2=0.96 (p<0.001); df=2060; RMSE=3.971 cm2, F-statistic= 44270 on 1 and 2060 df 

(p<0.001). We have 95% confidence that the true value for the intercept lies in the interval (-

1.2437,-0.4547) and that the true coefficient for XV2P lies in the interval (0.0149,0.0152). 

The AIC value for Equation 15 is 11542.61. The graph of this relationship is presented in 

Figure 11. 

Models using the logarithmic transformation of both the independent and the dependent 

variables, are presented below. The following Equation was found for the relationship 

between the log of Leaf Area of Primary Leaves (ln(LA)) and the log of the Length of the 

central vein (ln(V1)): ln(LA)=-4.96+2.10*ln(V1) (Equation 16), or LA=0.0070*(V1)2.0986 

(Equation 17) Adjusted R2=0.91 (p<0.001); df=2516; RMSE=0.2513 cm2; F-statistic=24210 

on 1 and 2516 df (p<0.001). We have 95% confidence that the true value for the intercept 

lies in the interval (-5.0801,-4.8437) and that the true coefficient for ln(V1) lies in the interval 

(2.0721,2.1250). The AIC value for Equation 16 is 194.2971. The graph of Equation 16 is 

presented in Figure 12 and for Equation 17 on Figure 13. 
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Figure 10. (left) Relationship between the product of the lengths of the two lateral veins (V2P) in cm, and Leaf 

Area of primary leaves (LA) in cm
2
, using the model presented in Equation 14. Prediction bands are in blue and 

confidence bands in red. 

Figure 11. (right) Relationship between the product of the lengths of the two lateral veins (XV2P) in cm, and Leaf 

Area of lateral leaves (XLA) in cm
2
, using the model presented in Equation 15. Prediction bands are in blue and 

confidence bands in red. 

 

 

Figure 12. (left) Relationship between the log of the length of the central vein ln(V1) in cm, and the log of the 

Leaf Area of primary leaves ln(LA) in cm
2
, using the model presented in Equation 16. Prediction bands are in 

blue and confidence bands in red. 

Figure 13. (right) Relationship between length of the central vein (V1) in cm, and the Leaf Area of primary leaves 

(LA) in cm
2
, using the model presented in Equation 17. 
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For Lateral Leaves, the following Equation was found, where ln(XLA) is the log of the 

Area of Lateral Leaves and ln(XV1) is the log of the length of the central vein: ln(XLA)=-

4.60+2.03*ln(XV1) (Equation 18), or XLA=0.0100+XV12.0313 (Equation 19) Adjusted R2=0.89 

(p<0.001); df=2060; RMSE= 0.1785 cm2; F-statistic= 17540 on 1 and 2060 df (p<0.001). We 

have 95% confidence that the true value for the intercept lies in the interval (-4.7221,-

4.4822) and that the true coefficient for ln(XV1) lies in the interval (2.0012,2.0614). The AIC 

value for Equation 18 is -1250.781. The graph of Equation 18 is presented in Figure 14. 

 

Figure 14. Relationship between the log of the length of the central vein ln(XV1) in cm, and the log of the Leaf 

Area of lateral leaves ln(XLA) in cm
2
, using the model presented in Equation 18. Prediction bands are in blue and 

confidence bands in red. 

 

The relation between ln(LA) and the log of the sum of the lengths of the lateral veins 

(ln(V2S)) is given by the following Equation: ln(LA)=-6.44+2.17*ln(V2S) (Equation 20) or 

LA=0.0016*(V2S)2.1670 (Equation 21) Adjusted R2=0.97 (p<0.001); df=2516; RMSE= 0.1465 

cm2; F-statistic= 76100 on 1 and 2516 df (p<0.001). We have 95% confidence that the true 

value for the intercept lies in the interval (-6.5132,-6.3590) and that the true coefficient for 

ln(V2S) lies in the interval (2.1516,2.1824). The AIC value for Equation 20 is -2522.374. The 

graph of Equation 20 is presented in Figure 15 and the graph of Equation 21 is presented in 

Figure 16. 

The relation between ln(XLA) and the log of the sum of the lengths of the lateral veins 

(ln(XV2S)) is given by the following Equation: ln(XLA)=-5.74+2.03*ln(XV2S) (Equation 22) or 

XLA=0.0032*(XV2S)2.0273 (Equation 23) Adjusted R2=0.97 (p<0.001); df=2060; RMSE= 

0.1027 cm2; F-statistic= 57180 on 1 and 2060 df (p<0.001). We have 95% confidence that 

the true value for the intercept lies in the interval (-5.8207,-5.6691) and that the true 
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coefficient for ln(XV2S) lies in the interval (2.0107,2.0439). The AIC value for Equation 22 is 

-3531.937. The graph of Equation 22 is presented in Figure 17 and for Equation 23 in Figure 

18. 

