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Abstract
Leaf area and some physical leaf properties play an important role in the vital events of the plant, such as photosynthesis,
respiration, growth, yield, and quality. Therefore, knowing the leaf area and models that estimate the leaf area is crucial
in the development of a fruit tree. Determination of leaf area, especially by non-destructive methods, is very important
in terms of examining leaf development in different periods. Therefore, a leaf area estimation model and some physical
leaf properties were produced using ‘Jeromine’, ‘Fuji Zehn Astec’, ‘McIntosh’, ‘Granny Smith Challenger’, ‘Buckeye
Gala’, ‘Honeycrisp’, ‘Rosy Glow’, ’Super Chief’, ‘Golden Reinders’, ‘Ginger Gold’ and ‘Amasya’ apple cultivars. This
study was conducted in the Bafra Plain in Northern Anatolia in 2023. Leaf width, length and leaf area were measured to
develop the model. The leaf area of the cultivars were measured by PLACOM Digital planimeter, and multiple regression
analysis with Microsoft Office XP Excel 2016 program was performed for the cultivars separately. The developed leaf
area estimation model in the present study was: LA= [0.887–0.224*(W+L)+ 0.786*W*L] (r2= 0.975). In addition to the
model generation procedure, the model was validated using the residual values between predicted and measured leaf areas
from new leaf samples collected from different apple trees. R2 values for the relationships between actual and predicted
leaf areas of the tested apple cultivars were found to be 0.971. In this study, the brightest colored leaves were obtained
from the ‘Golden Reinders’ cultivar. The highest chlorophyll content was obtained from ‘Honeycrisp’ and ‘Ginger Gold’
cultivars.
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Introduction

Determining the leaf area in horticultural cultivation is im-
portant for photosynthesis, respiration, transpiration, light
interception, flowering, fruit set, quality and yield. All of
these processes occur directly or indirectly in the leaf. Pho-
tosynthesis, the main source of growth and development,
especially in green plants, occurs in the leaf. As a matter
of fact, although photosynthesis occurs in all green parts
of a tree, including green fruits, the main production site
of photosynthesis is the leaf. Many cultural practices, es-
pecially training and pruning, are performed on fruit trees
for better leaf development and for these leaves to benefit
from the sun better. Leaf area fruit ratio is also very impor-
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tant, especially in obtaining high-quality products and high
yields. For example, it is known that a leaf area of 200cm2

per fruit is needed for high quality fruit in cherries (Long
et al., 2021). All information is presented to emphasize
the importance of leaf and leaf area. Therefore, determin-
ing the leaf area accurately, practically and cheaply is very
important both in terms of yield and quality and in terms
of providing scientific data. In addition, leaf area models
provide great convenience for researchers in orchard plant
experiments.

Leaf area measurements can be determined by using
some instruments (such as a planimeter) and developing
a leaf area prediction model. When measuring leaf area with
instruments such as planimeters, the time and labor required
for measurements are increased, as well as the possibility
of damaging the tree while removing the leaves from the
tree. For these reasons, studies have been conducted on non-
destructive methods of leaf area estimation models (Rob-
bins and Pharr 1987; Bindi et al. 1997; Uzun and Çelik
1999; Demirsoy et al. 2005; Serdar and Demirsoy, 2006).
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The most important advantage of these models is that they
help determine the leaf area without damaging the plant or
removing the leaves from the plant. Leaf area prediction
models have been developed by researchers (Uzun and Çe-
lik 1999; Demirsoy and Demirsoy 2003; Demirsoy et al.
2005; Demirsoy et al. 2004; Serdar and Demirsoy 2006;
Demirsoy 2009; Demirsoy and Lang 2010; Öztürk et al.
2019) in many fruit species (avocado, kiwifruit, pear, sweet
cherry, strawberry, peach, chestnut, kiwifruit, pistachio). In
recent years, studies have been conducted using artificial
neural networks (ANNs) to determine the leaf area index
(Shabani et al. 2017; Ercanlı et al. 2018; Öztürk et al. 2019).

Leaf area is a shape that emerges from the physical
change of the leaf, such as size and color, starting from
spring. It comes in different shapes and sizes in different
periods. Therefore, when determining the leaf area or de-
veloping a formula or model on the leaf area, it is neces-
sary to examine the physical changes in the leaf. This study
aimed to determine the leaf area estimation model and some
physical leaf properties in apples, which are grown very in-
tensively worldwide.

Materials andMethods

The study was carried out in 2023 to develop a leaf area
prediction model and to determine change in some physi-
cal properties of leaves such as color and size in apples in
the 8-year-old trial orchard of Ondokuz Mayıs University,
Faculty of Agriculture. In the trial, ‘Jeromine’, ‘Fuji Zehn
Astec’, ‘McIntosh’, ‘Granny Smith Challenger’, ‘Buckeye
Gala’, ‘Honeycrisp’, ‘Rosy Glow’, ‘Super Chief’, ‘Golden
Reinders’, ‘Ginger Gold’ and ‘Amasya’ apple cultivars on
M9 rootstock were used. These cultivars are important cul-
tivars traded both in Türkiye and worldwide.

