
Cien. Inv. Agr. 36(1):53-58. 2009
www.rcia.puc.cl

RESEARCH PAPER

Introduction

The knowledge of leaf area (LA) is essential to 
evaluate vegetative growth and to estimate crop 
production potential (Kozlowski et al., 1991), 
and, therefore, LA has been a subject of inter-
est in different physiological studies and plant 
genetics. Because it is related to photosynthetic 
effi ciency, it contributes to carbohydrate metab-
olism, dry matter accumulation, yield and qual-
ity (Williams, 1987; Centritto et al., 2000) of 
plant growth. The relationship between LA and 
fruit is very important in fruit crops; for exam-
ple, it determines the nut size and fi lling in pe-
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cans (Carya illinoinensis). In addition, LA is an 
important factor for alternation (Sparks, 1974). 
In the cultivar ‘Mohawk’, it has been observed 
that a leaf:fruit ratio of 4, an equivalent to a LA 
of 1150 cm2, produced better quality nuts than a 
leaf:fruit ratio of 2 (Marquard, 1987). In the cul-
tivar ‘Western’, a leaf:fruit ratio of 2, equivalent 
to an LA of 575 cm2 , was needed for nut fi lling 
(Marquard, 1987). 

The total LA of a crop can be obtained from di-
rect or indirect methods. Direct and destructive 
methods usually require removing leaves and 
then determining the LA using optical tech-
niques, planimetry, photography, digital area in-
tegration and optical interceptometry. However, 
the high cost represented by the acquisition of 
the appropriate equipment hinders their use. 
On the contrary, indirect methods can supply a 
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good LA estimation and are easy to use and less 
expensive than direct and nondestructive meth-
ods (Norman and Campbell, 1989). 

Mathematical models are one of the most fre-
quently indirect nondestructive methods used for 
LA estimation. The area of each leaf is closely 
related to length (L) and width (W), which may 
be described by regression equations. Thus, 
several investigators have found highly signifi -
cant correlations between LA of grapevines and 
linear dimensions of the leaves, which allow for 
alternatives to the use of complex equipment 
and destructive samplings (Pire and Valenzu-
ela, 1995; Gutierrez and Lavín, 2000; Williams 
and Martinson, 2003). The length x width re-
lationship (L x W) was the better correlated 
variable to LA (R2 = 0.99) in the grapevines 
‘Chardonnay’ and ‘Chenin blanc’ (Gutierrez 
and Lavín, 2000). Other studies using L or W 
leaf measurements have established regression 
equations to estimate the LA of cherry (Citta-
dini and Peri, 2006), kiwi (Mendoza-de Gyves 
et al., 2007), banana (Potdar and Pawar, 1991), 
and chestnut (Serdar and Demirsoy, 2006). In 
the pecan ‘Western’, a regression equation was 
used to calculate LA using the L x W relation-
ship as an independent variable (Medina Mo-
rales, 1998). However, the developed regression 
models vary with the grapevine cultivars (Ma-
level and Weaver, 1974; Sepulveda and Kliewer, 
1983). Therefore, the objective of this work was 
to develop a simple, precise, nondestructive and 
fast predictive model to estimate the LA for dif-
ferent pecan cultivars in full production in Ar-
gentina based on the leafl et’s length and width. 

Materials and methods

Pecan orchard 

This study was performed in a pecan orchard 
located at the Experimental Station, Instituto 
Nacional de Tecnología Agropecuaria (INTA), 
Delta del Paraná (34°08´ 42” S, 58°12´ W) in a 
udifl uvent soil type. The annual mean tempera-
tures fl uctuated between 17.5 and 19.0ºC, with 
annual mean precipitations between 1065.6 
and 1277.0 mm. The pecan cultivars sampled 

were ‘Desirable’, ‘Harry Super’, ‘Kernodle’, 
‘Mahan’, ‘Mahan-Stuart’, ‘Shoshoni’, ‘Stuart’ 
and ‘Success’, which were grafted on seedling 
pecan rootstocks, 24 years old, and planted at 
15 x 15 m. 