 

 

Figure 15. (left) Relationship between the log of the sum of the lengths of the two lateral veins ln(V2S) in cm, and 

the log of the Leaf Area of primary leaves ln(LA) in cm
2
, using the model presented in Equation 20. Prediction 

bands are in blue and confidence bands in red. 

Figure 16. (right) Relationship between the sum of the lengths of the two lateral veins (V2S) in cm, and the Leaf 

Area of primary leaves ln(LA) in cm
2
, using the model presented in Equation 21. 

 

The relation between ln(LA) and the log of the product of the lengths of the Lateral veins 

ln(V2P) is described by the following Equation: ln(LA)=-4.89+1.08*ln(V2P) (Equation 24), or 

LA=0.0075*(V2P)1.0787 (Equation 25). Adjusted R2=0.97 (p<0.001); df=2516; RMSE= 0.1531 

cm2; F-statistic= 69470 on 1 and 2516 df (p<0.001). We have 95% confidence that the true 

value for the intercept lies in the interval (-4.9576,-4.8191) and that the true coefficient for 

ln(V2P) lies in the interval (1.0707,1.0868). The AIC value for Equation 24 is -2300.549. The 

graph of Equation 24 is presented in Figure 19. 

The relation between ln(XLA) and the log of the product of the lengths of the Lateral veins 

ln(XV2P) is described by the following Equation: ln(XLA)=-4.32+1.01*ln(XV2P) (Equation 

26), or XLA=0.0134(XV2P)1.0111 (Equation 27). Adjusted R2=0.96 (p<0.001); df=2060; 

RMSE= 0.1035 cm2; F-statistic= 56160 on 1 and 2060 df (p<0.001). We have 95% 

confidence that the true value for the intercept lies in the interval (-4.3800,-4.2507) and that 

the true coefficient for ln(XV2P) lies in the interval (1.0027,1.0194). The AIC value for 

Equation 26 is -3496.356. The graph of Equation 26 is presented in Figure 20. 



Estimation of Leaf Area in grapevine cv. Syrah using empirical models     42 

 

Figure 17. (left) Relationship between the log of the sum of the lengths of the two lateral veins ln(XV2S) in cm, 

and the log of the Leaf Area of lateral leaves ln(XLA) in cm
2
, using the model presented in Equation 22. 

Prediction bands are in blue and confidence bands in red. 

Figure 18. (right) Relationship between the sum of the lengths of the two lateral veins (XV2S) in cm, and the Leaf 

Area of lateral leaves (XLA) in cm
2
, using the model presented in Equation 23. 

 

Figure 19. (left) Relationship between the log of the product of the lengths of the two lateral veins ln(V2P) in cm, 

and the log of the Leaf Area of primary leaves ln(LA) in cm
2
, using the model presented in Equation 24. 

Prediction bands are in blue and confidence bands in red. 

Figure 20. (right) Relationship between the log of the product of the lengths of the two lateral veins ln(XV2P) in 

cm, and the log of the Leaf Area of lateral leaves ln(XLA) in cm
2
, using the model presented in Equation 26. 

Prediction bands are in blue and confidence bands in red. 

 

It was also tested whether a model comparing ln(LA) to the product of ln(V2L) and 

ln(V2R) had a better fit than Equation 24, but the results were very similar to the model using 
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ln(V2P). For this reason, Equation 24 was preferred as it has only one dependent variable. 

Cumulative tables with all models found for single Leaf Area of Primary and Lateral Leaves, 

are presented in Table 4 

 

Table 4. Models for the prediction of the Area of a single Primary Leaf. The number of the Equations, the 

proposed models, the Adjusted R
2
 values, the Root Mean Square Error and the Akaike Information Criteria 

values are shown. 

N Equation Adj. R2 RMSE (cm2) F-stat. AIC 

5 LA=-65.52+1.84*V1 0.87 20.63 17600 22392.09 

6 LA=-79.27+1.16*V2S 0.91 17.52 25360 21570.95 

9 LA=10.33+0.01*(V1)2 0.87 21.07 16770 22498.64 

10 LA=-35.46+1.09*V1+0.0041*(V1)2 0.88 20.21 9225 22289.09 

14 LA=-3.88+0.02*(V2P) 0.94 13.73 42910 20341.33 

16 

17 

ln(LA)=-4.96+2.10*ln(V1) 

LA=0.0070*(V1)2.0986 

0.91 0.2513 24210 194.2971 

 

20 

21 

ln(LA)=-6.44+2.17*ln(V2S) 

LA=0.0016*(V2S)2.1670 

0.97 0.1465 76100 -2522.374 

24 

25 

ln(LA)=-4.89+1.08*ln(V2P) 