In the experiment, leaves were taken from three trees
of each and three different periods (26 April, 6 June, and
14 July) so that depending on the leaf size at the time the
developed model was taken, its borders were as wide as
possible and it could respond to leaves of all sizes. Later,
the developed model was validated with different leaves. In
addition, some physical properties such as leaf size, color
and chlorophyll content (CCI) were also determined in the
study.

Development of the Model

Leaf samples were selected randomly from apple trees from
different levels of the canopy during spring–summer growth
period. A total of 640 leaves samples were used in the
experiment, 448 (70%) for developing a model and 192
(30%) for validating. Initially, each leaf was glued on A4
paper and then measurements were taken with the help of

a Placom Digital Planimeter (Sokkisha Planimeter Inc.,
Model KP-90, Japan). The leaf width (cm) and length (cm)
of the leaf samples taken were measured to be used in model
construction. Leaf width (W) was measured from tip to tip
at the widest part of the lamina and leaf length was mea-
sured from lamina tip to the point of petiole intersection
along the midrib. All values were recorded to the nearest
0.1cm.

Multiple regression analysis of the data was performed.
For this reason, analysis was conducted with different sub-
sets of the independent variables viz., length (L), length
square (L2), width (W), leaf width*leaf length square
(W*L2) to develop the best model for predicting leaf area
(LA) by using the Microsoft Office XP Excel 2016 package
program. Multiple regression analysis was carried out till
the deviation sum of squares was minimized.

In this research, to validate the developed leaf area es-
timation model, 192 leaves collected at the three different
periods like model were used. Leaf width, length, and actual
leaf area of these leaf samples were measured as mentioned
in the model construction section. For the validation pro-
cedure, leaf area values obtained by using the model were
plotted against actual leaf areas measured using a planime-
ter. The Microsoft Office XP Excel 2016 package program
was used for this procedure.

Some Physical Properties of Leaves

Leaf color values of the cultivars examined in the ex-
periment were determined by reading the L (brightness),
C (color intensity) and ‘H’ (hue) values of the digital
color measuring device (CE Minolta CR300). Chloro-
phyll content was recorded by using a chlorophyll meter
(CCM-200, Opti-Sciences, USA) in fully expanded young
leaves of 10 marked plants in the early hours of the day
(9:00–10:00). SPSS 20.0 statistical package program was
used to evaluate leaf color values (L, a, b) and chlorophyll
content characteristics of the cultivars and Duncan multiple
comparison test was applied according to the importance
level of p≤ 0.01 and p≤ 0.05 by using the same package
program to determine the difference between the averages.

Results and Discussion

Development of the Model

Multiple regression analysis was used to determination of
the best-fitting equation for leaf area prediction. Regression
analysis in the studied apple cultivars showed that most of
the variation in the leaf area values was explained by the
selected parameters (length and width). The overall vari-
ation explained by the parameters was 97.53% for apple
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Table 1 The relationship between actual leaf area and the independent
variables used in the model

Model r2

LA= 0.887–0.244× (W+L)+ 0.786×W×L 0.9753

SE (0.443)* (0.111)* (0.026)*

LA leaf area, W leaf width, L leaf length, SE standard error
*= Significant at the level of 0.1%

cultivars (Table 1). There was a highly reliable relation-
ship between actual and predicted leaf areas for the apple
cultivars (Fig. 1).

In their study, Boyacı and Küçükönder (2022) devel-
oped a leaf area prediction model for four different ap-
ple cultivars. In the model they developed separately for
each cultivar, the researchers determined r2= 0.9792 for the
‘Summer Red’ cultivar, r2= 0.9914 for the ‘Mondial Gala’
cultivar, r2= 0.9858 for the ‘Golden Delicious’ cultivar, and
r2= 0.9508 for the ‘Braeburn’ cultivar.

In accordance with the present study, many studies car-
ried out to establish reliable relationships between leaf area
and leaf dimensions of different plant species such as ki-
wifruit, avocado, pepper, lotus plum, aubergine, red currant
species (Uzun and Çelik 1999), sweet cherry, (Demirsoy
and Demirsoy 2003), strawberry (Demirsoy et al. 2005),
peach (Demirsoy et al. 2004), chestnut (Serdar and Demir-
soy 2006), and pear (Öztürk et al. 2019) showed that there
was a close relationship between leaf width, leaf length,

Fig. 1 The overall relationship
between actual leaf area (cm2)
and predicted leaf area (cm2) for
the cultivars

Fig. 2 Validation between actual
leaf area (cm2) and predicted leaf
area (cm2) for the tested apple
cultivars

and leaf area (r2= 0.983 for avocado, lotus plum, kiwifruit,
aubergine, and pepper; r2= 0.986 for red currant; r2= 0.9809
for sweet cherry; r2= 0.989 for pear; r2= 0.993 for straw-
berry; r2= 0.9975 for peach; r2= 0.988 for chestnut).