Leaf sampling 

Sampling was made in full production plants 
in mid-December when leaves were completely 
developed. Peripheral leaves from the middle 
portion of shoots that developed during the 
same growing season were harvested. Leaves 
were taken from shoots in the middle of the tree 
canopy located in the four cardinal points (Silva 
and Rodríguez, 1995). Ten leaves were sampled 
from each cultivar, each with 11 to 13 leafl ets. 
Because of the morphological differences pre-
sented by terminal leafl ets (wide and lanceolate 
leaves), they were excluded from this study. 
Leaves were kept refrigerated in plastic bags 
until the determinations were made. 

For each sample, the width (W) was measured 
in the medium part of the leafl et, and the length 
(L) was determined from the base to the apex of 
the leafl et lamina. The LA of each leafl et was 
determined with the help of a leaf meter (Li-Cor 
LI-3100, LI-COR, Inc., Lincoln, NB, USA).

Design and statistical analysis

The experiment was designed as completely 
randomized blocks with 10 replicates. The pe-
can cultivars were the treatments, and each leaf 
was considered as an experimental unit. The re-
sults were analyzed for variance (ANOVA), and 
the means were separated according to Tukey’s 
multiple comparison test (p < 0.05). The homo-
geneity of variance was estimated according to 
the Bartlett test (p < 0.05). Statistics 4.0.7, 2000, 
was used.

For each cultivar, the relationship between LA 
and the linear parameters (L and W) was stud-
ied through linear regression analysis [y(x) = 
mx + b], exponential regression analysis [y (x) 
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= A xp] or discriminating regression analysis [ 
y(x1, x2) = m1x1 + m2x2 + b ], where x = length 
(L), width (W) or L x W (only in the case of 
linear regression) and y = leaf area (LA). 

Results 

The exponential model best explained the rela-
tionship between LA and L (LA = 0.69 L1.48, R2 
= 0.89, p < 0.00001) when the results obtained 
for the eight pecan cultivars were analyzed to-
gether (Table 1, Figure 1).
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 Figure 1. Relationship between leaf area (LA) and 
measurements of leaf length of eight pecan (Carya 
illinoinensis) cultivars analyzed together.

The relationship between LA and W was best 
explained using the linear model for pecan cul-
tivars ‘Desirable’ and ‘Stuart’, whereas the LA 
and W relationship was best explained by the 
exponential model for ‘Mahan-Stuart’. For the 
cultivars ‘Harry Super’, ‘Kernodle’, ‘Mahan’, 
‘Shoshoni’ and ‘Success’, the LA was best esti-
mated by linear or exponential regression equa-
tions. When using the results obtained for all 
the cultivars together, it was possible to estimate 
the LA linearly and exponentially (Table 1).

The variable L x W was well-correlated with 
LA in all the cultivars with determination coef-
fi cients of (R2) > 0.87 and p < 0.00001, except 
for ‘Desirable’, which presented the lowest coef-
fi cient of determination (R2 = 0.65, p < 0.00001). 
When results of all cultivars were analyzed to-
gether, the following model was obtained:

LA = 1.95 + 0.60 L x W R2 = 0.93, p< 0.00001  
[Eq 1]

The data obtained for each cultivar were ana-
lyzed through a discriminating analysis (step-
wise analysis) using LA as a dependent vari-
able and L and W as non-forced independent 
variables, retaining the variables contributing 
signifi cantly (p < 0.001) to explain the variance 
observed (Table 2). The following equation was 
obtained by the discriminating analysis includ-
ing the results of all the cultivars:

LA = -14.02 + 5.42 A + 1.88 L R2 = 0.93, p< 0.00001  
[Eq 2]

Discussion

The results obtained indicate that the use of re-
gression equations using the leafl ets L and/or 
W as independent variables to estimate the LA 
of pecan cultivars ‘Desirable’, ‘Harry Super’, 
‘Kernodle’, ‘Mahan’, ‘Mahan-Stuart’, ‘Shosho-
ni’, ‘Stuart’ and ‘Success’ in full production is 
an accurate, nondestructive and fast alternative 
that could be very useful when integrated elec-
tronic equipment to determine these parameters 
is not available.

According to the linear or exponential regres-
sion analysis, the variables L and W presented 
separately a highly signifi cant correlation (p < 
0.00001) with LA in all the cultivars studied 
(Table 1). The use of L as an independent vari-
able had better results than using W indepen-
dently. Using W as an independent variable pro-
duced lower coeffi cients of determination (R2) 
and higher standard errors than using L. 