LA=0.0075*(V2P)1.0787 

0.97 0.1531 69470 -2300.549 

7 XLA=-33.88+1.29*XV1 0.88 6.432 15600 13531.58 

8 XLA=-34.99+0.74*XV2S 0.93 4.992 27250 12486.64 

11 XLA=0.79+0.01*(XV1)2 0.89 6.113 17490 13321.53 

15 XLA=-0.85+0.01*(XV2P) 0.96 3.971 44270 11542.61 

18 

19 

ln(XLA)=-4.60+2.03*ln(XV1) 

XLA=0.0100+XV12.0313 

0.89 0.1785 17540 -1250.781 

22 

23 

ln(XLA)=-5.74+2.03*ln(XV2S) 

XLA=0.0032*(XV2S)2.0273 

0.97 0.1027 57180 -3531.937 

26 

27 

ln(XLA)=-4.32+1.01*ln(XV2P) 

XLA=0.0134(XV2P)1.0111 

0.96 0.1035 56160 -3496.356 

 

Given the high R2 values and the large sample size, all models seem to be satisfactory 

and reliable. Most Equations using the central vein as a predictor have slightly lower R2 

value than those using the lateral veins, both for Primary and Lateral Leaves. However, the 

models using the central vein have the advantage of requiring only one variable to be 

measured, rendering their use more practical. The results are in accordance with previous 
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works presented in Table 1, such as Lopes and Pinto, (2000) and Borghezan et al. (2010), 

who also present higher R2 values for models using V2S as compared to models using V1, 

or Beslić et al. (2009), Döring et al. (2013), who only propose models using V2S and 

Silvestre and Eiras-Dias (2001) who propose models using V2P as a predictor. 

This is logical, as the length of the central vein does not account for any abnormalities or 

damage to either side of the leaf. When a Leaf has an abnormal shape on one side, or is 

damaged with a large part of its area missing, the model using V1 falsely predicts a much 

larger Leaf Area. The area of these leaves would be more accurately predicted with the use 

of V2S or V2P. It must be pointed out that both damaged and abnormal leaves were used in 

this study and they didn’t seem to affect the results. Furthermore, larger leaves tend to have 

a more oblong shape, with this phenomenon being more marked in extraordinarily large 

leaves. In these cases, the increase in V1 is not proportional to the increase in Leaf Area. 

Models using the square of the length of the central vein and the product of the lengths of 

the lateral veins, did improve the fit of the predicted and the observed values and solved the 

intense curvature of Equations 5 and 6. As shown on Table 4, these models presented 

higher R2 values, lower RMSE and AIC values and they presented tighter confidence 

intervals for their intercepts and coefficients. However, Equations 9 and 11, where the 

square of the length of the central vein was used as the independent variable, systematically 

overestimate the area of small leaves, as it can be observed on Figures 6 through 9. From 

this aspect, the models using V2P as a predictor are more preferable. 

The logarithmic transformation of the variables also gave good results, with high R2 

values, low RMSE and AIC values and tight confidence intervals. Compared to models 

without logarithmic transformation, they appear more regular on the graphs, with the data 

more evenly scattered around the regression line. Although the models using ln(V1) or 

ln(XV1) are also satisfactory and present the advantage of requiring only one measurement, 

models 20 and 22, using the logarithmic transformation of the sum of the lengths of the 

Lateral veins, were elected for the estimation of single leaf Area. These models fit slightly 

better than those using the log of the product of the lengths of the lateral veins and we also 

assumed that the use of ln(V2S) and ln(XV2S) would be more practical in field use than 

ln(V2P) and ln(XV2P). Models 20 and 22 present high R2 values, with RMSE close to zero 

and negative AIC values. 

When looking at the models proposed by previous authors who have worked with single 

Leaf Area (Table 1) it is obvious that several resorted to logarithmic transformation of the 

variables in order to linearise their data, regardless of the independent variable they have 

used. A comparison of our results presented in Table 4 and the results of other authors 
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presented in Table 1, shows several analogies. Although the coefficients are somewhat 

different, the forms of the Equations are similar: Equations 21 and 23 are similar to those 

proposed by Lopes and Pinto (2000), Borghezan et al. (2010) and Döring et al. (2013). 

Equations 17 and 19 are similar to those proposed by Borghezan et al. (2010) and 

Equations 24 and 26 are similar to those proposed by Silvestre and Eiras-Dias (2001). Since 

none of these models refers to the cv. Syrah, direct comparisons cannot be made, since any 

differences in the results could be attributed to the cultivar. 