Plotting processes were carried out between actual leaf
area values measured by using a Placom digital planimeter
and predicted leaf areas of the tried cultivars calculated
by the developed model in this research to determine the
degree of accuracy of the model (Fig. 2). It was found that
the relationship (r2 values) was 0.971.

Validation of a leaf area model is an important step to
overcome the implications of produced equations for pre-
diction of leaf area. After determining the level of usability
of these kinds of models, a trustable way would be given to
the researchers to lead studies on plant growth phenomena
such as respiration, photosynthesis, and transpiration with-
out destructive leaf harvesting. In regression analysis, the
proportion of the variation accounted for by a relationship
is equivalent to the coefficient of determination (r2) (Bindi
et al. 1997). The objective of regression analysis and model-
ing is to maximize the proportion of the variation accounted
for by the model, while minimizing the unattributable vari-
ation. Many researchers validated their own developed leaf
area prediction model. For example, Çelik and Uzun (2002)
found that the relationship (r2 values) between actual and
predicted leaf areas varied from 0.918 in lotus plum to 0.988
in pepper (from the lowest to the highest value). In another
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Fig. 3 Leaf color (L, a, b) values
of cultivars

Fig. 4 Chlorophyll contents of
cultivars

Fig. 5 Leaf areas of the cultivars
in April 2023

study, Demirsoy and Lang (2010) reported that the actual
and predicted leaf area values of r2= 0.9886 in ‘Regina’/
Gisela 6 combinations and r2= 0.9849 in ‘Regina’/Gisela
5 combinations. In the present study, it was found that the
relationship (r2 values) was 0.9757.

Some Physical Properties of Leaves

There was no statistical difference among the cultivars in
terms of leaf color values. However, among the cultivars,
the brightest (L) leaves were obtained from the ‘Golden
Reinders’ cultivar (39.48), followed by ‘Buckeye Gala’ and

‘Fuji Zehn Astec’ cultivars (36.65 and 36.15, respectively)
(Fig. 3). The cultivar with the least leaf brightness (L) was
‘Super Chief’ (30.82). In the study, a values were the high-
est ‘Super Chief’ (–3.70) and the lowest ‘Golden Reinders’
(–10.43) cultivar. With regard to b values, these were high-
est in ‘Golden Reinders’ cultivar (10.24) and lowest in ‘Su-
per Chief’ (3.60) cultivar. The –a value indicates that the
leaf color is green and the +a value indicates that the leaf
color is red. The –b value indicates that the color is blue,
the +b value indicates that the color is yellow.

There was a significant difference between cultivars in
terms of chlorophyll content. The highest chlorophyll con-
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Fig. 6 Leaf areas of the cultivars
in June 2023

Fig. 7 Leaf areas of the cultivars
in July 2023

Fig. 8 Change in leaf area of
cultivars taken in three different
growth periods

tent was obtained from ‘Honeycrisp’ and ‘Ginger Gold’
cultivars. The lowest chlorophyll content was obtained from
the ‘Golden Reinders’ cultivar (Fig. 4).

Keeping plants’ green leaves for a long time helps them
perform photosynthesis for a longer period of time (Ellis
et al. 1990). The photosynthetic activities of leaves are di-
rectly proportional to the concentration of chlorophyll, the
green color pigment. Chlorophyll content in apple trees may
be an indicator of the photosynthetic efficiency and, there-
fore, leaf area. The change in chlorophyll density of leaves
can provide information about leaf area and other physio-
logical states of plants (Chen et al. 2007). Cultivars with

larger leaf areas, such as ‘Granny Smith Challenger’ in this
study, have higher chlorophyll density of leaves as they will
be exposed to more sunlight.

The leaf area changes of the cultivars in April, June
and July are given in Figs. 5, 6 and 7. When the total
leaf areas of the cultivars were examined at the end of
three different periods, it was determined that the most was
obtained from the ‘Granny Smith Challenger’ cultivar and
the least was obtained from the ‘McIntosh’ and ‘Amasya’
cultivars (Fig. 8).
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Conclusion

As mentioned above, as in many fruit species, there is
a model consisting of different formulas for each cultivar
based on a previous study on apples. That model cannot
be used to determine the areas of cultivars not included in
that study. However, in this study, 11 cultivars were used to
create the model and the aim was to estimate the leaf area
of apples with a single model, regardless of the cultivar. As
a result of the study, r2 values between actual and predicted
leaf areas were found to be relatively high (0.971) with
non-destructive modeling. Considering the accuracy of the
model, it can be seen that this formula can be used safely in
studies on leaf area. The study also examined some physical
leaf properties, such as leaf color and chlorophyll contents.
In this context, this study has achieved its goal.

Conflict of interest D. Soysal declares that she has no competing in-
terests.
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