For each cultivar, the models involving both 
variables presented higher coeffi cients of de-
termination than the models involving only one 
variable (Table 2). The exception was with the 
cultivar ‘Desirable’, which presented low coef-
fi cients of determination (0.64 ≤ R2 ≤ 0.74) in all 
the models. The cultivar ‘Success’ presented a 
very high coeffi cient of determination in all the 
models (R2 = 0.98, Tables 1 and 2). The high-
est coeffi cients of determination correspond-
ing to the models generated considering the 
width and length of the leafl ets coincide with 
the coeffi cients reported for the pecan ‘West-
ern’ (Medina Morales 1998), loquat (Portillo et 
al., 2004), lucumo (Simón and Trujillo de Leal, 

lenght (cm)
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Table 1. Linear and exponential regression equations to estimate leaf area (LA) according to measurements of leafl et 
length (L) and width (W) of eight pecan (Carya illinoinensis) cultivars.

Leaf area (LA)1 estimation:

Pecan cultivars Lineal 
model R2 SE

Exponential
model R2 SE

Leafl et (L) length

Desirable 2.88 L 
- 7.27 0.74*** 4.47 0.78 L 1.43 0.74*** 4.50

HarrySuper 2.95 L 
- 9.04 0.88*** 3.01 0.66 L 1.50 0.93*** 2.50

Kernodle 2.88L - 7.93 0.83*** 2.76 0.72 L 1.46 0.83*** 2.70
Mahan 2.80L - 7.38 0.84*** 3.59 0.83 L 1.40 0.84*** 3.60

Mahan-Stuart 3.99L 
- 12.19 0.95*** 2.69 0.68 L 1.60 0.95*** 2.60

Shoshoni 3.24L - 9.24 0.94*** 2.47 0.74 L 1.48 0.94*** 2.50
Stuart 3.14L - 9.06 0.93*** 2.08 0.56 L 1.60 0.95*** 1.70

Success 3.37L 
- 12.40 0.98*** 1.07 0.54 L 1.59 0.98*** 1.10

All 3.11 L 
- 8.86 0.87*** 3.33 0.69  L 1.48 0.89*** 2.90

Leafl et width (W)

Desirable 10.70 W-
11.78 0.77*** 4.00 3.25 W 1.66 0.64*** 5.40

Harry Super 12.05 W-
16.07 0.85*** 3.80 2.43 W 1.88 0.85*** 3.70

Kernodle 10.92 W-
12.15 0.78*** 3.00 1.76 W 2.20 0.79*** 3.00

Mahan 12.92 W-
18.21 0.78*** 4.20 1.76 W 2.20 0.79*** 4.10

Mahan-Stuart 10.94 W-
15.87 0.79*** 3.40 3.46 W 1.61 0.93*** 3.23

Shoshoni 12.56 W-
20.17 0.86*** 3.70 3.63 W -2.04 0.87*** 3.53

Stuart 11.06 W-
15.64 0.92*** 2.90 1.84 W 2.00 0.88*** 2.72

Success 11.45 W-
14.53 0.98***  0.99 3.01 W 1.69 0.98*** 1.03

All 11.07 W-
13.92 0.83*** 3.70 2.60 W 1.80 0.83*** 3.60

1R2 = determination coeffi cient, SE = standard error of the estimation, *** = p <0.00001.

Table 2. Estimation of the leaf area (LA) of eight pecan (Carya illinoinensis) cultivars by linear regression equations using 
leafl et length x width (L x W) and by stepwise analysis using L and W.