From the several previous works presented in Table 1, only Tregoat et al. (2001) have 

proposed separate models for Primary and Lateral leaves. However, all results in the 

present work yielded different models for Primary and Lateral leaves, a fact that lead to the 

proposal of a different model for the estimation of the area of lateral leaves. This seems to 

be logical, even when macroscopically examining leaves. In general, lateral leaves seem to 

have a more regular shape, compared to primary leaves, and odd-shaped, or disfigured 

lateral leaves are less frequent. We assume that his can be attributed to the fact that they 

are younger in age and they have suffered less injuries from pests than primary leaves and 

that they appear at a later stage of the growing season, when weather conditions are more 

favourable. Any damage suffered by primary leaves after budburst will later be apparent 

when leaves increase in size, giving leaves with more irregular shapes, thus limiting the 

applicability of any model. This phenomenon is more marked with the first 5-6 primary 

leaves, which are also usually the largest ones. We have macroscopically observed that if a 

primary leaf is injured early in the growing season on one side, thus reducing the length of a 

vein and leaf area, the leaf will later compensate this by non-symmetrical growth. 

Furthermore, a great part of primary leaves (up to node 10 or 12 as described above) come 

from preformed nodes and are a product of fixed growth, as opposed to lateral leaves, which 

are a product of free growth (Iland et al., 2011). This can also explain some anomalies in the 

shape of primary leaves, which could have been caused during the formation of the 

primordia during the previous growing season. 

The adaptation of separate models for primary and lateral leaves can also be explained 

by their different ranges of sizes, as there are much larger primary than lateral leaves. 

According to our data, the size of the 100 largest primary leaves ranged from 208 to 325 

cm2, while the size of the 100 largest lateral leaves ranged from 73 to 124 cm2. Furthermore, 

the average size of primary leaves was 103 cm2, while the average size of lateral leaves was 

37 cm2. From the above it is understood that primary and lateral leaves have several 

differences as far as their morphology and dimensions are concerned, and from this point of 

view, it seems logical to treat data from Primary and Lateral leaves in separate databases. 
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The separate use of a model for lateral leaves would more accurately predict their area, as it 

can be observed on Table 4, where the models for Lateral Leaves fit better than the 

respective models for Primary leaves. It is considered, that a general model for both Primary 

and Lateral Leaves would be less accurate, as it would have to fit even lower LA values (as 

lateral leaves are smaller) to the few large LA values observed on Primary Leaves. 

To confirm the assumption that it is preferable to use separate models for Primary and 

Lateral Leaves, an Analysis of Covariance (ANCOVA), test was performed. A new dataset 

including both Primary and Lateral Leaves was created and Leaves were categorised as 

Type “P” (Primary) or “L” (Lateral). A model based on the elected models (Equations 20 and 

22) was built, relating the log of Leaf Area to the log of the sum of the lengths of the lateral 

veins, including the variable “Type”. A second model was built, without the variable “Type”. 

The partial F-test to compare the full (ANCOVA) model with the submodel (without 

distinction of types), gave an F-value of 121.67 (p<0.001) for the variable “Type”. The results 

of this test are presented in Table 5. 

 

Table 5. Results of the ANCOVA test, comparing a full model with the distinction of Primary and Lateral Leaves 

(Model 1) and a submodel without the interaction of Leaf Type (Model 2). 

Model Res. Df RSS Df Sum of Sq F Pr(>F) Sig. 

1 4576 75.723      

2 4577 77.736 1 -2.0133 121.67 <2.2*10-16 *** 

Significance codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

From this result, it was concluded that the Type of Leaves (Primary or Lateral) did affect 

the model and therefore the use of separate models for Primary and Lateral Leaves is 

justified. Figure 21 presents the plot of the values of ln(V2S) and ln(XV2S) against ln(LA) 

and ln(XLA) and the regression lines for Equations 20 and 22: 

Figure 21 demonstrates that the data from Primary and Lateral Leaves are not 

homogeneous, and that a great part of them are distributed on different parts of the graph, 

with differences being more evident on the lower part of the scale. This fact, in combination 

with the results of the ANCOVA test, indicates that Primary and Lateral Leaves should be 

treated with separate models. 
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Figure 21. Log of the sum of the lengths of the lateral veins of all Leaves (ln(AV2S)) and the log of the Area of all 

Leaves (ln(ALA)). The points in green correspond to primary leaves and the points in red correspond to lateral 

leaves. The blue line corresponds to Equation 20 and the orange line to Equation 22 
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5.2. Total Leaf Area 

The second part of the statistical analysis concerns the Total Leaf Area of a single 

primary shoot, whether concerning the Total Area of primary leaves (LAT), or the Total Area 

of lateral leaves belonging to a primary shoot (XLAT). It must be pointed out, that from the 7 

sampling occasions of 30 shoots, the shoots had been trimmed only at the last sampling 

date and thus the sample comprised 180 non-trimmed and 30 trimmed shoots. As 

demonstrated below, several models which are applicable for the prediction of the Total Leaf 

Area of non-trimmed shoots, cannot be confirmed for trimmed shoots. When not stated 

otherwise, results refer to all shoots. 

 

5.2.1. Total Primary Leaf Area (LAT) 

The following predictors were used to predict Total Primary Leaf Area of a shoot (LAT). 

The number of leaves per shoot (NL), the Area of the Largest Primary Leaf (LALL), the Area 

of the Smallest Primary Leaf (LASL), Mean Leaf Area per shoot, as described in Equation 2 

(LAM), Shoot Length to the last measurable Leaf (SLL) and Shoot Length to the apex (SLT). 

The correlation matrix between Total Primary Leaf Area (LAT), and the selected variables, is 

presented in Table 6. 

 

Table 6. Correlation matrix between Total Primary Leaf Area of the selected variables: Number of leaves per 

shoot (NL), Area of the Largest Primary Leaf (LALL) Area of the Smallest Primary Leaf (LASL), Mean Leaf Area, 

(LAM), Shoot Length to the last measurable Leaf (SLL) and Shoot Length to the apex (SLT). 

 

 NL LALL LASL LAM SLL SLT LAT 

NL 1.00       

LALL 0.27 1.00      

LASL -0.17 0.13   1.00     

LAM 0.83 0.69   0.11 1.00    

SLL 0.83 0.55 -0.07 0.88   1.00   

SLT 0.85 0.54 -0.07 0.89   0.98   1.00  

LAT 0.85 0.64   0.08 0.98   0.92   0.92 1.00 

 

Total Shoot Length and Shoot length to the apex seem to give a satisfactory prediction of 

Total Leaf Area. However, when separately examining data from trimmed and non-trimmed 

shoots, results seem to differ. For non-trimmed shoots, LAT can be predicted by the 

following model: LAT=-92.35+13.75*SLT (Equation 28); Adjusted R2=0.88 (p<0.001); 

df=178; RMSE=224.1 cm2, F-statistic=1277 on 1 and 178 df (p<0.001). We have 95% 
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confidence that the true value for the intercept lies in the interval (-171.70,-12.99) and that 

the true coefficient for SLT lies in the interval (12.99,14.51). The AIC value for Equation 28 is 

2463.238. However, for trimmed shoots, the model found was less accurate: LAT=-

0.68+15.62*SLT (Equation 29); Adjusted R2=0.79 (p<0.001); df=28; RMSE=200.8 cm2, F-

statistic=113.3 on 1 and 28 df (p<0.001). We have 95% confidence that the true value for the 

intercept lies in the interval (-269.30,267.94) and that the true coefficient for SLT lies in the 

interval (12.61,18.62). The AIC value for Equation 29 is 407.2187. Although more samples of 

trimmed shoots would be required to reach safe conclusions, it can be assumed that SLT or 

SLL (which after trimming are identical), would not accurately predict LAT of trimmed shoots. 

The length of the part of the shoot removed with trimming is not proportional to the Leaf Area 

lost. When cutting the upper parts of a shoot, SL is significantly reduced, while smaller 

leaves are removed, which do not represent a large part of LAT. Furthermore, LAT continues 

increasing even after the fall of the apex and the cease of shoot elongation Mabrouk and 

Carbonneau (1996). Future research could compare separate datasets with non-trimmed 

shoots and shoots with different levels of trimming, to determine whether a model using SLT 

as a predictor would be applicable to all treatments. However, we assume that the use of 

SLT has several drawbacks and that even if some models are found, these will not be 

applicable to all cases, bearing in mind the treatments, vigour, the cultivar, etc. Furthermore, 

SLT cannot be used to predict Lateral Leaf Area (XLAT). Models using SLT as proposed by 

other authors, are discussed in Chapter 3.4.6. 

As proposed by Lopes and Pinto (2000; 2005), Lopes et al. (2004), and Beslić et al. 

(2009), LAM can be used for a reliable prediction of LAT, although our results produced a 

different model. For all shoots, the following model was found: LAT=12.50+1.05*LAM 

(Equation 30); Adjusted R2=0.96 (p<0.001); df=208; RMSE=120.8 cm2, F-statistic=5220 on 1 

and 208 df (p<0.001). We have 95% confidence that the true value for the intercept lies in 

the interval (-24.62,49.62) and that the true coefficient for LAM lies in the interval (1.03,1.08). 

The AIC value for Equation 30 is 2613.426. The graph of Equation 30 is presented in Figure 

22. 

As demonstrated in Figure 22, the data are evenly distributed along the Equation line. 

The model seems to be applicable to all values of Total Leaf Area. Furthermore, when 

examined separately for trimmed shoots, LAM also accurately predicted LAT. The model 

found for the subset of trimmed shoots is: LAT=89.17+0.97*LAM (Equation 31); Adjusted 

R2=0.96 (p<0.001); df=28; RMSE=85.73 cm2, F-statistic=747.8 on 1 and 28 df (p<0.001). We 

have 95% confidence that the true value for the intercept lies in the interval (-9.84,188.18) 
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and that the true coefficient for LAM lies in the interval (0.90,1.04). The AIC value for 

Equation 31 is 356.1385. 