Leaf area (LA)1 estimation:
Pecan
cultivars

Lineal 
model R2 SE

Stepwise 
model R2 SE

Desirable 3.65 + 0.57 L x W 0.65*** 5.21 -7.26 + 2.88 L2 0.74*** 20.28

Harry Super 1.14 + 0.62 L x W 0.98*** 1.39 -14.98 + 5.29 W + 2.00 L 0.96*** 2.90

Kernodle 1.53 + 0.63 L x W 0.96*** 1.30 -14.95 + 6.05 W + 1.77 L 0.95*** 2.40
Mahan 1.07 + 0.63 L x W 0.87*** 3.21 -12.88 + 4.86 W + 1.90 L 0.87*** 11.02
Mahan-Stuart 1.75 + 0.62 L x W 0.98*** 1.61 -14.78 + 4.30 W + 9.82 L 0.97*** 4.81
Shoshoni 0.56 + 0.63 L x W 0.98*** 1.44 -15.00 + 4.63 W + 2.23 L 0.96*** 3.50
Stuart 0.91 + 0.62 L x W 0.98*** 1.06 -13.60 + 4.54 W + 2.07 L 0.97*** 2.00
Success 3.28 + 0.55 L x W 0.98*** 1.00 -13.95 + 6.13 W + 1.60 L 0.99*** 0.40
All 1.95 + 0.60 L x W 0.93*** 2.45 -14.02 + 5.42 W + 1.88 L 0.93*** 5.80

1R2 = determination coeffi cient, SE = standard error for the estimation, *** = p < 0.00001.
2The variable W had p = 0.0750.



57VOLUME 36 Nº1  ENERO - ABRIL 2009

1990), banana (Potdar and Pawar, 1991) and 
beans (Peksen 2007). 

The two regression models (Eq 1 and Eq 2) 
each using data obtained for all pecan cultivars 
together had a high coeffi cient of determina-
tion, R2 = 0.93, so both models are statistically 
acceptable. However, in addition to the coef-
fi cients of determination (R2), it is essential to 
evaluate the estimation capacity of the models 
through a comparison of the calculated values 
with real observed values (Figures 2 and 3). Al-
though both equations were acceptable, Eq 2 ex-

hibits close to a 1:1 linear slope and an ordinate 
close to zero (Chirinos et al., 1997). Therefore, 
the model Eq 2 is proposed for the LA estima-
tion of the pecan cultivars studied. However, the 
general regression equation allows for a lower 
adjustment than the adjustments presented in-
dividually using the discriminating analysis for 
the cultivars ‘Harry Super’, ‘Kernodle’, ‘Mah-
an-Stuart’, ‘Shoshoni’, ‘Stuart’ and ‘Success’. 
This indicates the need for using equations for 
each cultivar when a higher precision in estima-
tion is required. 

Resumen

S.I. Torri , C. Descalzi y E. Frusso. 2009. Estimación del área foliar en cultivares de pecán 
(Carya illinoinensis). Cien. Inv. Agr. 36(1): 53- 58. El conocimiento del área foliar (AF) es 
esencial para evaluar el crecimiento vegetal y estimar el potencial productivo de los cultivos. 
El objetivo de este trabajo fue desarrollar un modelo predictivo simple, preciso, no destructivo 
y rápido, para estimar el AF de distintos cultivares de pecán (Carya illinoinensis) en plena 
producción en Argentina basado en el largo (L) y ancho (A) de los folíolos. Se estudiaron 
ocho cultivares ‘Desirable’ ‘Harry Super’, ‘Kernodle’, ‘Mahan’, ‘Mahan-Stuart’ ‘Shoshoni’, 
‘Stuart’ y ‘Success’, injertados sobre un patrón franco de pecán, de 24 años de edad, plantados 
a 15 x 15 m. Se obtuvo una signifi cativa correlación entre el L o A y el AF de los folíolos. Las 
mejores correlaciones para cada cultivar se obtuvieron a partir de un análisis discriminante, 
considerando como variables independientes no forzadas el L y A de cada foliolo. Se propone 
una ecuación general para el cálculo del AF de todos los cultivares. Sin embargo, para ciertos 
cultivares la ecuación general permitió un menor ajuste que la presentada para el respectivo 
cultivar. Se concluye que, según la precisión deseada, puede adoptarse la ecuación general para 
todos los cultivares o la ecuación particular para cada cultivar. 

Palabras clave: Area foliar, Carya illinoinensis, nogal pecadero, pecán.

Figure 2. Relationship between measured and estimated 
leaf area (LA) for eight pecan (Carya illinoinensis) culti-
vars analyzed together using the regression model LA = 
1.95 + 0.60 L x A (Eq 1).

Figure 3. Relationship between measured and estimated 
leaf area (LA) for eight pecan (Carya illinoinensis) cultivars 
analyzed together using the regression model LA = -14.02 + 
5.42A + 1.88L (Eq 2).

y = 0.9955x + 0.114
R2 = 0.93, p<0.0001
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