 

Figure 22. Relationship between Mean Leaf Area (LAM) and Total Primary Leaf Area (LAT) (Equation 30). 

Prediction bands are in blue and confidence bands in red. 

 

It seems that LAM can equally predict the LAT of all shoots, regardless of the treatments 

on the field. Since LAM is found using the Area of the Largest Leaf (LALL), the Area 

Smallest Leaf (LASL) and the Number of Leaves (NL), it also contains indirect information as 

to the trimming of the shoots, given the fact that the area of the Smallest Leaf of a trimmed 

shoot, is usually larger, as it refers to the area of a Leaf of a lower rank, while the Area of the 

Smallest Leaf of non-trimmed shoots, does not have great fluctuations. While LALL is not 

affected by trimming, if this is done to a logical extent, since the Largest Leaves remain the 

same, trimming does significantly alter LASL. Trimmed shoots had LASL values up to 157 

cm2, while LASL of non-trimmed shoots ranged from 6 to 25 cm2, with only 3 Leaves out of 
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180 exceeding this maximum. Based on the observation that LASL of non-trimmed shoots is 

relatively stable and that it represents a very small percentage of LAT (average LASL for 

non-trimmed shoots was 11.88 cm2, while average LAT was 1214.56 cm2), it was assumed 

that models omitting LASL could be built for non-trimmed shoots. It was found that the Area 

of non-trimmed shoots can be predicted only with the use of the Area of the Largest Leaf 

(LALL) and the Number of Leaves (NL), using the following model: LAT= -

769.74+4.73*LALL+97.74*NL (Equation 32); Adjusted R2=0.93 (p<0.001); df=177; 

RMSE=165.1 cm2, F-statistic=1253 on 2 and 177 df (p<0.001). We have 95% confidence 

that the true value for the intercept lies in the interval (-856.84,-682.63) and that the true 

coefficient for LALL lies in the interval (4.26,5.20), and for NL in the interval (92.56,102.92). 

The AIC value for Equation 32 is 2354.057. 

As mentioned before, it is not always easy to determine which is the Largest Leaf of a 

certain shoot, especially under field conditions. Figure 23 shows all leaves of a primary 

shoot, in their order of appearance. It is understood, that determining which is the Largest 

Leaf, is not always straightforward, while the smallest leaf is always the apical leaf for non-

trimmed shoots. 

 

 

Figure 23. The leaves of a primary shoot, in their order of appearance. 

 

The Largest Leaf can be found at various positions along the shoot. In our data, the 

position of the Largest Leaf ranged from node 2 to node 11. Figure 24 shows the nodes at 

which the Largest Leaf was located in our sample. As seen in Figure 24, the Largest Leaf 
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cannot be determined based on its position. The Largest Leaf of each shoot was most 

frequently located on nodes 4 (26.2%) and 3 (25.2%). However, these percentages are too 

low to suggest any relationship between the Largest Leaf and its position. 

 

 

Figure 24. Position of the Largest Leaf by node number, number of shoots with the Largest Leaf located at the 

corresponding node. 

 

It has also been assumed, that in case of doubt, the Largest Leaf (LALL) can be 

determined by measuring the length of the veins (V1 or V2S). Despite the fact that the length 

of the veins did predict Leaf Area, our data, as presented in Figure 25, did not seem to 

support this hypothesis. In fact, out of 210 shoots that comprised our sample, only 37 

(17.6%) had the maximal Leaf Area coinciding with the maximal V1 on the same Leaf, 

meaning that on 173 shoots (82.4%) the Leaf with the largest Length of central vein was not 

the shoot’s Largest Leaf. In a similar way, only 41 shoots (19.5%) had the maximal sum of 

the lengths of the lateral veins (V2S) corresponding to the Leaf with the Largest Area. In 

68.6% of shoots (144), LALL did not correspond neither to the maximal V1, nor to the 

maximal V2S, while it corresponded to both in only 12 shoots (5.7%). 

In an attempt to tackle the difficulty of using LALL as a predictor, models using the Areas 

of Leaves in insertions 3 through 7 instead of LALL, were tested for trimmed shoots. The 

best results were found for Leaves 3, 4 and 5. When replacing LALL with the Area of the 3rd 

leaf (LA3) in Equation 32, the following model was found: LAT= -

749.89+4.46*(LA3)+110.51*NL (Equation 33); Adjusted R2=0.90 (p<0.001); df=177; 

RMSE=199.5 cm2, F-statistic=829.8 on 2 and 177 df (p<0.001). We have 95% confidence 



Estimation of Leaf Area in grapevine cv. Syrah using empirical models     53 

that the true value for the intercept lies in the interval (-859.23,-640.55) and that the true 

coefficient for LA3 lies in the interval (3.86,5.06), and for NL in the interval (104.55,116.47). 

The AIC value for Equation 33 is 2422.257. The model using the 4th Leaf (LA4) was the 

following: LAT= -603.02+4.01*(LA4)+110.52*NL (Equation 34); Adjusted R2=0.90 (p<0.001); 

df=174; RMSE=204 cm2, F-statistic=765 on 2 and 174 df (p<0.001). We have 95% 

confidence that the true value for the intercept lies in the interval (-703.72,-502.31) and that 

the true coefficient for LA4 lies in the interval (3.44,4.59), and for NL in the interval 

(95.15,107.89). The AIC value for Equation 34 is 2389.932. Replacing LALL with the Area of 

the 5th Leaf (LA5) produced the following model: LAT= -391.36+4.02*(LA5)+88.96*NL 

(Equation 35); Adjusted R2=0.91 (p<0.001); df=174; RMSE=192.4 cm2, F-statistic=886.8 on 

2 and 174 df (p<0.001). We have 95% confidence that the true value for the intercept lies in 

the interval (-472.08,-310.65) and that the true coefficient for LA5 lies in the interval 

(3.51,4.53), and for NL in the interval (82.30,95.63). The AIC value for Equation 35 is 

2369.107. The degrees of freedom differ between the above Equations because the 4th or 5th 

Leaf were missing on some shoots. These results were not surprising, as the 3rd,4th and 5th 

Leaves corresponded to LALL in 25.2%, 26.2% and 14.8% of the shoots respectively, as 

shown in Figure 25 

 

 

 

Figure 25. Shoots were the Largest Leaf (LALL), corresponded to the Leaf with the Maximal length of the central 

vein (V1), or the Maximal Sum of the Lengths of the Lateral veins (V2S). 
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It was also tested whether LA3, LA4 and LA5 could replace LALL in Equation 30. New 

variables similar to LAM were calculated, were LALL was replaced by LA3, LA4 and LA5 in 

Equation 2, producing variables LAM3, LAM4 and LAM5 with the following Equations: 

LAM3=((LA3+LASL)/2)*NL (Equation 36), LAM4=((LA4+LASL)/2)*NL (Equation 37), 

LAM5=((LA5+LASL)/2)*NL (Equation 38). Using these variables, the following models were 

found for LAT: LAT=87.18+1.21*(LAM3) (Equation 39); Adjusted R2=0.84 (p<0.001); df=208; 

RMSE=249.1 cm2, F-statistic=1068 on 1 and 208 df (p<0.001). We have 95% confidence 

that the true value for the intercept lies in the interval (10.22,164.14) and that the true 

coefficient for LAM3 lies in the interval (1.13,1.28). The AIC value for Equation 39 is 

2917.515. LAT=82.65+1.14*(LAM4) (Equation 40); Adjusted R2=0.89 (p<0.001); df=205; 

RMSE=203.9 cm2, F-statistic=1649 on 1 and 205 df (p<0.001). We have 95% confidence 

that the true value for the intercept lies in the interval (20.70,144.60) and that the true 

coefficient for LAM4 lies in the interval (1.08,1.20). The AIC value for Equation 40 is 

2792.999. LAT=218.61+1.04*(LAM5) (Equation 41); Adjusted R2=0.91 (p<0.001); df=205; 

RMSE=183.3 cm2, F-statistic=2120 on 1 and 205 df (p<0.001). We have 95% confidence 

that the true value for the intercept lies in the interval (168.29,268.93) and that the true 

coefficient for LAM5 lies in the interval (1.00,1.09). The AIC value for Equation 41 is 

2748.889. 

Despite these results, Equation 30, based on the Lopes and Pinto (2005) method, using 

LAM as a predictor, was elected for the estimation of Total Primary Leaf Area (LAT), as it 

had a higher R2 value and it seemed to be applicable to both trimmed and non-trimmed 

shoots. Furthermore, Equations 37 through 40 indicate, that even if the Largest Leaf of a 

shoot cannot be determined, or if a Leaf is falsely considered as having the Largest Area, 

the use of another Large Leaf would not significantly compromise the accuracy of the model. 

Our data indicate that the Area of the Second Largest Leaf (LALL2) of the 210 shoots of our 

sample, was 90.3% of LALL on average. In 144 shoots (69%) LALL2 was greater or equal to 

90% of LALL, while on 89 shoots (42%) was greater or equal to 95% of LALL. Based on the 

results presented in Figures 24 and 25, it is suggested that the LALL should be searched 

based on observation rather than with measuring vein lengths and, that the Node Number 

can give a suggestion as to the location of the LALL. Future research can seek ways to 

determine the Largest Leaf of a shoot, while it would also be interesting to compare trimmed 

and non-trimmed shoots along the growing season, to determine whether models can be 

applied to both. 
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5.2.2. Total Lateral Leaf Area (XLAT) 

Total Lateral Leaf Area (XLAT) is the sum of the Areas of all Lateral Leaves on a single 

Primary shoot. This Leaf Area did not seem to be correlated to SL of the primary shoots, 

while measuring the Shoot Lengths of all Lateral Shoots would be a very time consuming 

procedure. Furthermore, Lateral Shoots appear in various sizes at various insertions along 

the Primary Shoot in an irregular way, so no relation was found between XLAT and the 

position of Lateral Shoot. In a similar approach to Equation 30, a model was built for 

predicting XLAT, based on Mean Lateral Leaf Area (XLAM), where: 

XLAT=51.69+0.83*XLAM (Equation 42); Adjusted R2=0.94 (p<0.001); df=118; RMSE=116 

cm2, F-statistic=1884 on 1 and 118 df (p<0.001). We have 95% confidence that the true 

value for the intercept lies in the interval (17.43,85.96) and that the true coefficient for XLAM 

lies in the interval (0.79,0.87). The AIC value for Equation 42 is 1485.288. The graph of 

Equation 42 is presented in Figure 26. Total Lateral Leaf Area (XLAT) can be accurately 

predicted by XLAM. The problem of locating the Largest Leaf also arises when trying to 

estimate XLAM, as the Largest Lateral Leaf (XLALL) can be found on any of the Lateral 

shoots. IN addition to that, it is also difficult to locate the Smallest Lateral Leaf (XLASL), as it 

can also be found in any position on any Lateral Shoot, unlike the Smallest Primary Leaf. It 

is assumed however, that in a similar way to LAM, a failure to locate XLALL would not 

significantly influence the effectiveness of the model. 

 

Figure 26. Relationship between Mean Lateral Leaf Area (XLAM) and Total Lateral Leaf Area (XLAT) (Equation 

42). Prediction bands are in blue and confidence bands in red. 
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6. Conclusions 

This work reviewed all previous approaches concerning empirical models for the 

estimation of grapevine Leaf Area. Several models were found which accurately predict the 

Area of a single Leaf, using the Length of the central vein (V1), the sum of the length of the 

lateral veins (V2S), the square of the length of the central vein (V1)2 and the product of the 

length of the lateral veins (V2P). The logarithmic transformation of the dependent and the 

independent variables gave more linear relationships. A model using the log of V2S as the 

predictor for the log of the area of a single leaf is proposed, giving a high precision of 

estimate and avoiding complicated polynomial equations. This is a powerful tool for the 

estimation of Leaf Area, which does not require special equipment, or trained staff. It is also 

suggested that separate models should be used for the estimation of the Areas of Primary 

and Lateral Leaves. 

For the estimation of Total Leaf Area, models based on the Lopes and Pinto (2005) 

method, are proposed both for primary and lateral Leaf Area. These models use Mean Leaf 

Area multiplied by the number of Leaves, as predictors. These models require the Areas of 

the smallest and the largest leaf and they seem to be applicable to all levels of trimming, 

throughout the growing season. It is also suggested that models can be built using the Area 

of the 5th Leaf and the number of Leaves as predictors for Total Leaf Area. This can be 

practical, as it reduces the number of leaves required to make the estimate and tackles the 

difficulty of locating the Largest Leaf, which not always easy. It is demonstrated that although 

the Area of a single Leaf can be accurately predicted with models using the lengths of the 

veins, the Leaf with the Largest Area on one shoot, does not correspond to the leaf with the 

longest veins. It is also suggested that failure to locate the Largest Leaf of a shoot would not 

significantly impair the model’s accuracy, as the Area of a shoot’s second Largest Leaf does 

not usually differ significantly from that of the Largest Leaf. 

Models using the 5th Leaf as a predictor should be further investigated as to their 

applicability to trimmed shoots. Further research with sets of trimmed und non-trimmed 

shoots can determine which models can be used globally and which can apply only to non-

trimmed shoots. As the dataset of this work mostly comprised non-trimmed shoots, safe 

conclusions could not be reached about the global use of all models. For this reason, it is 

suggested that models using Mean Leaf Area should be used for the prediction of Primary 

and Lateral Leaf Area and that other models presented here should be further investigated. 
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	Figure 25. Shoots were the Largest Leaf (LALL), corresponded to the Leaf with the Maximal length of the central vein (V1), or the Maximal Sum of the Lengths of the Lateral veins (V2S).

	5.2.2. Total Lateral Leaf Area (XLAT)
	/
	Figure 26. Relationship between Mean Lateral Leaf Area (XLAM) and Total Lateral Leaf Area (XLAT) (Equation 42). Prediction bands are in blue and confidence bands in red.
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